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Abstract

The fundamental elements of reservoir engineering include data collection, analysis, the
preparation of a reservoir model and the subsequent simulation of said model. The
determinationas to whether or not a reservpnoceeds into the front end engineering and design
(FEED) phase is ultimately reliant upon the preliminary results of the aforementioned elements.
During the initial stages of reservoir engineering, there is typically a lack of available
information regading the geological complexities and architecture of a reservoir; thus, there is a
need to make reasonable assumptions and apply various analogous reservoir parameters.
Throughout the development and production phases of the reservoir, new data wilidredya
which can be fed into the reservoir model. Additionally, it greatly aids the reservoir engineer
when they are aware of the depositional environment in which the reservoir was formed as well
as information regarding the remaining petroleum systements.

The Joggins Formatiomepresents a fluvial meanderbelt system thpéctacularly
outcrops along the shoreline of iGhecto Bay of the Bay of FundyNova Scotia. The
preservation of this outcrop is likely due to several factors such as its eli@gkistory and
tectonic history, in addition to many others; all of which have had profound effects on the quality
of this fluvial meandering system.

The objectives of this project are tMald; the first being to define the stratal geometry
and archiecture of fluvial meanderbelt depositional systems and secondly; to develdp a 3
model of this geometry and architecture of the fluvial meanderbelt system that developed during
the Carboniferous Period and relate this to reservoir performance.

Thetwo primary methodsof data collection arkght detection and ranging (LIDAR) and
ground penetrating radar (GERpth of which have incorporated the use of a differential global
positioning system (DGPS)To further create a reservoir model that is of sonsvguitable
accuracy outcrop descriptions, scintillometer readings, permeameter readings, hand sample
analysis and thin section analysis will be used. Furthermore, geological and petrophysical data
from the analogous Sable Offshore Médarge reservoir Vil be utilized. All necessary data
for reservoir modelling will be inputted into the modelling software known as Petrel and will be
simulated using the nested software known as ECLIPSE.
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Bottom; samplén crossed Nicols at 2X magnification................ccccuvuvimmmrnniniiiiiiiiiieeee 141
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Figure 1418: Top; sample GW10B013TK in plane polarized light at 10X magnification.
Bottom; sample in crossed Nicols at 10X magnificatiQn..............cccceeivicemeeeivvienniinneennn. 142
Figure 1419: Left; photograph of thin section from hand sample GW2013TK. Right;
corresponding photograph of rock sample that thin section was made.from................. 143
Figure 1420: Top; sampleGW107%#2013TK in plane polarized light at 2X magnification.
Bottom; sample in crossed Nicols at 2X magnification.............cccoevvvvieeee e, 143
Figure 1421: Top; sample GW1062013TK in plane polarized light at 10X magnification.
Bottom; sample in crossed Nicols at 10X magnificatiQn..............ccccovvvicemeevivvienninenennnn. 144
Figure 1422: Left; photograph of thin section from hand sample GWA@B3TK. Right;
corresponding photograph of rock sample that thin section was made.from................. 145

Figure 1423: Top; sample GW108013TK in plane polarized light at 2X magnification.
Bottom; sample in crossed Nicols at 2X magnification..............ccooovvvieeere i, 145

Figure 1424: Top; sample GW108013TK in plane polarized light at 10X magnification.
Bottom; sample in crossed Nicols at 10X magnificatian..............ccccooviiceeeeeivviviieeneennn. 146

Figure 151: Left; thin section image GW1e&A013TK-1 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but vaitinosity shown in yellow, grains as blue and
(o] 01T o A= T ] €011V o S URRPRRR 148

Figure 152: Left; thin section image GW1eA013TK-2 (@ 10X) innormal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 101V o SRR 148

Figure 153: Left; thin section image GW1e&013TK-3 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o] 01T 0 A= T ] €0 1LY o S UURPRRR 149

Figure 154: Left; thin section image GW1e&013TK-4 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown inwefiains as blue and
(o]0 0 =T = TSl o 10111 o SRR 149

Figure 155: Left; thin section image GW1eA013TK-5 (@ 10X) in normal light wittporosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o] 01T 0 A= T ] €0 1LY o S UURPRRR 150

Figure 156: Left; thin section image GW1e&013TK-6 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL....eeiiiiitiiii et e e e e e e e e e e e et eeaea s e e e e e e e e eeeeeeeeeeeesssbnnneeeeeaeeeeessnnnnes 150

Figure 157: Left; thin section image GW182013TK-1 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains anblue
(03T 01T a1 A= S ] €011V o PSPPSR 152

Figure 158: Left; thin section image GW182013TK-2 (@ 10X) in normal light with porosity
shown in blugdye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL. ..ttt ettt e e e e e e e e e ennea s e e e e e e e e e e eeeeeeeeessssbnnneeeeeeeeeeeesnnnnns 152
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Figure 159: Left; thin setion image GW102013TK-3 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL. ..ottt e e e e e e e e e e e e e e eneea s e e e e e eeeeeeeeeeeeeessssbnnneeeeeeeeeeeesnnnnes 153

Figure 1510: Left; thin section image GW1@013TK-4 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o] 0 =T 0 = 5110111 o TP TPRPPPP 153

Figure 1511: Left; thin section image GW1@&013TK-5 (@ 10X) in normal light with porosity
shown in blue (dye). Righsame image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL....eeeiiiiiietii ettt e e e e e e e e e e e e e e eneea s e e e e e eeeeeeeeeeeeeessssbnnneeeeeeeeeeeesnnnnes 154

Figure 1512: Left; thin section image \W81022013TK-6 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 101V o SRR 154

Figure 1513: Left; thin section image GW1@013TK-7 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o] 01T o A= T ] €011V o S URRPRRR 155

Figure 1514: Left; thin section image GW1@013TK-8 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, With porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 101V o SRR 155

Figure 1515: Left; thin section image GW1&013TK-9 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o] g 1T 0 A= T ] €0 1LY o SRR 156

Figure 1516: Left; thin section image GW1@013TK-10 (@ 10X) in normal light with
porosity shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as
Dlue and CEMENT AS DO ... ...uiiiiiiiiiiiiieeieee bbbt e e e e e e e e e e e e e e e e e e e s ammeeeeeas 156

Figure 1517: Left; thin section image GW1E013TK-1 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shiowellow, grains as blue and
(0T 01T 0 A= S ] €0 1LY o SRR 158

Figure 1518: Left; thin section image GW1@E013TK-2 (@ 10X) in normal lightvith porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 10111 o SO PRPPPP 158

Figure 1519: Left; thin section image GW1@013TK-3 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(03T 01T a1 A= S ] €0 1LY o S PRRPRR 159

Figure 1520: Left; thin section image GW1&013TK-4 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with pityosshown in yellow, grains as blue and
CEMENT @S DIOWIL....eeiiiiitiiii et e e e e e e e e e e e et eeaea s e e e e e e e e eeeeeeeeeeeesssbnnneeeeeaeeeeessnnnnes 159

Figure 1521: Left; thin section image GW1E013TK-5 (@ 10X) in nomal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(0T a1 0 A= S ] €011V o S PRPRR 160
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Figure 1522: Left; thin section image GW1@3013TK-6 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL. ..ottt e e e e e e e e e e e e e e eneea s e e e e e eeeeeeeeeeeeeessssbnnneeeeeeeeeeeesnnnnes 160

Figure 1523: Left; thin section image GW1@13TK-1 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity showellow, grains as blue and
(o]0 0 =T 0 = TSl o 1011 o T RPRPPPP 162

Figure 1524: Left; thin section image GW1@8013TK-2 (@ 10X) in normal light witlporosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL....eeeiiiiiietii ettt e e e e e e e e e e e e e e eneea s e e e e e eeeeeeeeeeeeeessssbnnneeeeeeeeeeeesnnnnes 162

Figure 1525: Left; thin section image GW1@13TK-3 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 101V o SRR 163

Figure 1526: Left; thin section image GW1@813TK-4 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains anblue
(o] 01T o A= T ] €011V o S URRPRRR 163

Figure 1527: Left; thin section image GW1@13TK-5 (@ 10X) in normal light with porosity
shown inblue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 101V o SRR 164

Figure 1528: Left; thin section image GW1@813TK-6 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o] g 1T 0 A= T ] €0 1LY o SRR 164

Figure 1529: Left; thin section image GW1@013TK-7 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with pityosshown in yellow, grains as blue and
(o]0 0 =T = TSl o 10111 o S PRPPPP 165

Figure 1530: Left; thin section image GW1@813TK-8 (@ 10X) in nomal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(0T 01T 0 A= S ] €0 1LY o SRR 165

Figure 1531: Left; thin section image GW1@13TK-9 (@ 10X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 10111 o SO PRPPPP 166

Figure 1532: Left; thin section image GW1a813TK-10 (@ 10X) in normal light with
porosity shown in blue (dye). Right; same image, but with porosity showellow, grains as
(o] [UTI= TaTo I ot=Tn =T o 1A= LSl o (01 o T 166

Figure 1533: Left; thin section image GW1&@013TK-1 (@ 5X) in normal light wittporosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL....eeiiiiitiiii et e e e e e e e e e e e et eeaea s e e e e e e e e eeeeeeeeeeeesssbnnneeeeeaeeeeessnnnnes 168

Figure 1534: Left; thin section image GW1&@013TK-2 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(0T a1 0 A= S ] €011V o S PRPRR 168
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Figure 1535: Left; thin section image GW1@013TK-3 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains anblue
CEMENT @S DIOWIL. ..ottt e e e e e e e e e e e e e e eneea s e e e e e eeeeeeeeeeeeeessssbnnneeeeeeeeeeeesnnnnes 169

Figure 1536: Left; thin section image GW1&@013TK-4 (@ 5X) in normal light with porosity
shown in blugdye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T 0 = TSl o 1011 o T RPRPPPP 169

Figure 1537: Left; thin section image GW1@013TK-5 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL....eeeiiiiiietii ettt e e e e e e e e e e e e e e eneea s e e e e e eeeeeeeeeeeeeessssbnnneeeeeeeeeeeesnnnnes 170

Figure 1538: Left; thin section image GW1&@013TK-6 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with poyasdiiiown in yellow, grains as blue and
(o]0 0 =T = TSl o 101V o SRR 170

Figure 1539: Left; thin section image GW1@013TK-7 (@ 5X) in normalight with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o] 01T o A= T ] €011V o S URRPRRR 171

Figure 1540: Left; thin section image GW1&@013TK-8 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 101V o SRR 171

Figure 1541: Left; thin section image GW18813TK-1 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity showseliow, grains as blue and
(o] g 1T 0 A= T ] €0 1LY o SRR 173

Figure 1542: Left; thin section image GW1a813TK-2 (@ 5X) in normal light withporosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(o]0 0 =T = TSl o 10111 o S PRPPPP 173

Figure 1543: Left; thin section image GW1a8813TK-3 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
(0T 01T 0 A= S ] €0 1LY o SRR 174

Figure 1544: Left; thin section image GW1a813TK-4 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains anblue
(o]0 0 =T = TSl o 10111 o SO PRPPPP 174

Figure 1545: Left; thin section image GW18813TK-5 (@ 5X) in normal light with porosity
shown in blugdye). Right; same image, but with porosity shown in yellow, grains as blue and
(03T 01T a1 A= S ] €0 1LY o S PRRPRR 175

Figure 1546: Left; thin section image GW18813TK-6 (@ 5X) in normal light with porosity
shown in blue (dye). Right; same image, but with porosity shown in yellow, grains as blue and
CEMENT @S DIOWIL....eeiiiiitiiii et e e e e e e e e e e e et eeaea s e e e e e e e e eeeeeeeeeeeesssbnnneeeeeaeeeeessnnnnes 175
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1.0 Introduction
1.1 Problem Statement

Petroleum system reservoir modelling and engineering areegweéring, since they are
never truly complete. Reservoir models must be continuously updated as a resatigefscim
performance and the fact that new architectural features may be discovered that were previously
unknown. In the real world, petroleum reservoirs are never perfectly shaped, homogenous
structures; but rather, they are amgex, interwoven systerof macroscopic to microscopic
elements. As a reservoir engineer or reservoir geologist, the modelling of a reservoir often
conjures up questions that are oggrled and rarely have one single best answer. While these
guestions may not have a best answéferent companies do have protocols, philosophies and
methodologies that they follow as a way of progressing.

Petrel software is a Schlumberger owned suite of software that allows the user to, in this
case, construct a reservoir model. The resemidel allows for the aggregation of various
types of data (e.g. seismic data, well test data, etc.) into a model that can range from the simple
to the complex, depending on the amount and type of data that has been acquired. It is important
to note that sould a reservoir of high complexity be the goal, a vast amount of data must be
collected from teams of interacting geophysicists, geologists, engineers, petrophysicists and the
like.

To be a successful reservoir engineer, it is essential to know andstande the
architecture of the reservoir and the geological features that result in its compartmentalization.
According to Mulcahy (2006), the primary causes of reservoir compartmentalization are
Afdepositional setting, f davertical dithology aacdkgram gsizep at t e
changes, continuity of sandstone units, effec
Since a great majority of the key features that comprise a reservoir are below the limits of
seismic detection and restibn, other methods such as outcrop studies and corestudst be
used in conjunction.

This study will use Petrel to create a model of the fluvial meanderbelt system at Joggins,

Nova Scotia and apply Eclipse inder to simulate the reservoir.
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1.2Purpose

The Joggins Fossil Cliffs atenown the world over for theexceptionally well preserved
Carboniferousaged insitu standing fossilized forest addition to a myriad of other vertebrate
and invertebrate fauna from terrestrial and aquatic envirotsm&he siteis of such importance
because iinfluencedconcepts in early geologicaind evolutionary scienchought and was
even mentioned iBir CharlesDawi n''s fAThe Origin of Specieso.

Past research on the Joggins Formation, at Joggins, Novia &&gtre 1-1and Figure
1-2) has studied sedimentology and stratigraphy (e.g. Davies and Gibling, 2005; Rygel, 2005),
paleabiology (e.g. FalcotLang et al, 2006; Calderet al, 2006; Dolby, 2003; Uttinget al,

2010) and paleecology (e.g. DiMicheleet al, 2010; FalcorLang et d., 2000). With the
advent of new technology, such as ground penetratdgr (GPR) and light detection and
ranging CIDAR), it is now possible to integrate different methoof data acquisition and
analyz the collected data sets using visualizatiohrigpies to develop-R and 3D models of
the outcrop for interpretation and modelling.

While the meanderbelt system at Joggins has been studied based on the visible cliff face,
no work has been done with respect to udifigAR in conjunction with GPR aa means of
attempting to extend the-R cliff face surface into the subsurface beyond the outcrop. It is
possible to use this technology to analyse the Joggins Formation meanderbelt systei in a 2
and 3D manner. The outcrop provides thd2Zequiremerg for study. The-P representation
arises from the merging of both the GPR &HdAR data to then model the meanderbelt system
using software, such as Petrel. This will allow for fluid simulation modelling to show how fluids
flow within a fluvial meandsbelt reservoir. The goal will also be to createa 8urface within

the overall 3D model that may be tested as an analog to reservoirs within the Sable Offshore

MegaMerge.
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1.30utcomesand Significance

There are a number oésults that this study hopesdffer. Oneis that at the completion
of this study a @ model of the Joggins Formation fluvial meanderbelt system will have been
built that incorporates various geobodies and architgcelementsn the lateral and vécal
extent and then show how these elements can dftedtflow. The study will portray the
importance of using detailed geological models to characterize a reservoir. As an analogue, the
Sable Offshore Meghilerge will be tested against thelBmodel Additionally, the project aims
to collect quality data to allow fofurther reseech on the Joggins Formation b done or
further investigations into a fluvial meanteft system can be performed. As an indirect
outcome, the project will provide valble background as to the proper process a petroleum
engineer must go through when tasked with developing a reservoir model from the initial data
collection phase all the way through to the construction of a computerized reservoir model and

subsequent sintation.
1.4 ThesisOrganization

This report will first outline the necessary geology of the Fundy Basin and Cumberland
Basin and then will discuss the fundamentals of a meander channel system by means of their
morphological andsedimentological characteristics. The methods section to follow will
introduce the numeroussearch methods deployed (e.grmpeameter, DGPS, GPRIDAR
etc.), ly way of how the method was used, why it was used and the parameters that lead to its
use inexamining a fluvial meanderbelt system. The results section will discuss the data acquired
by the methods used and also the ghodel that was constructed and simulatéte discussion
section will attempt to examine the results and explain what wasl folmother words, it will
discuss qualitatively and quantitatively the reservoir performance and architecture of the Joggins
Formation fluvial meanderbelt system. Finally, the conclusion will attempt to summarize the
findings and tie it all back to theesearch that was performed fairly extensive appendix is
also included and serves to present and document all of the detailed work that was done in the
field.
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1.5Geographical Settingand Access

The Joggins Formation is exposed along the southeastemeline of the Chignecto
Basin, Bay of Fundy, Nova Scotia. The community of Joggins, Nova Scotia is located
approximately 230 km north northwest of Dalhousie University in Halifax, Nova Scotia and
approximately 33 km southwest from Amherst, Nova Sd&&fer toFigure1-landFigurel-2).
Arriving at the Joggins Fossil Cliffs involves driving northward to Truro on Highway 102. At
Truro, take exit 15W and travel northwest along Highway 104. Take exit 4 and make a left hand
turn onto Albion Street South. Turn right ot Nappan Road and follow all the way to the
end, which will eventually turn into Main Street. Staying on Main Street; continue to the end,
finally ending at the Joggins Fossil Cliffs Centre. The Jogfiormation outcrogection at the
study area is approximately 3.0 km long and begins approximately Osoktihh ofCoal Mine

Point / Hardscrabble Point and continues north along Lower Cove Beaalmughly 2.5 km
(Refer toFigure1-3).

Figure 1-1. Satellite image showing the location of the community of Joggins (point 1), the
town of Amherst (point 2) and the ¢ty of Halifax (point 3). The scale is 1cm = 45 km
(Google Earth, 2013).
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Nova Scotiain addition to Chignecto Bay (point 2) The gale islcm = 0.4km (Google
Earth, 2013).

Access to the beach can be gained fthmee different locations along the cliff section.
One of these entry routes is \aaset of steps built as part of the Joggins Fossil Cliffs Centre
infrastiucture SeeFigurel1-3; point 1) The steps are probably the safest of the three entry/exit
options. Another entry/exit point is near the outlet of the Little River off the Lower Cover Road
some 3.0 km from the Joggins Fossil Cerf8eeFigure1-3; point 8) The last point of entry
exit lies just off of the Hearts Gravel Road where a creek empties onto the intertidgSeene
Figure1-3; point 2) This path is rocky and steep in some areas and where the water flows over

the rocks, slipping hazards can occur. This is the least dajéeit point of the three.
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3

Figure 1-3: Aerial image of the Joggin area showing te three entry/exit points that were
used during the twoday field trip. The scale is 1 cm = 0.1 krfGoogle Earth, 2013)
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1.6Bay of Fundy Tides

SinceChignecto Bay is an inlet of the Bay of Fundy, it is subjected to some of the highest
tidal variations in the world, which at Joggins can fluctusteroximately 12 m. The lower
couple ofmeters of the Joggins outcrop section may be covered damingusually high tide.

As a result of these tides, it is not possible to perform any field work at the base of the cliff. At
low tide however; the waters of Chignecto Bay recede far from the cliff face, allowing field work
to be carried out for approximatebyhoursat the most If coordinated properly, it is possible to
work with the falling tide and gain a few more hours of possible field work time. It is very
important to check the water location regularly such that sufficient time is available to ralinove
personnel and equipment from theach. Some of the equipment, especially LtHRAR, is

rather bulky and heavy, so it takes a fair amount of time to pack and remove this equipment from
the beach. Fisheries and Oceans Canada provides tidal inforntfaiomllows for proper
planning of field work to be carried out in the area. Field work was carried out on Thursday,
May 30" andFriday, May 3%. The high and low tide times can beimsited fromFigure 1-4

which shows high and low tide times against height.

Predictions (7 days)
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Figure 1-4. Tidal variation chart for the Joggins Wharf from the time period Wednesday,
May 29" up to and including June %', 2013(Fisheries and Ocean Canada, 2013)The red

box shows the idal variations during the two field days in which data was collected at
Joggins.
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1.7 Field Work Safety

During the twodays spent in theiéld at Joggins, the safety of the crew was first and
foremost, followed by that of the equipment. The field work that was performed was done so in
the intertidal zone and was either performed next to the cliff face or a ways from it.
Additionally, field work was carried out abowge cliff face. This work entailed a GPR survey.

The work that was carried out at the base of the cé&ff).(permeametemeasurements
scintilometermeasurementand rock sampling) was the most dangerous dlee instabiliy of

the cliff face and the other gdmzards that existg@Refer toFigure1-5). It was determined that

this work should be done using st¢éebd safety footwear, safety glasses and hard hats in the
event that rock fragments should fall. It is also suggested thaaggedomeone maintain a
watchful eye from a distance and inform the cliff base crew of any developmiegsasy to

lose track of time while condunty various studies along the cliff section. As a result, the tide
can Asneako up o Rorthabraasoh,atiisrimpgrtangta becawadreyof the water
level, especially when a large amount of equipment is being used that must be hiked off the
beach The work to be done on atop the cliff involved a GPR survey. The GPR survey was
conducted on vi@ous paved and gravel roads that lie atop of the Joggins Formation. As such, it
was particularly important to maintain a visual for automobiles. Safety vests were also worn
during the R survey to increase the likatiod of being spted by an approaahy motorist.

Since the community of Joggins is a quiet place, there were only a couple instances where the
GPR cart had to be pushed to the shoulder of the road; otherwise, the GPR work was unimpeded.

Additionally, first aid kits were brought along anére readily available.

Figure 1-5: Warning sign
posted at Joggins near the
outlet of Little River showing

T— — — " ——— the three major safety
ock falls occur without warning. Always keep a safe distance 4
and never climb the cliffs. hazards (WaCh, 2013)
to depart the more remote areas of the cliffs at least three |
: hours before high tide. i
-h your footing. Intertidal rocks can be slippery, espeél,a!‘ A\
those with green algae growth.

! WARNING !
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2.0 Geological Background
2.1 Tectono-Stratigraphic Framework for the Cumberland Basin

The Cumberland Basin is a fairly complex basin which has been tectonically disturbed
over geologic time and represents the nAwel dec
Nova Scotia and the 8guma Terrane in Southern Nova Scotia (Ryan and Boehner, 1994). The
basin was formed to the north of the easst trending Cobequi@hedabucto Fault System and
more or less parallels it (Ryan and Boehner, 1994). At the height of sediment deposli®n in t
basin, Ryan and Boehner (1994) believe that sediment thicknesses in excess of 7 km could have
existed; however, with the constant erosion over the course of time, the basin is now represented
by its structural remnants.

According to Ryanet al. (1987), the development of the Cumberland Basin can be
divided into three major time spans. The time spans are Late Devonian through to Early
Namurian, Late Namurian through to Middle Westphalian and Late Westphalian A to Lower

Permian.
2.1.1Late Devonian through to Early Namurian

The earliest sediment deposition during the initial basin development stages after the
Middle Devonian Acadian Orogeny was the placement of the Fountain Lake strata and the
Horton Group Strata to a thickness exceedirigid(Ryan and Boehner, 1994). According to
Boehner et al. (1986), a marine incursion during the Visean concluded Horton Group
sedimentation, which along with an arid climate, resulted in what Giles (1981) states as being a 1
km t hick, c y cf lsaline anarinefiesapogate® fine & coarse red beds, and thin but
| aterally extensive marine carbonates of the
deposition was an up to 1.5 km thick package of continentally derived deposits known as the
Mabou orCanso Group, which is a composition of red to grey-@ir@ned fluvial and lacustrine
sediments (Ryan and Boehner, 1994). Therefore, the Late Devonian through to the Early
Namurianmost likelyrepresents a rapidly subsiding basin with fliédustrire and continental
alluvial sediment deposition; followed secondly by a period of marine carbonate and evaporate

DALHOUSIE [ @
UNIVERSITY {

Inspiring Minds

Basin & Reservour Lob 9



Reservoir Performance and Architecture of a Fluvial
Meanderbelt System, Joggins Formation, Nova Scotia

. ________________________________________________________________________________________________________________________|]
Trevor Kelly

deposition with redbeds and lastly; a period of decreased subsidence with-lHousttine
sediment deposition (Ryaat al, 1987). A diagrammatic sketch of this period of sedimentation

is shown inFigure2-1.

‘g 5 _ . el LEGEND
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Figure 2-1: Diagrammatic sketch ofDevonian through to Namurian sedimentation, where
the sedimentation represents the Fountain Lake, Horton, Windsor and Mabou groups of
the Cumberland Basin (Ryan and Boehner, 1994).

2.12 Late Namurian through to Westphalian A

During this timeframe, théasal portions of the Cumberland Basin were deposited
diachronously on top of the Mabou Group, while also containing, in some instances, widespread
and thick extraformational conglomerates representing the Claremont Formation (Ryan and
Boehner, 1994). Flawing this deposition, is the deposition of the Boss Point Formation
sediments, which are widespread, have a thickness in excess of 1 km and are comprised of grey
sandstones and firgrained red beds (Ryan and Boehner, 1994). Therefore, the Late Namurian
through to Westphalian A time period represents uplift and rapid subsidence with respect to the
Claremont Formation and a period of much slower, regional subsidence as represented by the
mudstone and sandstone lithologies of the Boss Point Formation @RgaBoehner, 1994)A

diagrammatic sketch of this period of sedimentation is showigire2-2.
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Figure 2-2: Diagrammatic sketch of Devonian to Westphalian A sedimentation, where the
sedimentation represents the Boss Point and Little River formations of the Cumberland
Basin (Ryan and Boehner, 1994).

2.13 Late Westphalian A through to Lower Permian

During this period of time, the Boss Point Formation strata became overlain, both
conformably and disconformably by younger Cumberland Group strata (Ryan and Boehner,
1994). The younger, upper portions of the Cumberland Group are generally restricted to the
deeper dwnward trending portions of the western Cumberland Basin or are absent altogether
(Copeland, 1959; Ryaet al, 1987). Ryan and Boehner (1994) state that during this timeframe,
alluvial fan deposition occurred at least three times, representing ughi dighland areas and
subsidence of the basinal area with the development of widespread drainage systems within the
highlands. With the development of these drainage systems, the various fluvial channel systems
developed along with some minor lacustrifagies. The Joggins Formation represents the
meandering fluvial channel system that developed as a result of the extensive highland drainage
systems that developed during this time intervél. diagrammatic sketch of this period of

sedimentation is shown Figure2-3.
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Figure 2-3: Diagrammatic sketch of Devonian to middle Westphalian sedimentation,
where the sedimentation includes the Polly Brook, Joggi and Springhill Mines
formations of the Cumberland Basin (Ryan and Boehner, 1994).

2.2 Tectonic Setting

The Cumberland Basin is an approximately 3,600 &raa of deposited sediments that is
bounded by faults (Ryaet al, 1987). Covering large traotd northwestern Nova Scotia and to
a much lesser extent, areas of southern New Brunswick, the Cumberland Basin is situated
between the Caledonia Highlands to the north and the Cobequid Highlands to the south (Ryan
and Boehner, 1994). Browne and Plint 449 have stated that that the margins of the
Cumberland Basin are defined by the North Fault to the south, the Calé&xwolaester Faults
to the north and the Harvdyopewell Fault to the west; while Martel (1987) suggests the
northwestern extents may telineated by a basement horst along the Hastings Fault.

Internally, the basin is a compositional series of synclines, namely the Athol,
Tatamagouche, Scotsburn, Amherst and Wallace synclines, along with two diapiric anticlines
known as the Claremont/Malagash and Minudie anticlines (Ryan and Boehner, 1994).

According to Ryan and Boehner (1994), the structural features contained within the Cumberland
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Basin are related to basin development and growth features such as growth faultssliptrike
faults and major synclines that are either not related or are indinedtted to evaporate
tectonics, in addition to salt structures such as diapirs, domes, diapiric anticlines and salt
movementrelated folds and faults. In addition, joint and thrust faults pertaining to buried uplift
blocks can also occur as structuestures within the basin.

The Joggins Formation, which is the formation of interest within the Cumberland Basin,
occurs along the northern limb of the Athol Syncline, which also happens to be the dominant
structural feature to occur in the basin and heenlapproximated to be some 25 km wide by 75
km long (Rygel, 2005). The Athol Syncline, as stated by Calder (1994), can be found occurring
between the Minudie Anticline to the north, the Atsalind Cove Fault zone to the south and the
Back River Diapir tothe east. Evidence seems to suggest that salt body movement was
syndepositionallyrelated and aided in the creation of the accommodation space that was
necessary in the basin (Waldron and Rygel, 2005). Perhaps the best evidence for this is that the

straal units thin and pinch against the diapiric structures.
2.3 Stratigraphy

The CumberlandGroup is a compilation of ninformations that are late Carboniferous
Peiiod (358.91 298.9 M.A.) in age (Rygel, 2005 These ninéormations youngest tmldest as
per Rygel (2005are as follows;

Ragged Reef Formation
Undivided; grouped together and call¢

Malagash Formation the upper Cumberland Group.

Salisbury Formation
Springhill Mines Formation
Polly Brook Formation
Joggins Formation

Grand Anse Fanation
Little River Formation

© © N o o s~ 0w DB

Boss Point Formation
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According to Ryan and Boehner (1994), the type area for the Cumberland Group is
located in the Joggins and Springhill coalfields on the western margins of the Cumberland Basin,
Cumberland County, Nova 8ta. Figure 2-4 shows the geological map of the western
Cumberland Basin showing the relationships between the nine Cumberland Group formations.
The type section is a lengthy outcropping that occurs along the southeastern shores of Chignecto
Bay, stretching from DowninGove some 6.5 km north of Joggins to Squally Point, some 51 km
to the southwest of Joggins with the most complete and continuous section occurring between
Sand Cove and Lower Cove (Ryan and Boehner, 1994).

The Joggins Formatiohas been estimated to b& Rm thick at Joggins; though it may
be thicker in the interior of the Cumberland Basin or more specifically, the central portion of the
Athol Syncline (Davieset al, 2005; Ryan and Boehner, 1994). In the eastern and southern
extents of the CumberlandaBin, however; it is assumed that the Joggins Formation thins out
due to its absence from the Tatamagouche SynclindReder toFigure2-4).

At the type section lkality, the Joggins Formation is conformable with the underlying
Boss Point Formation, whereas in the eastern and southern portions of the Cumberland Basin, it
is conformable with the underlying Polly Brook Formati(Ryan and Boehner, 1994). The
Springhll Mines Formation conformably overlays the Joggins Formation.
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Figure 2-4: (A); Geological map of the western
Cumberland Basin showing major basinal structures
within the basin as well as thdocation of the Joggins
Formation (Rygel, 2005). (B); The accompanying
legend and stratigraphic column (Rygel, 2005).
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3.0 Meandering Fluvial System

To allow for logical deductions and interpretations to be made with respectloghies
Formation depositional environment during the Carboniferous Period, the sedimentary processes
by which it was formed must be understood. In determining the most likely depositional
environment for the Joggins Formation, a vast amount of literataseeviewed. The consensus
is that the Joggins Formation represents a fluvial meanderbelt system, which is proven by
applying the knowledge of rock lithologies and sedimentary structures that can be seen in
modern systems to ancient systems. This iithéu reinforced by the examination of the cliff
face at Joggins as well as the other research that was conducted in thEhareaare some 14
meandering channel bodies in the Joggins Formation outcrop, with the most prevalent and of
particular interesfor this project being the channel body represented by Coal Mine Point /
Hardscrabble Point (Rygel, 2005).

3.1Meandering Fluvial Channel Deposits and Facies

A meandering fluvial system is generally characterized as fpawvisandy bedload in
which themigrating channel is narrow artibep with régtively thick sand bodies occurring in
the channel (Miall, 2010; Davies al, 1992). The meandering channel is a result of the lateral
migration of the syster(Refer toFigure 3-1; B) and is caused by the erosion of the outer bank
sediments and the subsequeepos#tion of said material on the inner bends of the channel
(Deschampset al, 2011). The continual erosion and deposition of sediments gives the
meandering channel a profile that is steepest on the outside bend and shallows to a gradual slope
on the inside bah According to Trenhaile (2010), meandering fluvial systems are low in
gradient, have a very weibrmed and distinct floodplain and have their primary sediment load
transported in suspension, with lesser amounts transported as bed/&mautiering charel
deposits, as a direct result of their hydrodynamic characteristicse®geneouand can vary
in their morphology over relatively short distances (Daeteal, 1992).

Meandering fluvial systems are typically containedhwitthe lower margins othe

craon, which is the older and more stabilized section of the continental lithosphere and are
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generally preserved as a result of aggradational coastal sequences or as a result of basinal
subsidence (Prothero & Schwab, 2004). Meandering fluvial sgsim® known to grade
upstream into a braided fluvial system and to grade downstream into a deltaic system (Prothero
& Schwab, 2004). In addition, meandering channel systems are associatedadftaiin muds

and lake deposits.
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Figure 3-1: (A); lllustration showing the deposits and physiography of a meandering
channel complex (Selley, 2000). Inset (B); Aerial photograph showing a preseatay
meandering channel system (Charlton, 208).

The sedimentology of a meanderbelt system can range from coarse dhgngraivels
down to very fine grained muds associated with the adjacent floodRefar toFigure3-1; A).
Pointbar sands that have been laterally accreted show sedimentary structures that are
reminiscent of a decreasing flow velocity; these structures being trough cross beds, ripple cross
lamination and plane beds (Prothero and Sch2@®4). The floodplain muds on the other hand
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are vertically accreted and finely laminated and typically show climbing ripple patterns,
mudcracks, raindrop impacts, fossils, soil horizons and organic mattex. meander channel
bodies at Joggins have aesffic grain size of fineto mediumgrained sandstone along with
mudstone and intrformational conglomerate (Rygel, 2005).

There are numerous facies that are associated with a meandering fluvial systehus;
can be used as diagnostic indicators miiketermining a depositional environment. These
meandering channel facies, including those that are the result of meandeningystems are
listed by Sumner (2008);

(1) scoured base,
(2) lag deposits with mud ripp clasts,
(3) fining upwardsequence of sands containing trough ceiestification,

(4) ripple marks in sand, and,

= =2 =4 A4 -

(5) sigmoidally-shaped cross stratification as a result of migrating point bars.

Table 3-1: Possible meanderchannel facies that occur or could occur at Joggins.

Photograph showing a
example of a scoure
base contact at Joggin
Nova Scotia (Plummer
2013).

(1)

Scoured base
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Table 3-1 : Continuedé

Photograph showing
examples of mud ri{op
clasts in a fluvia
formation (Ranney,
2009). This photograpt
was not taken at Joggin

2)
Lag deposits with ™
mud rip-up clasts

(22l

Photograph showing
examples of trougf
crossstratification
(Sumner, n.d.). Thig

3)
Fining upwards
sequence of sanc
containing trough

Cross photograph was no
stratification taken at Joggins.
Photograph showing
_ (4) _ examples of ripple mias
Ripple marks in in sandstone at Joggir
sand (Duff, 2013).
@ DALHOUSIE [
UNIVERSITY p£:35 2
Inspiring Minds “goin 8 Reservoir Lab 19


http://naturalishistoria.files.wordpress.com/2013/06/dsc_4373.jpg

Reservoir Performance and Architecture of a Fluvial
Meanderbelt System, Joggins Formation, Nova Scotia

Table 3-1 : Cont i

nuedé

Trevor Kelly

)
Sigmoidally
shaped cross

stratification as a
result of
migrating point
bars

. stratification in sandstor

Photograph showing a
example of Cros

N

at Joggins, NovaScotia
(Wach, 2013).

The related flood plain facies include:

(6) fine sand with climbing ripple marks,

(8) soils

(9) root casts

1
1 (7) mudstones and shales with mud cracks, and;
1
1

Table 3-2: Facies that can be expected in the floodplain of a meander channel system.

Photograph showing
(6) examples of climbing
Fine sand with ripples (Cope, n.d.). Thi
climbing ripple photograph was not
marks taken at Joggins.
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(7)

cracks

Mudstones and
shales with mud

Photograph showin
mud cracks in
mudstone  sample
Joggins, Nova Scoti
(Plummer, 2013).

a
Ay QY D 7rs

(8)

Soils

Photograph showing a
example of floodplain
soils (Lorz ang
Makeschin, 2012). Thi
photograph was not take
at Joggins.

O——~7A

(9)

Root casts

Photograph showing a
example of numeroy
root casts in a faller
block of sandstone a
Joggins (Dennar, 2012).

The related oxbow lake facies include:

1 (10) mudstones and/or shales without mud cracks

1 (11)organicerich deposits, such as coal, and;
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1 (12)anoxic related water indicators.

Table 3-3: Oxbow lake facies that can be expected in a meander channel system.

Photograph showini
(10) shale layers (Lapoixet
Mudstones and/o al.,  2011). This
shales without photograph was not take
mud cracks at Joggins.
(11) Photograph showing |
Organicrich ; relatively thick coal seaf
deposits, such aJ # at Joggins, Nova Scoti
coal (Haynes, 2013).
Photograph showing a
12) example of anoxic
Anoxic-related conditions  (grey/greefr
water indicators colour) in mudstone a
Joggins, Nova Scotije
(Wach, 2013).
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Within individual meander channel bodies, there are various lithofacies that occur.
According to Rygel (2005), these lithofacies are ripplesslaminated sandstone, trough cross
bedded sandstone, low angled laminated sandstone, horizontally laminated sandstone, laminated

mudrock and massive mudrock.

3.2Geometry and Structural Elements

As fluvial processes continually alter the fluvialacimel bodies and associated facies
over time, distinct D forms are generated. Tlobharacteristics of meandering fluvial channel
bodies in the geological record haween compiledby Gibling (2006)and show distinct features.
The thickness of meandering fluvial channeishin the geological recordanges from thin to
thick (17 38 m) with an average range betweeh 20 m; whereas their width can range from
narrow to very wide (30 nt 15 km) withthe majority being less than 3 km with an average
range between 0.B 3 km (Gibling, 2006). The width to thickness ratio (W/T), according to
Gibling (2006) ranges from between broad ribddo broad sheets {7940) with the majority
being less than 250nd the average range being betweeri &b0. A width versus thickness
plot showing where the Joggins Formation meander channel bodies would plot in relation to
other in the geological record is shownRmgure 3-2. Dealing specifically with the meander
channel bodies at Joggins, the 14 bodies have a thickness that ranges from 1.8 m to 10.5 m for
Coal Mine Point / Hardscrabble Point with width to thickness ratios de#iwi1.8 and 63.9
(Rygel, 2005)

A meandering channel can be have either single story bodies orstonjtibodies in
which lateralaccretion sets are prominent, specifically as pbartdeposits and the tops of these
single or multistory bodies typicéy display scroll bar forms, accretionary ridges and chute
channels; while the base can contain bedfsimets (Gibling, 2006 The meader channel
bodes at Joggins are almost exclusively single stobedies with flat bases and laterally
accreted fillsas portrayed irFigure 3-3 (Rygel, 2005). Abandoned channels typically contain
sand with lesser amounts of gravel that in storied channels, occur as a sequenaeg of fi
upwards sediments (Gibling, 2006 There also exists the possibility of these channel bodies

containing tidally influenced structures as well.
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The Coal Mine Point / Hardscrabble Point meandering channel body, due to its increased
size when comparetb the other meander channels at Joggins, probably represents a river
channel that was an acceptor of humerous other smaller channels (Rygel, 2005). Thus, Coal

Mine Point / Hardscrabble Point was most likely a major drainage channel for the surrounding

area.
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Figure 3-2: Width versus thickness plot for the Joggins Formation meandering channel
system (black oulined area). The average width tdhickness value plots at the black point.
The blue outlined area represents where other meandering channel systems in the
geological record would plot (modified from Gibling, 2006).

pervasive lateral accretion
barforms in all bodies

F]dt 5th order surface

4th order surfaces truncate

against flat channel base
Figure 3-3: Meandering channel body type as applied to the meander chaniseat Joggins
(Rygel, 2005).
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4.0 Research Methods

Numerous researchnd data collectiomethodswere appliedduring the course of this
project in order togenerate angrovide the relevantral necessary data to allow for the
progression of this projectThe research methods that were used were a handheld permeameter,
handheld gammeay spectrometerground penetrating radéGPR) light detection and ranging
(LIDAR), rock sampling and thin sectionsThe GPR and LIDAR surveys botutilized a
differential gbbal positioning system.The goal is that by integrating all of this data together, a

fairly comprehensive understanding of the performance and architecture will be gained.
4.1 Light Detection and Ranging (LIDAR)
4.1.1Data Collection

The LIDAR data was collected over the period of two days, Mdy &td May 3% of
2013. On May 36, an aliterrain vehicle was used to transport the LIDAR equipment from the
outlet of the Little River along the intertidal zone to the location of the Fundy FabestMay
31% two scans were performed. The first was the area from Hardscrabble Point to the steps
leading from the Joggins Fossil Centre to the intertidal zone. The second scan was performed on
the Lower Cove side of Hardscrabble Point. The scandayn3T required that the equipment
be carried to its location by hand from Hearts Gravel Road, down the creek and onto the
intertidal zone. Scan 1 on May"0sed a 20 mm resolution and scanned approximately 650 m
of the cliff face. Scans 2 and 3 orai3F used 10 mm and 15 mm resolutions respectively and

scanned approximately 650 m and 235 m of the cliff face respectively.
4.1.2Background

The LIDAR survey used an Optech Incorporated ILRH® LIDAR unit with a scan
speed of 2.5 kHz as pictured kiigure4-1. A highly versatile tool for the remote collection of
data, LIDAR shares a multitude of similarities, including its data collection puoeetb that of

Radio Detection and Ranging or RADAR for short (Rafuse, 201The major difference
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between the two is that RADAR operates within the microwave and radio frequency bands;
whereasLIDAR on the other handpperateswithin the ultraviolet, visible, and near infrared
spectrum(Rafuse, 2011) LIDAR imaging is performed by bombardiraysurfacewith a laser

pulse and measurirtge subsequent gap in time between the emission of the initial pulse and the
detectionof the returing signal. In the case of the survey performed at Joggdimslaser pulse

is emitted from the stationary LIDAR unit millions of times in order to gather the data required

for the predetermined scan area.

D
Figure 4-1: Left (A); image of the LIDAR system setup showing the batteries and holder
(1), the tripod (2) and the laptop computer (3). Right (B); closer view of the LIDAR system
showing the LIDAR unit (1), the pan/tilt base (2), a USB flash dve for saving the data (3),
the panftilt cable (4), the Ethernet network cable (5) and the power cable going to the

battery holder (6).

According to Rafuse (2011), forraflectionto be obtained, the rock being bombarded by
the laser pulses must betbke type which produces a dielectric discontinuity, thereby allowing
the original wave to be reflected back to the source. This property is what makes LIDAR the
clear choice over RADAR for this particular application. If you consider that when a metallic
object of significant dielectric discontinuity contrast compared to the surrounding environment is
bombarded by RABR wavelengths, the resulting reflections will be of very high quality
(Rafuse, 2011) As a result, RADAR is used for various applicatisgh as aircraft tracking

and a multitude of other civiliarand militaryrelated applicationsA rock surface on the other
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handwill typically not exhibit a significant dielectridiscontinuity contrastover its surface

which is why LIDAR wavelengths must be used (Rafuse, 201The range ofLIDAR
wavelengths can vary fromO micrometer to 25(ananeters range and are of sufficient
resolution to strike surfaces grouped together by RADAR; thereby creating backscatter.
Backscatter is defieas the diffuse reflection of waves back towards the transmitter/receiver
such that when processed, can generate a highly detailed image (Optech ILRIS User Manual,
2009).

The collection of data via LIBR is advantageous in many ways; witripaps the mas
significant being that the data points are represented spatially and with respect to all other data
points; meaning that a point cloud can be generated in which millions of points can be displayed,
all with their own unique X, Y and Z coordinates (Rafua@ll; English Heritage, 2010). This
feature is what makes LIDAR more appealing than high resolution photography; the LIDAR unit
performs time corrections on the incoming data to ensure that distance offsets are taken into
account, thereby eliminating eéhdistortions that are the norm for digital photographs (Rafuse,
2011) . According to Rafuse (2011), Afa digit
principles of refl ectance values representi ng
sen®r in a digital camera only collects data without the ranging capability of LIDAR. However,
since LIDAR does have ranging capabilities, reflectance values that are used to produce an
image are spatially allocated with reference to a base station.

Prior o the commencement of a scan, there are numerous unit positioning conditions that
must be accounted for. Since LIDAR does not have the ability to wrap around or penetrate
objects, LIDAR placement becomes a critical task to the success of a scan. Hartgjriie
LIDAR scanner is analogous to a flashlight in that protrusions will prevent the beams of light, or
in the case of the LIDAR, the laser pulses from seeing the details behind Atelnggins, the
cliff section contains large boulders, coves oline workings, points and large intertidal zone
features. These features, along with the length of the Joggins section prevent it from being
imaged in one scanFigure4-2 depicts how the placement of the LIDAR system can result in
urrimaged zones. In reality, 10 scaf¥ or more may be required to completely image the

Joggins section.
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Un-imaged zone

A
(|}

Figure 4-2: Image demonstrating the placement limitations of the LIDAR unit. The
positioning of the LIDAR unit is similar to that of the third scan at Coal Mine
Point/Hardscrabble Point. With this configuration, the beams (red lines)from the unit
(yellow square) are unable to capture points behind the smallprotruding headland,
resulting in an un-imaged zone(shown in grey) Scale is 1 cm = 35.5 m (Google Earth,
2013).

These uAmaged areas can be imaged by simply repositioniacettiire LIDAR unit in
such a way so as to capture the area of interest. In order to properly merge all of the scans
together as one cohesive image, georeferencing targets must beAusactessful LIDAR scan
must incorporate at least three targets i@y must be placed at varying X, Y and Z locations
such that triangulation can be performed and accuracy is maximidedlly, when usinghree
targets, one would bglaced at the top of the section ahé remainingtwo would be placed a
distance on dher side of the LIDARunitThe targets are fAihomemadeo
plywood cut into a square with an outer area covered in black;redteative paint and an inner
circle that is white and nereflective. The targets are placed in suckiay that the black outer
area and white inner circle face the LIDAR unit. When these targets are imaged by the LIDAR
unit, they return a distinct signature that when combined with the differential GPS readings of
the centers of the white inner circlefoals for the scans to be georeferenced (Rafuse, 2011). It

is estimated that the use of the three targets allows for accuracies in the rangecof +/
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Figure 4-3. Left (A); image of the LIDAR georeferencing targets that are placed at varying
X, Y, and Z coordinates in front of the cliff face portion to be scanned (Rafuse, 2011).
Right (B); image showing the placement of one of the georeferencing targets with the cliff
and the JogginsFossil Centre in the background (Rafuse, 2011).

With the LIDAR unit fully assembled, as shownRigure4-1, the first task is to acquire
a 360 panoramic image at that setup location, which it performs in 10indérvals. This initial
photograph is essential prior to the commencement of the scan because it allows for the user to
determine if the targets are visible as well as if the area okstitex within the scan area. The
first 36(° photograph revealed that the top portion of the cliff section was not within the scan
window. As a result, the unit had to be tilted upwards slightly in order to image the section from
top to bottom and the 36@anoramic image had to be recaptured. This initial photograph also
allows the user to determine whether the brightness settings for thenlmaithera are sufficient
to allow the user to be able to see the image. Camera settings can be adjustedrdo acq
photographs in full sunlight all the way to completely overcast skies. It may still be required that
an umbrella be used to shelter the laptop and the LIDAR unit screen to allow the user to be able
to see the images presented.

Assuming the preliming photograph is satisfactory, the blue box that appears on the
screen can then be manipulated to constrain the scanFigese@d-4). This step ismportant
because it allows the user to include certain areas, while excluding other areas; thereby
eliminating irrelevant or excessive points and reducing the overall scan time. The final step

before the scan can be started is to set the resolution s€dhe While millimeter resolution is
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certainly possible, the tides must be considered and if &rredin vehicle is made available,
then the amount of time the operator is willing to stay must also be taken into account. As a
result, the Joggins scaumad different resolution as mentioned in the previous section. While a

millimeter scan may the desired resolution, it is probably not feasible, safe nor required.

Figure 4-4: The top (A) image it
similar to the image captured by the
ILRIS unit during its 360° panoramic
scan of the Hardscrabble Point are:
The bottom (B) image is the same ¢
that above, but the userdefined blue
box shows that area that the ILRIS
unit will scan. The unit will not scan
outside of the userdefined area
thereby minimizing the amount of
erroneous data points (e.g. intertide
zone and sky) collected (Wach, 2013)

4.1.3Data Processing

Originally, parsing was done such that every point was deduin the point cloud;
however, trying to work with the large volume of points in ArcGIS proved extremely
problematic. The purpose for using ArcGIS software was to georeference the LIDAR data to
ensure that the point clpaced.werlen rmotmes icmapleys ,
would display satisfactory; in other cases, the program would crash and in some instances, only
part of a task was completed. Wait times, as much as 45 minutes, were also a major
inconvenience as they restricted Wiog time. To overcome the problems related to the
voluminous data, it was decided the best option would be panse the data; except this time a
shot reduction factor of 50 % would be applied, meaning half of the points collected would be
removed. TIs, along with deleting the irrelevant points, such as the intertidal zone, vegetation

DALHOUSIE [FE2%
UNIVERSITY (£:55

SO —
Basin & Reservoir Lab 30

Inspiring Minds



Reservoir Performance and Architecture of a Fluvial
Meanderbelt System, Joggins Formation, Nova Scotia

Trevor Kelly
and structures, allowed for georeferencing to finally be complet@ddetailed document
regarding the steps taken to parse and georeference the LIDAR data can beAggEmdix X.
The workflow shown inFigure 4-5 documents the major steps involved in obtaining a fully
georeferenced suite of data.

START:
RAW LIDAR

Parse the raw data by applying shot
reduction/alignment, pan/tilt transform
and unit attitude correction settings

DATA

Convert XYZ files to CSV files
Import files into ArcCatalog and
convert to shapefiles

Use ArcMap and ArcScene to display

the point clouds and then find and
record the locations of the target
centers

Record these incorrect locations and
make into a CSV file; import into
ArcCatalog and convert to a shapefile

Create CSV file containing the real
target locations and convert to
shapefile

< Display all shapefiles in ArcMap and
delete irrelevant points
STOP:

EXPORT GEO- + Georeference the point clouds and

REFERENCED append new XY coordinates to the
FILES IN ASCII attribute table
FORMT

Figure 4-5. Simplified processing workflow that was @plied to the raw LIDAR data.
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4.2 Ground Penetrating RADAR (GPR)
4.2.1Data Collection

The GPR data was collected on May'32013. GPR surveys were conducted at the end
of the day on May 3t but these surveys were short and were done so as a tegetmine
what the reflectors would look like GPR data was gathered using a Sensors and Software
Incorporated pulseEKKO PRO SmartCart as pictureBigure4-6. The survey conducted on
May 32 consisted of 48 lines for a total distance of 3.7 kilometers over the Joggins Formation.
Over that distance, a total of 8,800 traces were recorded between elevations of 16.97 and 47.47
meters above sea level. The mayoof the survey lines were conducted on road surfaces,
namely Hearts Gravel Road, Mitchell Street and Main Street. A handful of survey lines were
performed on fields and grassy areas as well. A total of 44 GPR lines were done using the 50
MHz antennaeand their associated parameters with the remaining 4 lines done using the 200
MHz antennae and their associated parameters.

4.2.2Background

The GPR survey at Joggins will use thkectromagnetic energgeflection profiling
technique known as the commofiset survey metho@refer toFigure4-7), also known as the
optimum offset method (Burgeat al, 2006). The common offset method is one of the most
popular refledbn profiling techniques used for GPR studies with the equipment consisting of a
single transmitting antenna and receiving antenna at a predetermined fixed spacing (Neal, 2004).
In addition, the two antennas have the same directional orientation anerpeadicular to the
survey lines (Neal, 2004). According to Neal (2004), the antenna configuration previously
described is known as gmlarized, perpendicular broadside survey geometry. For the survey to
occur, the antennas are secured to the cart emdiragged along the ground surface. The
horizontal distances travelled by the cart are measured using theaoh odometer, which

functions as the triggering device (Vaagh2011).
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Easy GPS
integration

IDVL & -
Control Module

Fibre optic
ables for
high quality

signal - Odometer

I2Ah. 3.9 kg. (8.6 Ib),

12V gel cell battery Tough fibre glass

cart - no metal

Transmitter ..

Receiver »

200 MHz antennas
Bistatic operation

Figure 4-6: Image of the Sensors and Software, Inc. GPR SmartCart. The various parts of
the SmartCart are highlighted (Sensors and Software, Inc., 2013).

As the equipment is pushed and the subsequent data points are recordedhguring
survey, sequential reflection traces are gathered and staked side by side to RAIAR
reflection profile. Each trace results from the system emitting a very short pulse of high
frequency electromagnetic energy that is transmitted into the subsurface. As the pulse
propagates and encounters materials of differing electrical propertigs)atsty is altered. If
these changes are abrupt with respect to the dominant wavelength of the pulse, some of the pulse
energy is reflected back to the surface. The signal is detected by the receiving antenna. The time
between transmission and detentireferred to as the twaay travel time (TWT), is measured
in naneseconds, mush faster than the typical milliseconds or seconds used with reflection
seismology, and is a function of depth, the antenna spacing, and the aR&f2g&® wave

velocity in theoverlying material.
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Unfortunately, subsurface reflections are not the only signals that are generated and
received by the GPR equipment and must be recognized and accounted for during the data
processing stage. Neal (2004) states that the first of tineg@nted pulses to reach the receiving
antenna is that of the air wave, which travels between the transmitting antenna and the receiving
antenna at the speed of light (~ 3.0 »® h@’s). The second pulse to arrive is known as the
ground wave, which travel through the interface between the ground and air from the
transmitting antenna to the receiving antenna (Neal, 2004). These tweqanigberefore result
in any primary reflectors towards the top of the reflection profile to become disguised as noise.
Lastly, the reason for performing this type of survey is to detect the reflected arrivals, which
hopefully will show the subsurface elements of interest.

During this study, the GPR dagaquisition was conducted on Mays8df 2013. e
weather for the study was sunny and cleaNo modifications to the GPR cart were necessary

(e.g. modifications for snow cover, rain, etc.).

Sround surface

Flamar reflector

Figure 4-7. Geometry of the common offset survey where R = receiver and T rahsmitter
(Daniels, 1996).

4.2.2.1Theoretical Background

There are three material properties that determine how electromagnetic energy in the

material will behave (Neal, 2004) . (,elacti@al t hr ee
conduct vi ty (0), and magnetTihce pedremnea aloinaigtnyet (& w
function of the waveds frequency (a), the fre

material (dielectric permittivity, electrical conductivity, and magnepermeability). In

mathematical terms, this velocity is defined by Equation 1.

DALHOUSIE —
UNIVERSITY 588 —

Inspiring Minds “gogin 8 Reservoir Lab 34




Reservoir Performance and Architecture of a Fluvial

Meanderbelt System, Joggins Formation, Nova Scotia

—
Trevor Kelly

T — Equation 1: Electromagnetic wave velocity

a
ot

EpHp——

In Equation 1, Cis the velocity of the electromagnetic wave velocity in a vacuum (3.0 x
1®m/ s) and a/¥U is a loss factor with ¥ = 2 &
assume that the material being tested is aléss material (e.g. clean sand and gtgwvhich is
to say a material that has a limited signal loss during propagation as compared to less
homogenous material; the influence of magnetic permeability and electrical conductivity are
assumed to be negligible, RBeynolds, 1997). &cafalspBeavi s
assumed t hat (tismegligiblednd isthus given tlefvalue of 1 (Neal, 2004). The

resulting relationship as defined by Neal (2004) is given in Equation 2.

w Equation 2: Electromagnetic wave velocity

£

Vs
As the propagation of the electromagnetic wave occurs within the material, the wave

amplitude (A) deteriorates exponentially from an initial value efaé it travels a distance, z

(Neal, 2004). The resulting relatiship as defined by Neal (2004) is shown in Equation 3. The

symbol & stands for the attenuation constant.

= =g’ Equation 3: Electromagnetic wave amplitude

The attenuation constant can be calculatiebctly for lowloss materials and is
independent of the frequency (Neal, 2004). The mathematical relationship describing the

attenuation constamass per Neal (20043 given in Equation 4.

(@]
| Tl

Equation 4: Attenuation constant

Based on the assumptions that are used to derive the above equations, a number of
assumptions about the behaviour of electromagnetic fields in earth materials can be made. Since

water exhibits a high val umckforingUnineratsmpater e d t
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saturation will exert the primary control over the dielectric properties of common sedimentary
materials. This has significant implications when considering the regime in which a survey is
staged, since wateaturated sedim&nwill yield bright water table reflections on the profiles.
However, the assumptions above break down when highly conductive substances such as sea
water or significant amounts of magnetics material such as magnetite or heitlatdays are

present.

When propagating magnetic fields encounter a significant subsurface electrical
discontinuity, some of the incident energy is reflected. The amount of energy reflected is
defined by the reflection coefficient (R). Assuming that the contrasts betweerettecal
resistivity and magnetic permeability are negligible; Equation 5 will result.

=| W W

e Equation 5: Reflection coefficient

In Equation 5g: a n d arggthe adjacent layers 1 and 2 velocities. llcades, the value
of R lies between +1 and.. Reflection coefficient modelling for subsurface discontinuities is
various unconsolidated sediments suggest tRADAR is sensitive to changes in the
sediment/air/fresh water ratio (Baker, 1991).

4.2.2.2Unprocessed GPR Data Limitations

After the collection of GPR data and prior to its interpretation, the raw GPR data must be
processed in a similar manner to that of raw seismic data to help with the elimination of errors
and noise; thereby making it podsibto successfully evaluate and infer valuable
sedimentological information.  According to Neal (2004), there are numerous inherent
limitations of unprocessed GPR data. A list of these is as follows;

1. Time-zero drift
Normal moveout
Signalsaturation

Depth of penetration

o ~ 0N

Horizontal and vertical resolution
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6. Distortions, diffractions and dip displacements

7. Ambient and systematic electromagnetic noise

8. Surface reflections

9. Horizontal and vertical subsurface RADAR wave velocity variations
10. Topographt variations along the survey line

1. Time-zero drift

Neal (2004) describes this as occurring when the airwave RADAR reflection profile
changes its position from trace to trace during the collection of data and is responsible for
creating the misalignment of the air and ground waves, in addition to the yrandr
secondary reflections. The drift typically occurs if the difference in temperature between the
ambient air and the console electronics is great or it could be the result of damaged cables
(Sensors and Software, Inc., 1999; Sensors and Softwarel938). According to Banet
al. (2000), this problem is eliminated by simply allowing the console temperature to
equilibrate. Since the GPR work is being done in the summer months, this error should be

negligible.
2. Normal moveout

Normal moveout is dafed by Neal (2004) as being the difference between the zero
offset travel time and the travel time at a particular offset. Since the transmitting antenna and
the receiving antenna are noaincident, the travel times of the reflections are unusually
long as compared to the depth of the reflector that initiated them (Fastar 1992; Neal,

2004). **Add more later; how will bed dips of 20 degrees be corrected

3. Signal saturation

According to Fisheet al.(1996), there is a possibility for the receivers to undergo signal
saturation; a direct result of the short time periods that occur between transmitter pulses

during surveying and the fairly large ground wave, air wave andsuetace reflections
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energyinput. If signal saturation should happen, it will introduce a-f@guency, slowly
decaying anomaly on the traces of the higher frequency reflections where its magnitude will
be related to antenna separation and the surrounding ground conditions §Samdor

Software, Inc., 1999; Sensors and Software, Inc., 1998).
4. Depth of penetration

As a result of electromagnetic waves experiencing large energy losses as they propagate
through the subsurface, the depth at which RADAR waves can successfully pestetrate
particular location or frequency is greatly limited (Neal, 2004). Since electromagnetic wave
attenuation is a frequenrdyased functi on, then it foll ows
frequency, the shallower the depth of penetration will be (DawisAaman, 1989; Neal,

2004). Therefore, the weakening of the energy levels to extinction will cause a decreased
reflected wave amplitude such that that they can become too low in energy to be detected and
are thus not visible on the RADAR trace; this rasdéhe deep reflecting arrivals
indistinguishable (Vaughan, 2011).

5. Horizontal and vertical resolution

The horizontal resolution is greatly affected by the complex shape of the propagating
RADAR wave front and is further complicated by the interactios Wave front has with the
subsurface, which leads to production of an elliptical RADAR footprint that when surveying
over dipping reflectors, becomes further complicated. All of these complications combined
will cause the horizontal resolution with depdhdecrease.

Knapp (1990) states that the vertical resolution of reflections is a function of the pulse
width and the wavelet sharpness and is proportional to frequency. Therefore, it follows that

if there is an increase in frequency, there should be@agase in the vertical resolution. The

mat hemat i cal relationship between the wavel
frequency (4a4) as per Neal (2004) is as follo
r Equation 6: Wavelength
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The receiving antenna will typically detect a frequency that is less than the centre
frequency released from the transmitting antenna, which is caused by the weakening of
higher frequencies during propagation in addition to the frequency composition pafltiee
being transmitted. As a result, the accurate way of determining the vertical resolution is to
use the return pulse. The wave theory statesstlis the maximum vertical resolution that
can be recorded, meaning that any subsurface layersthimen 14kof the incident pulse

probably will not be detected.
6. Distortions, diffractions and dip displacements

Since RADAR antennae radiate and receive electromagnetic energy in a coriplex 3
cone, reflections recorded on the profile do not necéssame from immediately below the
survey point. Reflected energy can radiate from anywhere on the wave RADAR front and
from various points on undulating subsurface reflectors. This can lead to errors in apparent
dips, bowtie anomalies and diffractiolnem point anomalies that obscure primary reflectors.

7. Ambient and systematic electromagnetic noise

The fact that the GPR system is basically a wide bandwidth receiver means that the
potential exists for it to be affected by external, made sources oélectromagnetic
energy. These possible outside sources can include mobile cell phones and their related
towers, FM radio transmitters, television transmitters and wédkées, just to name a few
(Conyers and Goodman, 1997; Olhoeft, 1999, 2000). nmescases, it may be possible to
avoid these sources of EM energy, while in others, it may be impossible to avoid them;
therefore, it is important to understand how these sources can affect the reflection profile. In
general, the noise generated fromtheset r aneous sources can resul
6refl ectiond events that can obscure primar
where wire cables are used to connect the transmitter and receiver to the console. The effect
of this type ofmoise is effectively reduced in the survey through the use ofdittie cables
instead. Ringing can also be caused when a signal bounces back and forth between a highly

conductive reflector and the receiver a number of times (Sensors and Softwar2006g.
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This can sometimes indicate the presence of highly conductive saline ground water and limits

the use of GPR where these saline waters are present.

8. Surfaceand subsurfaceeflections

Although GPR antennae direct most of their energy intgtband, some energy is also
dissipated into the air. When airborne RADAR waves strike an object or planar surface with
high electrical contrast, the resultant reflected signal is recognized by the receiver.
Therefore, on some RADAR profiles, not all egftions are of the subsurface origin. This is
a common issue with unshielded antennae, but shielding limits the size of antenna and
therefore the frequency. Common examples of surface reflectors are power lines and poles,
trees, metallic fences, largewders, walls and highly irregular topography. These surface
reflectors can sometimes be confused with, or obscure subsurface reflections. Common
subsurface obstructions such as pipelines, metallic fence lines, irrigation systems, culverts
and electricatables can produce erroneous reflections from the subsurface. Unfortunately,
the roads that were surveyed contained metallic fence lines, power lines, pipes and culverts.

Therefore, the resulting subsurface images will likely suffer as a result.

9. Horizontal and vertical subsurfacRADAR wave velocity variations

According to Neal (2004), since GPR data is recorded on a fixed time base; to estimate
the depths on the reflection profile, the associated wave velocities must be known. In cases
where a singleaverage velocity can be used for subsurface characterization, then the TWT
can undergo a simple linear conversion to depth, resulting in an undistorted profile (Neal,
2004). Examples of materials that could produce an undistorted profile would beateshatu
sands and gravels. Should wide swings in wave velocities occur with depth; the RADAR
profile will become distorted due to the depth scale expanding and contracting with the
increased TWT (Neal, 2004). Distortion could be caused by the water ¢hbleges in
porosity, or changes in the clay and silt content.
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10. Topographic variations along the survey line

Elevation changes along a survey line are not taken into account on raw RADAR
sections. This can lead to significant distortions of the subsurface images if not corrected for.
This problem is made worse because the radiated energy from the transnmittdonger
directed vertically downward on slopes, but instead has a horizontal component that
increases with increasing slope. At slopes greater than approximately 6 degrees, the
subsurface reflections will be mitscated. Topographic variations aresttéfore corrected
using the DGPS Z£oordinates as shown Fgure 4-9; the raw imaggeFigure 4-8, has not

been corrected for topography, whertlae processed image has been.
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Figure 4-8: Raw, unprocessed GPR profile of Line 46.
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Figure 4-9: Processed GPR profile of Line 46.
4.2.3Data Processing

With the GPR data successfully collected, the next task that must be carried out is the
processing phase, which is required for ayjgophysicallyrelated research. As previously
mentioned, the initial GPR data contains many types of noise that must be removed and filtered
out such that useful subsurface profiles can be used for meaningful interpretation. To perform
the processing ahe raw data, a software package known as EKKO_View Deluxe will be used.
This software was developed by Sensors and Software Incorporated and its purpose is to allow
for subsurface sections to be displayed and processed through the application offitareus
attributes, operations, etc. According to Sensors and Software Inc. (2003), EKKO_View Deluxe
is a professional fsoftware version that al |
routines including spatial and temporal filters, migratiorstantaneous attributes, amplitude
spectr a, CMP velocity analysis and more. 0

The raw GPR data is first imported into EKKO_View Deluxe where the data and sections

can be viewed. Any incomplete sections (line 48) and test sections (I Ore reraved
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and the remaining GPR lines had their associated differential GPS data assigned. The DGPS
data was also convertéol UTM coordinates and the stsfzes were reomputed, which did not
change much. The topography data was imported as well baseel Dredlordinate recorded by

the DGPS. This was followed by applying the topography shift operation. The difference
between the raw data atite data with a reomputed sp size, topographic correction, DGPS

fixes and line orientation corgons can beeen inFigure4-10. Following these initial stages

of data editing, various processing techniques can were appliech can be seen iRigure

4-11.

File Name | Start Position | Stop Position | Stepsize | Antenna Separation | Units | Frequency (MHz] | # Traces | Min Elesvation | M 2w Elesation | GPS Data
LINEDS 0.0 70,952 0.436 1.0 m 50.0 144 45547 47.471 ‘es
LINETD 0.0 99.329 0.497 1.0 m 50.0 202 43.688 4551 ‘g
LINET1 0.0 106.825 0.497 1.0 M 50.0 216 41.006 43679 Yes
LINE1Z 0.0 7.5 05 1.0 m 50.0 136 0.0 0.0 Mo
LINET13 0.0 1455 0.5 1.0 m 50.0 292 0.0 0.0 Mo
LINE14 0.0 44.0 05 1.0 M 50.0 89 0.0 0.0 Mo

Figure 4-10. Lines 1214 are examples of the raw data, while lines @81 have theapplied
DGPS fixes, elevations, and reomputed stepsizes.

These processes are added to form what is known as a recipe and upon applying the
processes in series, results in higher quality subsurface images. The processes are determined by
an inspectiorof the data, namely the Average ThHAeplitude Plot and the Average Amplitude

Spectrum Plot.

Processing:
| Process Froperties
A || Doy
DT Shift Start Paint = 0, End Paint = 0
= | Backaround Al Traces
SEC Attenuation = 1.0000, Start Walue = 1.0000, Gain Max = 500
|| Dip Diip Slope = 5.0000, Filker 'idth = 5, Scale = 0.5000
bigration Welocity = 01000, Spatial Offzet = 0.0000, Scale = 0.5000
Apply || Al -

Figure 4-11: Processing window showing the processes, the order in which they were
applied and their respective properties.

As a result of the Joggins Formation not being surveyed previously, the results of the

survey were unknown. Therefore, the only real way of approaching the data from a processing
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perspective was to perform a trial and error anglyshereby certain processes were applied
individually and in conjunction with other processes until the image quality became higher.
With numerous process trials run, the flow chart that was ukignaised is shown ifrigure

4-12.

The first process to be applied to the subsurface profiles is the dewow time filter. The
dewow filter is typically almost always applied and is usually the first praggdged because it
corrects for signal saturation or Awowo with
This |l ow frequency, sl owly decaying fAwowo i s
superimposed on the high frequency reflections1i$8es and Software Inc., 2003). As the name
suggests, the dewow time filter is applied to remove these undesirable low frequencies, while
maintaining the high frequencies.

The second process to be applied is the direct current (DC) shift time Tilterpurpose
of this filter is eliminate the DC level from every trace in the initial data set and is performed by
subtracting an input DC level from every point in every trace of the data set (Sensors and
Software Inc., 2003).

The third process that wasilized is known as the background subtraction spatial filter.
The background subtraction filter applies a runrangrage background subtraction to the entire
set of data with the effect of enhancing any dipping reflections whilst helping to suppress
horizontal reflections (Sensors and Software Inc., 2003). Since the strata of the Joggins
Formation have dips of between 15 and 20 degrees, this filter seems to work well in helping to
further define them within the subsurface profiles.

The forth proces applied is known as the Spreading and Exponential Compensation
(SEC) gain function. The SEC gain function can be thought of as an amalgamation of an
exponential time gain and a linear time gain with the purpose being to help compensate for any
exponentl ohmic dissipation in energy or spherical spreading losses during the data collection
process (Sensors and Software Inc., 2003).

The fifth process that was used is known as the2dipfilter and serves the purpose of

enhancing reflections at certainpdangles (Sensors and Software Inc., 2003). Once again, the
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dipping strata of the Joggins Formation can be further visualized in the subsurface profile by
applying this type of filter.

The final process that was applied is known as the migratiorfilter. This2-D filter
was applied because many of the subsurface profiles exhibited parabolic reflectors, which the
migration filter aims to collapse or dissipate their magnitudag&s and Software Inc., 2003).

START:
RAW GPR Remove any incomplete/test lines
DATA Add GPS data and convert to UTM
Re-compute the step size
Add topography using GPS Z data

Perform Average Time-Amplitude Plot

inspection

- Perform Average Amplitude Spectrum
Plot inspection

Inspect the vertical consistency

Design the DC Shift time filter
Design the background subtraction
spatial filter

Design the SEC gain function
Design the dip 2-D filter

Design the migration 2-D filter

Apply:
Dewow
DC Shift time filter
Background subtraction spatial filter
SEC gain function
Dip 2-D filter
Migration 2-D filter

STOP:
EXPORT
PROCESSED
FILES IN SEG-Y
FORNMAT

Figure 4-12. Processing workflow that was applied to the raw GPR data in EKKO_View
Deluxe. The process evolved via trial and error.
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4.3 Differential Global Positioning System (DGPS)

A differential GPS applies differential correcti@gachniques in order to improve the
accuracy of location data that is gathered using GPS receivers (Chivers, n.d.). The research that

was carried out on the Joggins Formation, specifically the GPR survey and the LIDAR survey,
both used DGPS to enhance ffahered datéRefer toFigure4-13).

Figure 4-13 Left; image of the Leica baesation thriht ie n te radio
transmitter and antenna on the left side. Rightcloseup view of the Leica base station.

To carry out the GPR survey and LIDAR survey, a base station of known location in
addition to a DGPS rover was used. Far tHDAR survey, the DGPS rovédrefer to Figure
4-14, left) was mounted on a pole and was moved when necessary. The GPR survey is a slightly
different setup in thathe DGPS rover is mounted on the daefer toFigure4-14, right). The
correction calculations performéy the base station are done so in-temé and are transitted
to the rover as they become available. The Department of Natural Resources installed a high
accuracy survey marker near the Joggins Fossil Cliffs Gentrieh served as the base station
setup positiorfRafuse, 2011). fAe coordinates of thaurveymarkerwere recorded andputted
into the DGPS controller It is estima¢d that an accuracy of +8.0 cm was achieved
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Following the placement of the targets in EHBAR survey area, the coordinates of the center of
each target warecorded forgeoreferencing purposes that took place back at the Basin and
Reservoir Lab. Georeferenciegsurs thatthe LIDAR data isspatially anchorednd has real
world coordinates associated with it.

There are numerous elements that are necessary for perfaansagcessful GPR and
LIDAR survey, in addition to producing high resolution and spatially correct data. Differential
GPS allows for both accurate and precise location data so as to properly georeference the
acquired data in-B space (Vaughan, 2011). standard standlone GPS system, while useful
for certain applications, is not the best when performing GPR.EDIR surveys because of the
built-in errors that accompany them; which in the horizontal X and Y planes can be as much as
several meters and the case of the vertical Z plane the error can be 10 meters or more. The
random timing errors (known as Selective Availability or simply SA) in the standard GPS
systems were introduced by the United States Department of Defense as a way of limiting the
effectiveness of GPS and thus; make it more difficult for GPS to be used in an ill manner
(Chivers, n.d.). The lack of accuracy, especially in the vertical plane, causes various problems
such as attempting to correct a GPR subsurface profile for surijacgraphy variations in an
area of data collection (Vaughan, 2011). Substantial movements in the X, Y and Z directions of
a subsurface profile can result due to the movements of the GPR cart, resulting in GPS
coordinates being degraded or lost all togethfes such, a typical GPS system could result in the
production of sbsurface anomalies that are &land when importing the profiles into other
software for the purposes ofLBmodelling, could cause their true locations to be offset.

At Joggins, the DBS was placed on the fixed base station of known location and the
differences in position between the satellite systems and the surveyed base station are
broadcasted. The DGPS base station was used to monitor and record the wander that occurs to a
statiorary point as a result of the orbiting satellites (Vaughan, 2011). When paired with the
roving receiver, either cart mounted in the case of GPR or moved by an individual in the case of
the LIDAR survey, the GPS position is acquired and is in constant comation with the
surveyed base station by way of ulvigh frequency (UHF) radio transmitters. As the rover

acquires GPS coordinates, the wander that is recorded by the base station is subtracted in real
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time from the coordinates and the corrected goamne recorded into the GPR profile or into the
LIDAR profile (Chivers, n.d.). The resulting data set therefore contains extremely accurate GPS
data that results in very accurate grid survey line positions and topographic corrections.

Both the GPR and.LIDAR surveys were conducted using a differential GPS system,
which was integrated with the data acquisition. The surveys incorporated a Leica GPS1200+
Series High Performance Global Navigation Satellite System (GNSS) for obtaining thieneeal

GPS positios and were accurate to 2 cm or less in the X, Y and Z planes.

Cartmounted DGPS
rover/receiver

Figure 4-14: Left; photograph of a Leica GNSS rover/receiver similar to the one used at
Joggins for measuring the LIDAR system setup locations and LIDAR targetolcations

(Leica Geosystems, 2032 Right; photograph of the GPR cart showing the mobile
rover/receiver.
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4.4Handheld GammaRay Spectrometer

As part of the field work carried out at Joggins, a handheld/portable gaayma
spectrometer was used to take measurements at a consistent interval along the Joggins outcrop.
This study utilized a Science Applications International Corporation Explora@iiRii30
miniSPEC, which is pictured iRigure4-15 andFigure4-16. The spectrometer that was used at
Joggins has numerous functions and can be used for multiple reasons. For this study, only the
gammaray scintillometer survey function was required. This function is activated by turning the
device on and selecting the survey mode from the main menu list. The device displays the
current count rate in the format of counts per secondyaimaray scintillometer is alevice
that is used to measure the radioactive content of a rock sample orghthibleough the
measuring of the amount of uranium, thorium and potassium thaathgle contains. Readings
are taken at regular intervals by simply placing the device against the rock surface to be
measured and recording the value that is displayed. The theory behind using a scintillometer lies
in its ability to detect gamma radiati. Typically the finegrained lithologies, such as
siltstones, mudstones and shales will contain abundant concentrations of radioactive elements
when compared to sands which are typically cleaner due to increased workingveoriing
during transport.On a gamma ray log trace, sand will kick to the left; shale will kick to the right.
This allows for the variations within the sand bodies to be determined that otherwise would not

have been discerned. The use of this data will provide a more accodgtimPetrel.

Figure 4-15. Photograph of the Exploranium GR-
130 handheld gammaray spectrometel
(miniSPEC).
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Figure 4-16. Front view of the Exploranium GR-
130 handheld gammaray spectrometer showing
the portion that is held against the surface fc
takings measurements.

4 5Handheld Air Permeameter

Permeability is a vital measuremehtat must be taken into account when evaluating the
performance of a petroleum reservoir. During the field trip to Joggins, permewgailigs were
collected using a handheld air permeameddtich is known as the TinyRen Il (Figure4-17)
andit was developed by New England Research, Ihis important to note that the TinyPerm I

measures the rock matrix permeability.

Components

1. Handle and plunger

2. Vacuum cylinder

3. Pressure transducer

enclosure

4. Documentation with field
notebook and calibrations
Microprocessor and
control unit
6. Electrical Cable
7. Spare nozzle
8. Silly putty
9
1

o

. Eraser
0.Carrying case

Figure 4-17: Photograph showing the TinyPerm Il portable permeameter and its
associated parts (NER, 2013).
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The procedure for taking measurements as described by NER (2013) is as follows;

1. Turn the TinyPerm Il on. Pull the plunget tle way out and ensure that the screen on

t he contro

I uni t is displaying

t he

fiPush

vacuum status is displayed on the righnd side of the screen and should be zero prior

to a measurement being made.

2. Firmly press the nozzle against the intended rock surface to be measured.

3. Fully depress the plunger, which will display the current vacuum and a measurement

status bar on the screehlold the plunger in while continuing to press the nozzle against

the rock surface Eventually, the vacuum will go to zero and the status bar will indicate

that a successful measurement has been made.

4. The result will be displayed on the control unit screen. The value should be recorded in a

field notebook.

5. Pull the plunger back out amdntinue to the next measurement location.

The resulting values that are plisyed on the microcontroller can thendmerelated to an

actual permeability value in thirDarc y 6 s

u s i n gchatascseeh ifrigured-18 ©he

correlation that exists between the TinyPerm Il value as displayed on the microcontrollers screen

and the resulting permeability is linear, with high TinyPerm Il valuesesponding to low

permeabilities and vice versa.

Permeability Calibration

TinyPerm Il Value
|_\
o
(6]

100 1000
Permeability (mD)

10000

100000

Figure 4-18 Permeability calibration chart which is used to correlate a TinyPerm Il value
to a corresponding permeability(Modified from NER, 2013).
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The resulting permeability values can then be given a rank. The ranking that is applied to
the numerical permeability values is provided by Nabaetagl. (2009) and is as follows in
Table4-1.

Table 4-1. Permeability ranking (Nabaway et al, 2009).

Rank Range
Fair 1 < 1&KmDD
Good 10<  K1000mD
Very Good | 100<  K100D mD
Excellent 1000 < K

4.6 Rock Sampling

Rock samples were collected along the beach traverse of the outcropping Joggins
Formation with permission of the Joggins Fossil Institute. The samples that were collected
represented the major lithologies that eepresentative of thdoggins Formation. In total, 8
rock samples were collected for later analysis and use. The samples ranged in size from X to X.
The samples were labelled and their approximate locations were recorded. The samples will be
useful for a variety of research techniques sugctiha creatio of thin sections.

4.7 Thin SectionImage Analysis

One of the reasons for collecting rock samples from theidedgprmation was for the
makingof thin sections. The thin sections allowed for a detailed petrographic microscope study
to be performed.Using the thin sections in conjunction with a petrographic micpscthe
mineralogy, in addition to otheraluable information related to the fabriextureand other
microscopic features of the roclkan be gatheredAdditionally, the thin sections cdre imaged
using specialized software that helps with the determoimadf porosity The information
gathered from these thin sections can be used as input fBettedmodelto allow for real data
utilization instead of assumed values based on angmaaeservoir.

The thin sections were prepared by Gordon Brown, who is thederdgsDalhousie
University ThinSection Technologistin total, 16thin sections were magdevo for each of the
rock samples collected; of which one thin section wastameal and one that was stainedhin
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sectiongsthat were un-stainedallowed for a description of the mineralodgy be described. Thin

sections that were stained allowed for porosity determinations.
4.7.1Mineralogy

The eight thin sections were analyzed fmineralogy description purposes in the
Mineralogy and Petrology Laboratory (room 2020) of the earth sciences wing of the Life Science
Centre. A Nikon Eclipse 50iPOL microscope was used in conjunction with a Nikon Digital

Sight camera for capturing thsection images.

4.7.2 Digital Image Porosity Analysis

The digital image porosity analysis was completed usm@gmpus BX51 polarizing
microscope. The microscope is fitted with a camera to allow for digital images to be captured on
the connected desktop computer using the DP Controller software. The digital images were then
imported, one by one, into Image APtus. This software allows for the manual selection of
porosity, which shows up in the thin section slides as areas of blue. Apart from the void space,
the grain area percentage and cement area percentage were also selected. Therefore, for each
thin setion image, three area percentages were calculated; void area, grain area and cement area.
Upon selecting these areas, which are each given a unique colour, the software scans the image
and compileghe areas as either voids, grains or cement and redutatal percentage value
based on the area that each colour occupies in the inféngeresulting porosity values can then
be given a rank. The ranking that is applied to the porosity values is provided by Na&baay
(2009) and is as follows ihable4-2.

Table 4-2: Porosity Ranking (Nabawayet al, 2009).
Rank Range
Negligible | 0<& O5 %

Poor 5<¢ 010%

Fair 10 <¢ 015 %

Good 15 <¢ O5 %
Very Good | 20 <¢ O5 %
Excellent 25 <¢
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5.0 Results
5.1Light Detection and Ranging (LIDAR)

The two LIDAR scans that will be used for this project (the two on either side of
Hardscrabble/Coal Mine Point) were divided automatically by the LIDAR unit into four scan
tasks for the scan to the north of the point and six scan tasks for the scasotatithef the point.

The scan task identification numbers as set by the LIDARfanthe two scansre labelled in
Figure 5-1 and Figure 5-2. The LIDAR unit also creates a log that lists the technical
specifications for each scan as well as for each of the scan tasksr toAppendix Cfor the
detailed technical information regarding the base station setup, LIDAR Unit Setup #1 and its
respective targets, LIDAR Unit Setup # 2 and its respective targets, LIDAR Unit Setup # 3 and
its respective targets as well as information réigg the approximate distances of the three
LIDAR unit setups from their associated targets, the cliff face and the base station. Additionally,

the technical information regding each of the scan tasks for each of the two scans used for this

report ardabulated in this section as well.

Figure 5-1: Image showing the four separate scan tasks that make up the full scan to the
north of Hardscrabble/Coal Mine Point. The white lines indicate the limits of the tasks and
these four tasks are also assigned an identification number automatically by the LIDAR
unit.
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Figure 5-2: Image showing the SIX separate scan tasks that make up the full scan to the
south of Hardscrabble/Coal Mine Point. The white lines indicate the limits of the tasks and
these six tasks are also assigned an identificatiommber automatically by the LIDAR unit.

Through the visual analysis of the LIDAR images along with the outcrop photographs
and measured sections, it was possible to identify the numerous dipping strata within the dataset.
By identifying these dipping sita in the LIDAR image, they can be correlated with the GPR
data in an attempt to produce &D3rendering of the Joggins Formation fluvial meanderbelt
system. The LIDAR images show the variations in sand body thickness, which are also observed
in the outcop. The pinch and swell nature of these shodies points to the complexities of
understanding a reservand that over short distanogew meters)the characteristics of a good
reservoir rock can change immensely. The different lithological bed®ealiscerned in the
LIDAR images through correlation with the outcrop photographs. They show that sand layers of
good permeabily are sandwiched between pgarmeability layers suchs coals, siltstones and
sandy siltstones. These layers vary widalyheir thickness from a couple meters for some of
the thicker sandodies to a couple of centimetres for some of the coal strata. The important
thing here is to realize the complexities in reservoir heterogeneity that exist here and the
difficulties tha would exist should production from a similar reservoir type be undertaBgn.
displaying the point cloud using a gradual, intensity based colour scheme in either ArcScene 10
or Petrel 2011, the various lithologies were discernible. The greens, radge®and yellows
as seen irFigure 5-3 and Figure 5-4, represent the sand bodies, while the blues and purples

represent the finegrained lithologies, namely the siltstones.
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Figure 5-3: Screen capture of the third scan located on the northern side of

Hardscrabble/Coal Mine Point as viewed in Petrel 2011. All data points in the point cloud

are activated and a colour ramp was applied based on intensity. The colours correlate to
the various lithologies. The white box shows the area that was zoomed in andlisplayed

in the following figure.

Figure 5-4: Screen capture of a portion of the third scan located on the northern side of
Hardscrabble Point/Coal Mine Point as viewed in Petrel 2011. All datpoints in the point
cloud are activated and a colour ramp was applied based on intensity. The reds, oranges,
yellows and to a lesser extent, the greens, represent the sand bodies while the blues and
purples represent the finergrained lithologies in the atcrop or vegetation at the top of the
cliff.
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