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Abstract 

The Famennian to Tournaisian (Late Devonian to Early Mississippian) Bakken 

Formation is a prolific oil producer within the southeastern portion of Saskatchewan. An 

understanding of the distribution of facies, mineralogy and controls on diagenesis, 

especially dolomitization, is important to plan enhanced oil recovery and to explore for 

smaller digenetic- and stratigraphic-bound hydrocarbon accumulations.  

The Bakken formation facies architecture is complex and formed by 

heterogeneous and interbedded carbonate and siliciclastic marine deposits that contain 

complex mineralogical compositions. A total of seven, regionally correlative facies 

associations have been identified within southeastern Saskatchewan. These facies 

associations are composed of fifteen distinct facies which are described in detail. The 

overall unit records a transgression at the end of the Late Devonian, in which marine 

shale’s of Facies Association 1 were deposited. This was followed by a brief regression in 

which Facies Association 2 through Facies Association 6 was deposited in a locally 

barred progradational shoreface succession.  These Facies Associations are 

characterised by a highly heterogeneous mixed carbonate and siliciclastic mineralogy. 

Bakken formation deposition culminated with a final transgression that saw the 

deposition of the upper deep marine shale facies, Facies Association 7.  

The diagenetic history of the Bakken Formation is a complex series of at least 19 

diagenetic events that are interpreted to have occurred in three principle realms: 

surface-near surface, shallow burial and intermediate to deep burial. Dolomite is the 

most common and volumetrically significant diagenetic product observed within the 
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Bakken Fm. and is found in three varieties: Phase D dolomite, Phase 1 dolomite and 

Phase 2 dolomite. Phase D dolomite is interpreted as reworked penecontemporaneous 

dolomite or detrital dolomite from existing dolostone. Phase 1 dolomite is distinguished 

by oxidized minerology, monophase fluid inclusions, fine grained planar texture (10-

30µm), δ18O that is lower than comparitive late Devonian seawater, and a δ13C signature 

that is similar to Late Devonian seawater Phase 1 dolomite is interpreted as being an 

early, matrix replacement dolomite that formed from penecontemporaneous seawater 

to slightly evaporated seawater, and was subsequently recrystallized during burial. 

Phase 2 dolomite is charactorized by a reduced minerology, biphase fluid inclusions, 

coarse non-planar and coarse planar grain size. The fluids that generated this phase of 

dolomite have an evaporitive δ18O  siginature and a δ13C signature that is not indicitive 

of methanogenesis or organic matter fermentation. Phase 2 dolomite is interpreted as 

being an intermediate to late burial cement formed by a combination of topographic 

driven flow and an open cell convection system that has subsequently been 

recrystallized during progressive burial.  
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Facies Swatch Key 

 Within multiple figures (Figure: 3.2, 4.48, 4.49) and core logs (Appendix A), a 

colored pallete and swatch fill was used in the generation of the figures.  A facies key is 

also included on every structure, isopach and residual map with this same facies key as 

below to illustrate which facies or structural top was used in the generation of the 

respecitve map.  The table below displays the swatch pallete and the equivilent facies 

and facies assocition for that swatch.   
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Chapter 1 Introduction 

1.1. Introduction 

The Bakken formation is found throughout the Williston Basin and contains 

significant hydrocarbon reserves.  It has traditionally been described as a three member 

unit in which the lowest member is a black, organic rich shale, the middle member 

which is a mixed carbonate siliciclastic unit and the top most member that is also a 

black, organic rich shale.  The sedimentology and stratigraphy of the unit has been 

previously studied (Ferdous, 2001; Angulo and Buatois, 2009, 2010, 2011; Kohlruss and 

Nickel, 2009) among others.  Diagenesis has also been studied with the most notable 

work being done by Ferdous, 2001.   The study aims to build upon these works and 

further describe, delineate and map the sedimentological units with the Bakken within 

southeastern Saskatchewan, to determine depositional environments and to correlate 

an overall depositional model using the facies, stratigraphic and spatial distribution 

trends of the formation.  It also aims to describe the diagenetic components of the 

Bakken Formation and use Secondary Ion Mass Spectroscopy combined with other 

geochemical means to characterise dolomite within the Bakken Formation. 

1.2. Objectives 

The purpose of the study is to investigate and map the various lithologies present 

within the Bakken Formation in southeastern Saskatchewan, to observe and document 

the diagenetic features, and investigate the origin and mode of occurrence of dolomite 
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within the Bakken Fm. This will be accomplished using core observation, mapping, 

petrography and geochemical techniques. The main objectives are: 

1. Observe and document the various lithologies found within the Bakken using 

core and petrographic means.  

2. Group these facies into regionally correlatable facies associations and determine 

the spatial distribution of these facies associations within the subsurface using 

petrophysical methods.  

3. Determine the stratigraphic relationships between these facies associations in 

order to make an interpretation as to the depositional environment of each 

facies association and incorporate these interpretations into a coherent 

depositional model for the formation.  

4. Observe and document the diagenetic features within the Bakken and develop a 

model for diagenetic sequence. 

5. Determine the occurrence, texture, and geochemical characteristics of dolomite 

within the Bakken and ultimately interpret the mechanisms of formation of each 

observed phase.  

1.3. Study Area 

The study area for this project (Figure 1.1.) is located in the south east corner of 

Saskatchewan. The eastern boundary of the study is the Saskatchewan-Manitoba 

boarder, range 30 west of the 1st meridian. The southern margin of the study area is the 

Saskatchewan-United States boarder. The western margin of the study area is the east 

margin of range 18 west of the second meridian and the northern border is the northern 

margin of township 15. The total area encompasses more than 330 townships and more 

than 30700 square kilometers.  
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Figure 1.1: Location map of the Williston Basin (yellow) with the extent of the Bakken in red. The black box outlines the approximate 

margins of the study area. The township and range map displays the locations of cores within this study (Staruiala et al, 2012).  
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Chapter 2 Geologic Setting 

2.1: Introduction 

The Bakken Formation (Bakken herein) is a relatively thin, mixed carbonate-

siliciclastic unit found entirely within the Williston Basin. The Bakken Formation is 

predominantly constrained to portions of Montana and North Dakota in the United 

States and Manitoba, Alberta and Saskatchewan in Canada, respectively (Christopher, 

1961; Meissner, 1978; LeFever, 1991; Smith et al. 2000; Angulo and Butois, 2009). The 

Bakken Fm. overlies the Lyleton, Torquay, Big Valley, and Three Forks formations and is 

conformably overlain by the Mississippian Lodgepole Formation (Figure 2.1). Its 

stratigraphic architecture is described formally by Nordquist (1953) as encompassing a 

tripartite sequence composed of lower black shale, sandstone to siltstone middle unit, 

and upper black shale. The type section for the Bakken Fm. occurs in the Amerada 

Petroleum Corporation – H.O. Bakken No. 1 deep test well located at C SW NW, Sec. 12., 

T.157N, R.95W, Williams County, North Dakota spanning the 2931-2963 metre depth 

interval (Nordquist, 1953). The Bakken Fm. is time correlative with the Exshaw 

Formation located in Alberta (Smith and Bustin, 2000) (Figure 2.1), the Chattanooga 

Shale, and the New Albany Shale in the Appalachian Basin (Schieber, 1994). 

The Bakken Formation has been described as unique in that all three members 

successively onlap the stratigraphically older member, as well as the basin margin 

(LeFever et al., 1991). In Saskatchewan, the Bakken Formation reaches an approximate 

maximum thickness of 25  
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Figure 2.1: Stratigraphic comparison of the Bakken and Exshaw formations. The stratigraphic chart 

illustrates the relative placement of the Mississippian-Devonian boundary, Bakken Formation units 

and subunits, and conodont biozones (after Angulo and Buatois, 2009). 
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metres, but in areas of known salt dissolution the formation can achieve approximately 

44 metres in thickness (Kreis and Costa, 2005). 

2.2: Tectonic Setting 

 The Williston Basin is a cratonic basin underlain by a portion of the Canadian 

Shield and terminates at the Cordilleran geosyncline (Gerhard et al., 1982). The basin 

forms a large structural depression centered south of Watford City, North Dakota 

(Gerhard et al., 1982), and includes portions of Saskatchewan and Manitoba, as well as 

Montana and North Dakota. It is bounded by the Sioux Arch to the south, the Black Hills 

uplift and the Miles City Arch to the southwest, the Bowdoin Dome to the west, and the 

Transcontinental Arch to the east (Gerhard et al., 1982). 

 Deposition of the Bakken Fm. has been influenced by a number of structural 

elements. These elements include: topography associated with Prairie Evaporate 

dissolution which is focused in the subsurface of Saskatchewan, North Dakota, and 

Montana; and variations in the underlying Precambrian basement due to tectonic 

processes (Figure 2.2) (Christopher, 1961; Kent, 1987; Smith and Bustin, 2000). The 

overall structural relief of the Bakken Fm. has been significantly influenced by the Elbow 

Hummingbird flexure (Christopher, 1961; Smith, 1996). Dissolution of the Prairie 

Evaporite is such that it underlies the eastern portion of the Bakken Fm. but not the 

west due to the mentioned dissolution of that formation. This study focuses on the 

eastern portion of the Bakken Fm. in southeast Saskatchewan. In this region, the  
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Figure 2.2: Precambrian geology underlying Phanerozoic sedimentary rocks within the Western 

Canada Sedimentary Basin and of the exposed Canadian Shield (from Osadetz et al., 2002).  
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elements that restricted deposition of the Bakken Fm. include the Nesson Anticline, 

Rocanville-Torquay Trend, Birdtail- Waskeda Axis, and the Elbow-Hummingbird flexure 

and are illustrated in Figure 2.3, Kent, D.M. and Christopher, J.E. (2008). An important 

element of the Williston Basin is the Swift Current Platform. This feature is interpreted 

to be a broad, topographically positive structure related to the central Montana Uplift 

and Sweet Grass Arch (Figure 2.3; Kent, 1987). The Bakken Fm. is truncated or eroded 

where it overlies this structure (Kent, 1987). The arch and uplift can trace their origins to 

an increased level of spreading west of the Antler Orogeny (Ettensohn, 1998). As a 

result of increased lithospheric loading due to subduction, syn-depositional epeirogenic 

uplift resulted in late Devonian along with uplift of the Swift Current block (Ettensohn, 

1998). Other structural features associated with this complex are the Bowdoin Dome 

and Val Marie Arch which are related to basement tectonic events (Smith, 1996).  

 Shale deposition on the North American Craton (Figure 2.4) began as early as 

early Praghian time with the deposition of the Esopus Black Shale of the Appalachian 

Basin (Ettensohn, 1987). Early to late Devonian times were characterized by increased 

spreading at mid-ocean ridges accompanied by orogenic activity along the Antler and 

Acadian orogenies and associated subduction under the North American Lithospheric 

Plate (Ettensohn, 1987). Relative sea level rise, craton-margin convergence, and cratonic 

subsidence were all consequences of increased lithospheric spreading (Ettensohn, 

1998). Numerous transgressions occurred in which organic-rich black shales were 

progressively deposited towards the centre of the North American Craton (Ettensohn, 

1998). The oldest organic-rich black shales were deposited within orogenic basins at the 
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Figure 2.3: Major tectonic elements of the williston basin that were present during the Devonian.  

Edge of the Prairie Evaporite is noted by the purple line, the black line represents the edge of the 

Bakken formation, and the dashed red box represents an outline of the study area.  Modified after 

Smith, M.G., 1996 and Toews, C., 2005.  
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Figure 2.4: Distribution of organic-rich black shales of the upper Devonian and Mississippian age 

on the North American craton, from (Ettensohn, 1998). 
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onset of the late Devonian marine transgression, while the youngest black shales were 

deposited in cratonic basins towards the centre of the North American Craton. 

Ettensohn (1998) suggests that these multiple black shale sequences accompanied by 

siliciclastic rocks are related to orogenic activity and cratonic subsidence due to 

enhanced sea floor divergence during late Devonian to Early Mississippian times. 

Ettensohn (1998) postulates that the cratonic basins located within the North American 

Craton became “yoked” or decoupled during this time frame (Figure 2.5). Lithospheric 

loading caused uplift on the craton-ward of the orogenic basins and resulted in either 

separation or restriction of these cratonic basins from the evolving foreland basins 

(Ettensohn, 1997).  

2.3: Biostratigraphy  

 The Bakken Formation is characterised by the fact that the overall sequence 

straddles the Devonian-Mississippian boundary. Extensive research has attempted to 

determine which interval, or even which facies, this boundary can be attributed to 

within the basin. It has been noted that the lack of conodonts within the middle 

member of the formation impedes precise determination of this time boundary (Karma, 

1991). The Upper Bakken Shale contains Mississippian conodonts while the lower 

member contains Devonian aged conodonts (Toews, 2005). It can be reasonably 

inferred that the Famennian-Tournaisian boundary lies somewhere within the middle 

member of the formation. Nordquist (1953) initially placed this boundary at the base of 

the lower shale. This stratigraphic locale coincides with a change in lithology from the 

Three Forks/Big Valley Formation carbonates below to the shales and mixed
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Figure 2.5: Diagrams illustrating (A) the flexural relationship between lithospheric loading associated 

with orogenic events and related foreland basin development and (B) the interaction between 

foreland and intracratonic basins progressing from bottom to top where initial flexure occurs at the 

margin of the cratonic basin, and with increasing load, the cratoninc basin eventually becomes 

decoupled through the uplift and arching that occurs as a result of foreland basin flexure (from 

Ettensohn, 1998). 
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 carbonate-siliciclastics of the Bakken Formation above. Christopher (1961) postulated 

that the Devonian-Mississippian boundary occurred at the base of the middle member. 

This was based upon the presence of Rhipidomella missoureinsis, the lack of 

Kinderhookian aged fossils in the lower shale, and the stratigraphic relationships with 

the aforementioned Big Valley Formation. 

Macqueen and Sandberg (1970) placed the Famennian-Tournaisian (lower 

Mississippian) boundary near the top of the shale interval in the Exshaw Formation. 

With the introduction of a revised Devonian-Mississippian conodont reference chart 

(Higgins et al., 1991), Bakken conodont assemblages (Karma, 1991), and macrofossil 

data (Thrasher, 1987), the idea that the Famennian-Tournaisian boundary occurring in 

the middle Member of the Bakken has been supported.  

2.4: Paleogeography 

 During Late Devonian and into Early Mississippian time, the Euramerica land 

mass was situated between 30o N and 30oS latitude. The Williston Basin is centered on 

the exposed and topographically positive Laurussia land mass (Figure 2.6). The western 

margin of the land mass is bounded by the Antler orogenic belt and the Antler foreland 

basin (Figure 2.6), the eastern margin is bounded by the Acadian orogenic belt and the 

Acadian foreland basin. Slightly interior to these foreland basins lie the cratonic interior 

basins such as the Williston Basin (Figure 2.6) and the Michigan Basin (Ettensohn, 1998). 

The architecture of these foreland and cratonic basins were largely affected by 
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subduction and orogenic activity that related to a period of ocean floor divergence 

(Trabucho-Alexandre et al., 2012).  

The Williston Basin is located to the northwest of the Transcontinental Arch 

(Figure 2.4). At the end of the Devonian a shallow epicontinental sea covered this 

cratonic platform which deepened westward towards the Antler Foreland (Figure 2.6, A) 

(Ettensohn, 1998; Smith and Bustin, 2000). Sandberg (1982) proposed that epeirogenic 

uplift began along the western margin of the Williston Basin in the western United 

States, approximately 3.5 ma before the Devonian-Carboniferous boundary. This 

resulted in the restriction of the Williston Basin from the Antler Foreland Basin during 

period that coincided with middle Bakken deposition (Kent, 1987). Ettensohn, 1998 

proposed that during this time, the Williston basin became decoupled (restricted), as a 

result of uplift of the Sweetgrass Arch and the Swift Current Platform.  

During the Late Devonian, up-warping of the Transcontinental and Severn Arches 

limited the extent of the Williston Basin to the south and east, while the Penzance and 

Nokomis Arches (Figure 2.3) defined the northern limits of the basin (Smith, 1996; 

Christopher, 1961; Kent and Christopher, 2008). Features having positive relief during 

late Devonian times included: the Swift Current Platform, Regina-Melville platform, and 

the Nesson Anticline (Figure 2.3) (Kent, pers. com., 2012). Local and antecedent 

topographic features during Bakken deposition are related to salt collapse associated 

with dissolution of the Prairie Evaporite, topography of underlying strata, and structural 

lineaments (Smith et al., 2000; Toews, 2005; Kreis and Costa, 2005).  
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Figure 2.6: Reconstruction of the paleogeography during the Late Devonian, 380 Ma (A) and early Mississippian, 340 Ma (B). Study area 

outlined by the red rectangle. Modified after Blakey (2014).  
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2.5: Paleoclimate 

 It is commonly proposed that ancestral North America, during the Late Devonian 

to Early Mississippian, was an equatorial landmass. Heckel and Witzke (1979) proposed 

that the paleoequator during the Late Devonian ran east of modern day Alaska and 

down through British Columbia, Washington, and California (Ettensohn and Barron, 

1981). An alternative view includes the reconstruction by Ziegler et al. (1979) and 

Bamback et al. (1980) who proposed that the Devonian paleoequator ran from the 

Maritime Provinces in Canada cutting across the central United States and through 

California (Ettensohn and Barron, 1981).  

 Evaporites of the Stettler Formation and the presence of oolitic grains within the 

Bakken Fm., support the idea of an arid climate further towards the Western Canadian 

Sedimentary Basin during the time frame in which the Bakken was deposited (Witzke 

and Heckel, 1988; Kasper, 1995; Toews, 2005). However, the clastic rocks of the Bakken 

Fm. suggest paleogeographic latitude within 5-10 degrees on either side of the equator. 

The paleogeographic position of the Bakken was interpreted to be at low latitude, 

humid, with abundant rain, which would allow weathering and erosion of adjacent land 

masses and supply the detrital sediments that are observed in this clastic interval 

(Ettensohn and Barron, 1981).  

 Glaciations likely played a large role in Late Devonian (Famennian) depositional 

systems. Late Devonian glaciations have been proposed by a number of authors (Witzke 

and Heckel, 1988; Sandberg et al., 2002; Isaacson et al., 2008). Sandberg et al. (2002) 
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proposed a series of glacial and interglacial events during the Famennian. The effects of 

the Famennian glaciation include: exposure of Famennian and Frasnian age carbonate 

rocks, deposition of evaporites in some North American basins due to marine regression 

and a combination of warm and arid climates, clastic wedge progradation accompanied 

by black shale deposition due to marine regression, a gap in deposition within 

Famennian and part of Tournaisian times which is punctuated by thin clastic, carbonate, 

and evaporite beds during interglacial events (Isaacson et al., 2008). 

2.6: Sedimentology and Stratigraphy 

 The deepest portions of the Williston Basin contain approximately 4,900 meters 

of sedimentary rocks that ranges from Cambrian to Tertiary in age. Strata within the 

basin are divided into six sequences related to periods of sea level rise and fall as well as 

changes in sedimentation patterns associated with tectonics (i.e., basin uplift and or 

subsidence) (Sloss, 1963). These sequences include: the Sauk, Tippecanoe, Kaskaskia, 

Absaroka, Zuni, and Tejas (Gerhard et al., 1990). Initial Williston Basin sedimentation 

(Sauk sequence of Cambrian age) occurred on top of the Precambrian basement and is 

predominantly composed of siliciclastic rocks with minor carbonates (Gerhard et al., 

1990). The Tippecanoe sequence, which ranges from middle Ordovician through to 

Silurian age, consists of carbonates and clastic rocks with periodic unconformities. The 

Kaskaskia sequence, mid-Devonian to mid-Mississippian, is the result of two regional 

transgressions and an unconformity (Acadian Unconformity) which separates younger 

Devonian-Mississippian rocks (Bakken Formation) from older Devonian strata (Three 

Forks Formation). The Lower Kaskaskia is a series of smaller-scale transgressive-
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regressive cycles composed mostly of carbonates within the Williston Basin. Upper 

Kaskaskia strata are composed predominantly of carbonates related to rapid 

transgression and progradation (Gerhard et al., 1990). The Absaroka sequence 

(Pennsylvanian-Triassic) typically consists of siliciclastic sediments with some evaporates 

and carbonates. The Zuni and Tejas sequences are dominated by siliciclastic rocks and 

terrestrially sourced sediments (Gerhard et al., 1990).  

The Bakken Formation is underlain by a mega-regional, angular, unconformity, 

the Acadian Unconformity (Skinner et al., 2010). Previous authors have proposed that 

this unconformity represents a first-order sequence boundary that separates the lower 

and upper Kaskaskia Sequence (Richards, 1989) while other authors propose that this 

contact is a mega-regional second order unconformity (Skinner et al., 2010). Bellow this 

contact lies the erosional surface of the Torquay, Lyleton, Three Forks and Big Valley 

Formations, the Acadian unconformity (Skinner et al., 2010).   

  Significant research on the Bakken Fm. has focused on the upper and lower shale 

members due to their proven hydrocarbon source potential (Kents, 1959; Leenheer, 

1984; Kent, 1987; Webster, 1987; Karma, 1991; Stasiuk, 1994; Stasiuk, 1996; Osadetz 

and Snowdon, 1995; Caplan and Bustin, 1996; Smith and Bustin, 2000; Li and Jiang 2001; 

Stasiuk and Fowler, 2004). Multiple interpretations regarding the depositional 

environments within which the Bakken Fm. was deposited have been proposed by these 

authors.  
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 The initial interpretation of Bakken depositional environments by Fuller (1956) 

and Christopher (1961) indicate that the rocks that comprise the Bakken were deposited 

in swamp, lagoonal, and tidal flat environments related to marine transgressions and 

regressions along ancestral North America’s western to southwestern paleoshoreline. A 

successive interpretation hypothesizes that the organic-rich black shales were deposited 

below wave base in a shallow sea teaming with microorganisms, limited water 

circulation, low sedimentation, and anoxic bottom waters (Kents, 1959; Ettensohn and 

Barron, 1981; Kent, 1986; Karma, 1991; LeFever et al., 1991; Kasper, 1995; Smith and 

Bustin, 1996; Caplan and Bustin, 1996; Angulo and Buatois, 2009). Minimal turbulence 

and cool water conditions could have facilitated a stratified water column within the 

epicontinental sea which likely allowed preservation of organic matter in the anoxic 

lower portion of the column (Smith and Bustin, 1998). Alternatively, a relatively deep 

marine environment of deposition has been suggested by Smith and Bustin (2000) and 

Kohlruss and Nickel (2008). In this model, water depths of 200 metres or more are 

inferred along with water stratification and deep water anoxia below storm wave base 

and also below the photic zone (Figure 2.7). In this environment there would be low 

circulation and low energy levels (Smith and Bustin, 1996; Caplan and Bustin, 1996; 

Caplan and Bustin, 1998; Angulo and Buatois (2009). A substantial difficulty in 

understanding this theory is the necessary large water depth fluctuations required to 

account for the shallow marine sediments of the middle member.  

 The middle member of Bakken deposition has also seen a variety of depositional 

models. Angulo and Buatois (2011) presented the most recent model in which 13 facies  
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Figure 2.7: Diagram depicting the influence of upwelling and stagnation in an intracratonic basin 

resulting in the formation of an anoxic environment suitable for the preservation of organic matter 

readily found within the organic-rich black shales of the upper and lower Bakken members (from 

Smith and Bustin, 1998). 
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were interpreted which correspond to lower offshore to bay-barrier facies within an 

embayment that has a limited to intermittent connection to open marine waters. In 

southeast Saskatchewan, Angulo and Buatois (2011) have proposed that a large barrier 

bay complex established itself as a marine transgression occurred which migrated 

landward with the retrograding paleoshoreline. Lower offshore, upper offshore, 

offshore transition, lower shoreface, barrier bay, tidal flat, barrier bar, marginal bay, 

distal bay, and high energy ravinement depositional environments along with their 

corresponding facies occurred within this overall estuarine depositional model (Angulo 

and Buatois, 2011).  Furthermore, this depositional model accounts for the brackish, 

marginal-marine salinity conditions that normally accompany estuarine settings which 

have been proposed for the middle member (Angulo and Buatois, 2009). 

 Previous authors have proposed that the Middle Bakken is a regressive system 

and is related to relative sea level fall or basin margin uplift (Kents, 1959; Christopher, 

1961). During this marine transgression, siliciclastic sediment was sourced from regions 

interpreted to be outside of the Williston Basin and was deposited over the broad, low 

angle shelf of the basin (Kents, 1959: Christopher, 1961). After the Middle Bakken 

siliciclastic rocks were deposited, regression occurred and the predominant depositional 

environment returned to shallow swamp conditions that prevailed during the deposition 

of the upper shale member (Kents, 1959; Christopher, 1961).  
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Tidally-influenced models for the Middle Bakken member have been proposed 

by Ducharme and Murray (1980), Kasper (1995), Mageau et al. (2001). These authors 

have all recognized large bar complexes in the middle member in west-central 

Saskatchewan. Toews (2005) provides complimentary evidence for these hypotheses. 

The Bakken Formation in west-central Saskatchewan is quite different than that of the 

study area, where large scale bar complexes are not found. It is more likely that the 

Middle Bakken in southeast Saskatchewan was deposited in an environment with little 

tidal influence, and has a distinct morphology as compared to the sediments on the 

western side of the Sweetgrass Arch.  

 Following the establishment of the earlier tide-dominated models, shoreface 

depositional models became the standard for describing the Bakken. The shoreface 

model was first proposed by Smith (1996) and has been used as an interpretive model 

by Smith and Bustin (1996), Bustin (1996), Ferdous (2002), Toews (2005), and Kohlruss 

and Nickel (2009). Initial deposition of the lower Bakken shales occurred during a period 

of transgression, regression followed in which deposition of a regressive shoreface 

succession occurred, and finally transgressive silts and muds were deposited (Figure 2.8; 

Kohlruss and Nickel, 2009). This model indicates that the lower shale member was 

deposited in water depths up to 200 metres and progressively overlain by middle to 

upper shoreface sediments of the Middle Bakken member. Following this interval a 

second transgression occurred in which water depth in the basin returned to the 200 

metre level to enable deposition of Upper Bakken member.  



23 
 

 

Figure 2.8: Bakken sequence stratigraphic model depicting Middle Bakken sedimentation (from 

Kohlrus and Nickel, 2009). 
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2.7 Ichnology 

The Bakken Formation has been interpreted as being representative of the 

“distal” Cruziana ichnofacies (Angulo and Buatois, 2009). Dominant iconological 

members include: Phycosiphon incertum and Nereites Missouriensis, with subordinate 

Asterosoma isp, Planolities montanus, and Teichichnus rectus (Angulo and Buatois, 

2009; Angulo and Buatois, 2011). These ichnofauna suggest relatively low biodiversity 

and are indicative of open-marine to brackish-water conditions (Angulo and Buatois, 

2009; Angulo and Buatois, 2011). Throughout much of the Bakken, as evidenced in cores 

cut through the formation, these iconological constituents impart a variable degree of 

bioturbation. The bioturbation imparted on the formation has a substantial impact on 

reservoir quality and influences the overall permeability and porosity of Bakken 

reservoirs (Angulo and Buatois, 2009). 

2.8: Summary and Conclusions 

 The Bakken Formation is representative of a tripartite sequence 

consisting of lower black shale, a mixed carbonate-siliciclastic middle member, and 

upper black shale. The Bakken was deposited in a cratonic basin centered within the 

Eurasian landmass, east of the Antler foreland basin, and west of the Transcontinental 

Arch. Deposition of the Bakken Fm. occurred during Famennian to Tournaisian times 

(Late Devonian to Early Mississippian). Shale deposition likely occurred in an anoxic 

environment such that organic matter could be preserved (Smith and Bustin, 1996). 

Depositional environments proposed for the middle member include a lagoon system 
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(Christopher, 1961), estuarine system (Angulo and Buatois, 2011), and tidal system  

(Kasper, 1995). Tectonically, the Williston Basin appears to be an active cratonic feature 

during this time. The role of tectonic controls on sedimentation during Bakken 

deposition is not clear.   

 To date, a high resolution study of the numerous facies that encompass the 

Middle Bakken, as well as their spatial variation and extents, has not been undertaken in 

southeast Saskatchewan. It should also be noted that the controls on the distribution of 

facies and their variability in a lateral sense within the middle member has yet to be 

proposed. A detailed petrographic study to determine the spatial variation of the facies 

and their diagenetic features is required. This information is useful when assessing 

completion and fracturing procedures as well as assessing tertiary recovery techniques. 
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Chapter 3 Methods 

3.1. Core Examination 

This study included core examination of approximately 510 metres of core from 

32 wells within the study area (Figure 3.1). All cores were logged at the Saskatchewan 

Ministry of the Economy core storage facility in Regina, Saskatchewan. The locations of 

these cores are shown in Figure 3.1. The cores were logged with emphasis on lithology, 

sedimentary and biogenic structures, biogenic remains, colour, grain size, sorting, 

cements, and oil staining. Detailed description of lithologs for each core is found in 

Appendix A. A 10% solution of dilute HCl was used to differentiate between carbonate 

phases.  

 Cores were first checked to assure they were laid out in the proper order. Total 

number of boxes, location, number of cores, and other pertinent information were 

recorded on the lithologs. Marker beds were used to correlate and depth shift the core 

to the wireline logs. The most useful marker beds within the area of study are facies 

association 1A and facies association 7A, which will be described in more detail in a 

subsequent section, along with the upper and lower shale members. Any missing core 

was subsequently identified, measured, and noted on the attached lithologs.  

3.2. Wireline Log Analysis 

 A total of 777 wells with wireline logs (Figure 3.1) were analyzed to determine 

the thickness and distribution of the seven identified facies associations within the 

Bakken Formation in southeast Saskatchewan. The wireline logs used include: the 
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Figure 3.1: Map of the study area with well locations. Core locations of studied cores in blue, locations of wells used for mapping 

and well log analysis in red and the type well of the study, 141/15-31-03-11w2 in green. 
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gamma ray, interval transit time, density porosity, neutron porosity, photoelectric 

effect, induction resistivity, and laterlog resistivity. The gamma ray and resistivity logs 

were the most useful for identification of the Bakken unit. The upper and lower shale 

unites recorded gamma ray readings consistently over 150 API units. Analysis of spectral 

gamma ray logs indicated that the high gamma ray counts were due to a relatively high 

concentration of uranium which is likely associated with the abundant organic matter 

found in these black shale. The high gamma ray readings combined with resistivity 

measurements over 20 ohm-metres allowed for straightforward correlation of the 

upper and lower shale units of the Bakken which act as significant marker beds within 

the area of study. Each facies association described in detail in the next section has a 

recognizable log signature that is regionally mappable. A type-log displaying typical 

gamma ray and interval transit time signatures over the Bakken are accompanied by a 

core log to aid in illustrating the interpreted log to core correlation (Figure 3.2). Through 

detailed analysis, groups of facies (i.e., facies associations) were markedly 

distinguishable, although individual facies were not always readily identifiable on the 

wireline logs.  

 Once facies tops were picked, maps were generated using Golder Software 

Surfer version 11.  All isopach and structure maps presented were gridded using 

minimum curvature gridding techniques with the exception of the residual maps.  The 

residual maps were created by first gridding the mentioned structural surface and then 

subtracting the trend surface.  This technique seperates the data into a trend surface 

and a residual surface.  The regional surface displays the large scale featurs affecting the 
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Figure 3.2: Type-log within the study area showing the typical log signatures and representative 

correlations based upon lithology of 141/15-31-003-11W2 on the left. The core litholog on the 

right contains all representative facies associations.  
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entire map area where as the residual component displays local anomalies that diverge 

from the regional trend and can display local structure or the influence of 

paleotopography (Mei, 2006). 

3.3 Petrography 

A total of 92 samples were taken from 10 representative cores. From these 

samples, 92 standard petrographic thin-sections, 10 fluid inclusion thin-sections, and 10 

thick-sections for geochemical analysis, were prepared. The 92 standard thin-sections 

were all cut to 30 micrometres in thickness. Of these thin-sections, 20 were 

impregnated with blue-epoxy for the identification of porosity with the remaining thin 

ections made with standard un-coloured epoxy. Samples were collected from the 10 

representative cores based on 1.5 metre spacing with secondary samples acquired from 

intervals of textural, diagenetic, or compositional interest. All samples were then 

stained using a mixture of Alizarin Red S and potassium ferrocyanide. This stain was 

prepared according to the Dickson (1966) method which allows for the differentiation of 

dolomite from calcite as well as ferroan from non-ferroan phases of carbonates. These 

thin sections were examined using a Nikon Eclipse E600 optical microscope as well as an 

Olympus BXI 50 optical microscope. The reader is directed to Appendix A for detailed 

thin-section descriptions. 

Point counting was undertaken at magnifications ranging from 10x to 50x 

magnification depending upon grain size and clay content with a total of 250 points 

analyzed and ascribed for each sample. Point counting was carried out in an effort to 
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constrain lithology, paragenesis, diagenetic fabrics, and their controls on porosity; thus, 

detrital grains, cements, and different porosity types are included in the point count 

results. The point counting process was accomplished by randomly moving the thin-

section beneath the microscope for each consecutive point count and the feature 

revealed under the cross-hairs was recorded. When mineral identification was not 

possible due to grain size or quality of polishing, the feature was assigned as “other” and 

is presented as a light pink bar in the point count data presented in Chapter 4. Porosity 

was determined by the presence of blue epoxy in thin sections prepared with that 

respective glue, and by visual determination in areas that were devoid of mineral 

constituents and where clear signs that a grain had been removed (“plucking”) were not 

present.  Statistical analysis was not performed on the point count data and all values 

presented in the following chapters are as found in the point count data found in 

Appendix G. 

3.4. Cathodoluminescence Microscopy 

 The emission of light from a mineral under electron bombardment from a 

cathode source is commonly known as cathodoluminescence. This technique is useful in 

differentiating different phases of carbonates and aids in determining a paragenetic 

sequence (Machel, 1985). A total of three standard petrographic thin-sections were 

studied using a Cambridge Image Technology Ltd. 8200 MK4 cold cathode luminoscope. 

The thin-sections were chosen based upon the size and distribution of dolomite phases 

and with grains over 50 micrometres in size that also displayed a zoned dolomite 

texture. These sections were placed in a vacuum sealed chamber and viewed using a 
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Nikon Optishot-pol petrographic microscope. The thin-sections were exposed to 

electron radiation at a voltage of 12 kilovolts, a vacuum pressure of approximately 70 

millitors, and a beam current of less than 1 nA.  

3.5. Scanning Electron Microscopy – Energy Dispersive Spectroscopy (SEM-EDS) 

 The lithology of the Bakken is predominantly fine grained. Scanning Electron 

Microscopy (S.E.M.) is invaluable in determining the composition of cements, 

distribution of porosity, contacts of grains, texture, and overall diagenetic fabric. A total 

of 13 samples were analyzed using a Jeol JSM-6360 S.E.M. and Oxford Instruments (EDS) 

at the University of Regina and a Zeiss EVO 15 S.E.M. at the University of Alberta which 

were both equipped with secondary electron and backscattered electron detectors.  

 Samples were, in each case, coated with carbon or gold under vacuum, then 

placed in the vacuum sealed chambers and analyzed using both backscatter and 

secondary electron modes with electron voltages ranging from 8-15 kilovolts as well as 

beam currents of approximately 0.5 nA. Each machine uses a tungsten filament to 

create the electron beam. Spot size ranged between 5.0 and 7.5 micrometers (µm). 

3.6. Electron Microprobe 

 A Jeol JXA-8900 Superprobe with Energy Dispersive Spectroscopy (EDS) and 5 

Wavelength Dispersive Spectroscopy (WDS) detectors at the University of Alberta was 

used to analyze Phase 1 and Phase 2 dolomite as well as poikilotopic calcite for 

concentrations of iron, magnesium, strontium, calcium, and manganese. Analysis was 

done on doubly polished thin-sections that were subsequently carbon coated. Samples 
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were placed in the chamber, under vacuum of approximately 2.5*10-6 tor, an 

accelerating voltage of 15 kilovolts, 10 nA beam current and using a beam size of 5 

micrometres.  

The application of Secondary Ion Mass Spectroscopy (SIMS), in carbonates 

requires an understanding of the chemistry of the phases involved. In particular, 

concentrations of iron or manganese of over one weight percent can induce erroneous 

readings in SIMS. 

3.7. Secondary Ion Mass Spectroscopy 

Initial work began with the preparation of 100µm thick sections. These sections 

underwent standard petrographic analysis in order to identify grains large enough to be 

measured by SIMS, and that showed compositional zoning and or overgrowths. 

Fourteen areas of interest, which are 1 to 2 mm in diameter, were cored out of the 

standard petrographic thin sections and were mounted, in tandem, with 22 grains of 

standard on a 1.5 inch tungsten disk (Figure 3.3.) to form the mount that can be 

analyzed using the SIMS technique. 

This mount was then cleaned using sonication in deionized water, polished, re-

cleaned using sonication and finally coated with gold. The mount then underwent 

extensive SEM imaging including both back scattered and secondary electron modes to 

“map” the mount, determine which grains were most suitable for analysis by SIMS, to 

identify compositional variation in carbonate phases, and are free of inclusions. 
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 Oxygen and carbon isotopic analysis was then completed using a Cameca 

IMS1280 Ion Microprobe at the Canadian Center for Isotopic Microanalysis (University 

of Alberta). The SIMS technique uses a Cs+ primary ion beam (~10keV, 0.4nA, and 5µm 

and 10µm spot sizes (oxygen and carbon) utilizing aperture illumination mode) to 

scatter atoms; which is used in conjunction with a normal incidence electron flooding 

gun in order to provide charge neutralization. The mount was pre-sputtered in order to 

remove the gold coat and clean the surface of contamination. Samples were measured 

using a sequence of analysis in which 1 known followed by 4 unknowns were measured.  

This allowed the measurement of drift of the instrument. With reference to the 

collection mode, dual faraday cups were used for the collection of oxygen isotopes and 

electron multipliers were used for the collection of carbon isotopes. Count rates were 

measured for approximately 3 minutes for both isotopic ratio measurements. The 

electron microprobe analysis of the unknown samples of the Bakken indicated that the 

elemental compositions of the samples and the standards used in the isotopic 

measurements are quiet similar. As such, no matrix corrections were applied to the 

data. 

Finally, follow up SEM imaging of the mount was undertaken to verify the 

selected locations and to cull data that was produced from the improper placement of 

the ion beam. These include placement of the beam where growth zones within grains 

were crossed as identified using back scattered imaging, spots that had anomalous 

results and spots that may have come in contact with another mineral, such as illite. 
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Figure 3.3: Image of the mount used for secondary ion mass spectroscopy analysis containing 

14 cored areas of interest combined with 22 grains of calcite and dolomite standards.  
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3.8. Fluid Inclusion Microthermometry 

 Dolomite samples for fluid inclusion analysis were attained from core sampling 

at or near the center of the core in order to mitigate the influence of drilling on the 

sample. Ten samples were chosen and sent to Vancouver Petrographic Ltd, where 

100µm-thick, doubly polished sections were mounted on standard petrographic glass 

using cyanoacrylate. This allowed the removal of the sample “wafer” by soaking the 

slide in acetone overnight. Samples were then analyzed using an Olympus BXI50 

petrographic microscope in order to identify suitable inclusions for microthermometry 

measurements. It was important to record and ascertain the timing of the fluid 

inclusion, describe its shape, location within a grain, and the liquid/vapor ratio if 

pertinent.  

 Microthermometry measurements were conducted using a Linkham THMS600 

heating/freezing stage at the Geofluids Laboratory at the University of Regina. 

Calibration of the stage was achieved using synthetic inclusions with known melting and 

homogenization temperature. The first measurement in each sample made was the 

homogenization temperature (Th), which was accomplished by heating the sample. 

Secondly, freezing and then reheating of the inclusion was undertaken in order to 

determine final ice melting temperatures (Tmice). Due to poor visibility as a result of 

very fine grain size and small inclusion size, no meaningful ice melting temperatures 

were attained during the course of this study. Phase 1 dolomite only displayed mono-

phase (liquid-only) inclusions. An attempt was made at artificially creating a bubble by 
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overheating the sample. In these attempts, decrepitation occurred and freezing of the 

inclusion could not be accomplished. 

 

 

Chapter 4 Sedimentology and Facies Architecture 

4.1 Introduction 

This chapter focuses on the sedimentology of the Bakken Formation in southeast 

Saskatchewan. Included herein are descriptions of lithology, petrography, composition, 

and the overall sedimentology of the formation. The diverse facies identified through 

numerous core descriptions are grouped into facies associations, which can be 

regionally mapped. A facies as defined here are distinctive rock units with 

sedimentological structure, mineralogy, grain size, diagenetic features and position in 

the described stratigraphy.  A facies association is a genetically related group of facies 

with a common sedimentary environment and a regionally correlatable petrophysical 

signature.  Within the description of each of the respective facies associations, the 

wireline log character representing each different facies association is also noted. The 

facies within each facies association are differentiated based on their distinct 

petrography, structure, and composition compared to the other facies. Interpretations 

of the depositional environments for each facies association are based upon their 

inherent stacking patterns, core description (Appendix A), lithology, and cross-sections 

(Appendix F) as well as structures and isopach maps across the study area. The facies 
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and facies associations will be described from the bottom up (oldest to youngest).  The 

individual facies associations were numbered from the top down, thus, facies 

association 1 is the youngest and will be described last, whereas facies association 7 is 

the oldest and will be described first.  All presented structure maps are in meters subsea 

with contours on the top of the unit described.  Isopach maps are contoured in meters. 

4.2. Facies association 7 

4.2.1 Facies 7A – Lower Shale Member 

The overall texture of Facies 7A can be described as a homogeneous, non-

laminated to parallel laminated shale with a bed thickness of less than 1 cm.  The color 

is variable and includes black, dark grey, and-dark green. This facies is dominantly 

composed of clay sized particles with sporadic amounts of silt sized quartz grains that 

are randomly distributed in the facies or found in higher proportions within planar 

laminated sections. Only one thin section was cut for this facies, and it displayed small, 

non-planar dolomite lenses within the individual shale laminations (Figure 4.1). The 

facies is locally fissile, though the majority of observed samples are sub-fissile in texture. 

Within this lithofacies, dolomite is found in micrometre thick lamina as non-planar 

cement (Figure 4.1). This facies lacked significant effervescence with dilute HCl in cores 

indicating minor and variable presence of effervescent carbonates. Pyrite is found as 

nodules, concretions, and lining small scale fractures. Bioturbation was not observed in 

the studied cores, although Angulo et al. (2010) noted that Chondrities and 

Thalassiinoides trace fossils can be found in the lower member. Fossils identified in this 
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facies association include: crinoid ossicles, spores, conodonts, and ribbed brachiopods 

(Fuller, 1956; Christopher, 1961; Karma, 1991; Angulo and Buatois, 2009). Large veins 

were also observed within this facies that were commonly in-filled with quartz sand, 

calcite cement, and pyrite. Possible explanations for these features are syneresis cracks 

(Kohlruss et al., 2009) or desiccation cracks (Christopher, 1961) (Figure 4.1). 

Total organic carbon content (TOC) of this facies is variable though Smith and 

Bustin (2000) reported that the TOC content averages eight weight percent with some 

samples as high as twenty percent. No thin-sections cut from this facies association 

were point counted.  

Facies association 7 unconformably overlies the Torquay Formation and Big 

Valley Formation (within Saskatchewan) (Figure 3.2). The underlying surface is a first-

order sequence boundary in which truncation of the underlying Torquay and Big Valley 

formations occurred. This facies is a regionally mappable unit, however it is not found in 

the entire study area due to lack of deposition and or erosion. This facies is not 

observed or deposited on the eastern margin of the study area due to the presence of 

the Superior uplift which reduced accommodation space and prevented deposition. 
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Figure 4.1: Core and thin section photos of facies 7A. (A) Photomicrograph showing the contact 

between FA7 (top) and FA6 (bottom). Note the contact is gradational and there are only minor amounts 

of carbonate contained within this facies (111/13-06-06-18W2, 1898.09m). (B) Planar lamination of the 

shale can be seen as well as the carbonate and siliciclastic infill’s (red arrow) of what has been 

interpreted as desiccation cracks or syneresis cracks (111/ 16-28-08-07W2, 15008.20m). 

A 

B 
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 4.2.2 Facies association 7A Depositional Setting 

The sedimentological characteristics of this facies association are planar 

lamination, clay to silt sized particles, bed thickness of less than 1cm on average, lack of 

bioturbation, abundance of organic matter, and absence of coarse detrital components.  

These features are indicative of a low energy deep marine depositional with a low rate 

of deposition and low amounts of siliciclastic or carbonate input.  

The depositional setting for this facies association was originally described as a 

low energy, relatively deep marine setting in which a stratified water column was 

dominant (Smith and Bustin, 1998). Within the stratified water column, the lower 

portions were predominantly characterized as anoxic. The stratification and bottom 

water anoxia was caused by the geographic isolation of the intracratonic Williston Basin 

from the rest of the Western Canada Sedimentary Basin. The development of bottom 

water anoxia allows for the preservation of organic material and severely reduces the 

amount of oxidation of the organic matter (Smith and Bustin, 1998). The thickness of 

FA7 varies from zero metres at the superior uplift (eastern portion of the study area, as 

a consequence of erosion or non-deposition, to 26.6 metres in the vicinity of Township 

01, Range 08, West of 2 (T01-R08W2) (Figure 4.2). This facies shows an increase in 

thickness along a NW-SE trend towards the center of the Williston Basin, this could 

indicate an increased accommodation space towards the basin depot center (increased 

water depth in the center of the basin). The present day structure (Figure 4.3) of this 

facies association shows a gentle dip towards the basin depocentre in North Dakota due 

to post depositional, intra-cratonic sagging within the Williston Basin itself. Facies 
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Association 7 is interpreted as being unconformable with the underlying units and is 

conformable with the overlying facies association, FA6.
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Figure 4.2: Isopach map of facies association 7. The Superior uplift in the eastern portion of the study area was a positive topographic expression during Late 

Devonian Times. This positive feature impacted the deposition of the lower member in that the absence of sufficient accommodation space prevented 

deposition of FA7.  
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Figure 4.3: Structure map of facies association 7. The overall structure of FA7 shows a gentle dip towards the center of the Williston Basin in North 

Dakota and, hence, towards the southeast. 
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4.3 Facies association 6 

4.3.1 Facies 6A – Interbedded Sandstone-Siltstone-Dolostone 
 

This facies is composed of very fine-grained, buff colored, sandstone to silty 

dolostone that is interbedded with illitic dolomitic siltstone. Overall interbedded 

thicknesses are highly variable but are commonly between 3-5 centimetres. The 

contacts between the coarse and fine beds are typically diffuse, with a gradual transition 

between the siltstone beds and the coarser sandstone beds (Figure 4.4). Sharp contacts 

between beds of differing lithology are observed but are in a lower proportion as 

compared to the gradational bed contacts.  The sandstone beds commonly have planar 

laminations as well as planar cross-stratification and ripple laminations. Towards the top 

of the unit, the siltstone interbeds become progressively thinner while the sandstone 

beds become increasingly more abundant.  

  The dolomitic sandstone-sandy dolostone interbeds are composed of quartz 

grains that range in size from 55-150 µm (Figure 4.4) which are generally sub-rounded 

and sub-spherical to elongate in texture. Overall, the quartz component comprises 30 to 

52%, dolomite ranges from 34 to 52%, and the remaining lithological components are 

composed of calcite, pyrite, clays (illite, chlorite, kaolinite and glauconite), anhydrite, 

micas, heavy minerals, and feldspar (Figure 4.5). Abundant dolomite is found in the sand  
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Figure 4.4: Core and thin section photos of facies 6A. (A) Larger grain size and a lack of illite clay 

differentiates the coarse beds (111/04-08-011-07W2, 1409.07 metres) from the finer grained (B), 

very illitic, hummocky cross stratified siltstone beds (111/04-08-011-07W2, 1410.48m). (C) As 

observed in core, the discontinuous and gradational contact between the two bed types within this 

lithofacies can be seen (141/15-31-003-11W2, 1980.10 metres).  

 

 

A B 
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Figure 4.5: Point count summary of 16 samples from Facies 6A. 
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intervals as planar-e and planar-s rhombs (Sibley and Gregg, 1987). Zoned dolomite 

rhombs were occasionally seen as well as rhombs with rounded cores. Small amounts of 

illite were recognized within the sandstone interbeds which are associated with vertical 

and horizontal iconological burrows as well as authigenic cements. Secondary 

mineralogical constituents in the coarser sandstone interbeds are chlorite, muscovite 

(elongate, planar grains), calcite (diagenetic cement), and feldspar (potassium feldspar 

being dominant).  

The siltstone beds have a mottled texture due to bioturbation and are generally 

dark green to dark grey in color. These beds are composed of 40-70µm grain size sub-

rounded and sub-spherical quartz grains. Up to 70% illite and chlorite clays were 

observed in individual interbeds. Clays are generally fibrous, elongate, and oriented 

parallel to bedding. Clays are also found within unlined burrows such as Nereites 

missouriensis, Planolites, and Phycosiphon (Angulo and Buatois, 2009). Smaller, planar-e 

and planar-s dolomite rhombs are also found as pore filling cement in the siltstone 

interbeds as well as detrital or penecontemporaneous dolomite grains not directly 

associated with the clays. The dolomite rhombs are typically smaller than 50µm in grain 

size. Pyrite cementation was also observed within this facies as framboidal, typically 

smaller than 30 µm in size and as pore filling cements. Throughout the study area, 

broken and transported calcitic brachiopod and crinoid fragments were noted.  

 Porosity within the unit is primarily intergranular and ranges between 3 to 16%, 

although this is not reflective of the micro porosity located within the clay components. 
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Oil staining within the facies is generally confined to the coarser sandstone to dolostone 

interbeds and staining is also found within some of the burrows in the siltstone beds.  

4.3.2 Facies 6B – Shelf Dolomitic Siltstone 

 This facies was observed in core as gradational facies spanning olive to dark 

green, massive siltstones at the base of the facies and transitioning to a slightly coarser, 

buff-tan coloured, highly bioturbated siltstone near the top of its extent. The facies 

generally lacks sedimentary structure though faint planar bedding was occasionally 

observed in core.  Facies 6B is dominantly composed of quartz, feldspar, lesser amounts 

of dolomite. The quartz component typically occurs as sub-rounded to sub-angular, 

slightly elongate mono-crystalline quartz grains with sizes ranging from approximately 

15 to 100 µm. The proportion of quartz ranges from 25 to 46% (Figure 4.6.). Variable 

amounts of microcline, plagioclase, and orthoclase feldspars were observed in amounts 

up to 8% of the rock (Figure 4.6) with textures similar to the quartz component in both 

size and shape. Occasional replacement with carbonate minerals (i.e., calcite and 

dolomite) was noted around the edges of quartz grains. The contacts between adjacent 

quartz grains range from concavo-convex to sutured. Dolomite is found as small, planar-

e to planar-s detrital grains, larger Phase 1 planar-e to non-planar grains and masses, 

and as overgrowths by Phase 2 dolomite. Phase 2 dolomite in this case is usually planar 

cement, although, non-planar pore filling cements are also common. 

 The primary cement in this facies is dolomite (Figure 4.7) with lesser proportions 

of calcite cements. Very fine-grained dolomite crystals are characteristically planar-e to  
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Figure 4.6: Point count summary of 17 samples from Facies 6B. 
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Figure 4.7: Core and thin section photos of facies 6B. (A) Though siliciclastic components account for a 

larger proportion of the rock volume in this lithofacies, dolomite rhombs can be as large as 100 microns 

crystals and overgrowths (101/06-26-010-02W2, 1262.35m).(B)  Sedimentary structure has largely been 

destroyed by bioturbation within this lithofacies. The burrows found in core are typically infilled by 

planer bedded fine grained illite, kaolinite and chlorite (131/13-10-001-07W2, 2170.05m).  
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planar-s in texture, less than 100 µm in size, and are typically found in burrows. 

Common trace fossils within this facies include:  Phycosiphon, Nereites missouriensis, 

Asterosoma, Teichichnus, and Planolites (Angulo and Buatois, 2009). The burrows are 

typically in-filled with clays (chlorite, illite, and kaolinite), are typically lined, and have 

very low amounts of siliciclastic material (0 to 2%). Local void filling (10 to 20 µm) non-

ferroan dolomite cement is also present within the burrows. 

The clay minerals, in most cases, are contained within burrows and are found in 

small quantities outside of the burrows. Other authigenic cements present within this 

facies include calcite (coarse grained to poikilotopic, late stage cement), pyrite (pore 

filling cement and as a pseuodomorph of dolomite), anhydrite, quartz (overgrowths on 

quartz grains), and clays. These subordinate cements typically account for less than one 

percent of the rock. Porosity within this facies is commonly 4 to 8%. Post-dolomitization, 

authigenic illite and chlorite cements were observed lining pore walls within this facies.  

Macroporosity within this facies is typically less than 5% and was characterized 

as intergranular, dissolution, and mouldic varieties. Limited amounts of calcitic, 

transported brachiopod and crinoid fragments were noted within this facies. In some 

cases, these features have been removed by dissolution or they can also be found 

preserved in an otherwise heavily dolomitized facies. 

 

4.3.3. Facies 6C - Silty Wackestone 

This facies is predominantly composed of lime mudstone with calcite that 

comprises up to 63% of rock volume being the dominant constituent (Figure 4.8). 
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Siliciclastic components make up less than 30% (Figure 4.9) of the rock with grains that 

are typically well rounded, monocrystalline, less than 35 µm in size, and predominantly 

of the quartz variety. Carbonate allochems account for up to 20% of the bulk rock 

volume in this lithofacies. The allochems are hosted in a matrix of micrite and carbonate 

mud (Figure 4.8). Dolomite is found as Phase 1 dolomite (discussed in Chapter 6) that is 

planar-s to non-planar in texture as well as Phase 2 dolomite (discussed in Chapter 6) 

that was observed as pore filling cements and as overgrowths on Phase 1 dolomite. No 

clear cases of detrital dolomite were noted in this facies. The dolomite crystals were 

generally less than 75 µm in this facies and no ferroan dolomite was observed. Pyrite is 

found as a pore filling cement and constitutes less than 3% of the rock. Porosity is 

typically between 0 and 3% and is related to dissolution of quartz grains and carbonate 

mud fabrics.  

The sedimentary structures associated with this facies are occasional planar 

bedding, but, in most cases, the facies is massively bedded with the potential to be 

bioturbated (Figure 4.8.). In core, the colour of this facies varies due to differing 

amounts of clays such as chlorite and illite. This is especially prevalent towards the 

contact between this facies and the lower shale. An increase in illite towards this 

contact as well as a gradual transition to the underlying lower member Facies 7A was 

observed.  

  The allochems within this facies include crinoid ossicles, pelecypods, brachiopod 

shell fragments, and micritized peloids (Figure 4.8). The bivalves are seldom broken or  
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Figure 4.8: Core and thin section photos of facies 6C. (A) Sedimentary structures were not observed 

while bivalve fragments (red arrow) are a commonly observed feature (141/15-31-003-11W2, 1990.00 

m). (B) Lime mudstone with moderate amounts of detrital siliciclastic’s is the predominate mineralogy, 

abundant shell fragments are also commonly observed in which coarse calcite cement precludes pore 

space (B, 111/01-04-006-06W2, 1699.80 m).  
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Figure 4.9: Point count summary of 3 samples from Facies 6C. 
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displaced and, hence, were observed as primary depositional constituents whereas the 

other components appear broken and fractured. In most instances, these fragments 

have been replaced by pyrite and anhydrite. Bioturbation was observed to be high in 

this facies, although, ichnologic fabrics could not be identified. 

4.3.4. Facies 6D – Lower Silty Dolostone 

This facies is characterized as a dolostone in which the dolomite component is 

greater than both of the quartz and feldspar constituents combined. Dolomite occurs as 

sub-euhedral, non-ferroan dolomite rhombs ranging in size from 20 to 70 µm which is 

observed replacing the primary rock matrix. Early dolomite forms the cores of most of 

the dolomite rhombs and dolomite masses. Subsequent ferroan dolomite cement 

overgrows the early formed dolomite rhombs. This cement is found as pore filling 

cement and as large planar-e to planar-s rhombs in this facies. Grains can be as large as 

150 µm (Figure 4.10). Dolomite in this facies is both ferroan and non-ferroan in 

composition as determined through the colour of the carbonate stain.  

The siliciclastic component is mainly sub-angular to sub-rounded quartz and 

potassium feldspar (plagioclase and microcline were also noted in lesser quantities) 

grains that range in size from 5 to 40 µm. The quartz grains show little 

corrosion/replacement along grain boundaries. Pyrite is identified as very fine-grained 

cement and constitutes approximately 1% of the rock volume. Authigenic clays and 

anhydrite cements constitute less than 1% of the rock. These features occur within 

primary inter-crystalline pores. The porosity of this facies typically ranges from 1 to 6% 

based on point-count data (Figure 4.11), is intergranular, 



57 
 

 

Figure 4.10: Core and thin section photos of facies 6D. (A) In core, thin, relatively discrete, planer 

burrows are seen( red arrow) as well as vertical burrows (111/04-08-011-07W2, 1411.75m depth). (B) 

Dolomite rhombs as large as 200 microns of detrital, Phase 1, and Phase 2 varieties were observed in 

thin section (111/04-08-011-07W2, 1410.85m depth).  
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and is related to local dissolution of matrix carbonate that has not been subsequently 

infilled with late stage dolomite cement.  

The dominant sedimentary structures associated with this facies are planar 

bedding in which individual beds were observed to be up to 10 cm thick. These beds can 

be capped by thin, planar layers of clays which were primarily composed of illite. 

Bioturbation is extensive in this facies as noted by the presence of Phycosiphon and 

Nereites missouriensis among others; as well as the presence of brachiopod and crinoid 

fragments which is similar to facies 6C. 

4.3.5. Facies association 6 Depositional Setting 

Facies association 6 (FA6) was deposited in relatively calm, marine conditions. 

The overall grain size of FA6 ranges from very fine silt to upper very fine sand. This grain 

size is indicative of a low energy depositional setting. Facies 6A, which occurs at the top 

of this facies association, records deposition under a mixed energy setting. The fine-

grained siltstone beds were deposited under calm conditions whereas the coarser 

sandstone-dolostone interbeds were deposited under higher energy conditions likely 

related to storm events. In such an instance, coarser sediments can be brought down 

from the higher energy depositional settings and deposited in this facies association. 

Facies association 6 represents deposition above storm wave base but below fair 

weather wave base (Egenhoff et al., 2011). 

The interpreted depositional environment of Facies 6B and 6D is a shallow, low 

relief, intercratonic slope where very low energy conditions would be common. This is 

due to the fine grain size, large proportion of carbonte, marine icnofossils, and  
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Figure 4.11: Point count summary of 11 samples from facies 6D. 
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sedimentary structures that are indicative of low energy settings. The intercratonic 

slope deepened towards the southern portion of the study area and into North Dakota 

as depicted by the general thickening of FA6 towards the basin depot center (Figure 

4.12). The overall distinction between these two facies is based upon their mineralogical 

composition with-respect-to their dolomite and siliciclastic constituents. Both of these 

facies share a similar depositional environment, although with a slight variation in the 

amount of carbonate being deposited. Primary sedimentary structures within these 

facies have largely been destroyed by bioturbation. The small and relatively uniform 

grain size of the siliciclastic constituents of 6B and 6D relative to facies 6A indicates that 

these are slightly deeper sediments as compared to 6A and it is also interpreted that 

they occurred in a deeper setting where storm events were unable to transport coarser 

sediments into this realm.  

 Facies 6B and 6D depositional environments are interpreted to be similar to that 

of Facies 6C. Deposition occurred below fair weather wave base and likely just above 

storm weather wave base (Egenhoff et al., 2011). Planar bedding with some thin beds of 

detrital clays is observed as well as cases where no sedimentary structures have been 

preserved due to bioturbation. This facies has undergone extensive dolomitization 

which initially increased its porosity; subsequent dolomite cementation does appear to 

decrease porosity though.  

Facies 6C represents the most distal depositional facies of the middle Bakken 

sediments. Siliciclastic influx was limited and the observed detrital siliciclastic grains are 

uniform in size. Lime mud was the primary carbonate sediment coupled with 
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subordinate allochems. Dolomitization of primary carbonates was not as prevalent 

within this facies compared to Facies 5C, hence, very little porosity is interpreted to 

have been created in this lithofacies. Due to the low primary or secondary porosity, little 

late stage dolomite cement is observed in this facies. The presence of bivalves and 

abundant crinoid ossicles and nautiloid fragments with little fragmentation indicates 

that these sediments were deposited in a relatively calm marine environment. Water 

depths within which this facies was deposited are interpreted to be at or slightly below 

storm wave base due to the orientation of some of the observed bivalves and lack of 

planar bedding and hummocky bedding within the individual beds or lamina within the 

facies. 

The Superior Uplift in the eastern portion of the study area (Figure 4.12) restricts 

the deposition of this facies to areas west and north of this structural feature. It is 

interpreted that this structural element had a positive topographic expression during 

the time of deposition resulting in limited sedimentation over its extent. It should be 

noted that analysis of wireline logs indicates that thin, up to 4 m thick intervals of FA6 is 

also found on the eastern side of the Superior Uplift (Figure 4.12). The modern day 

structure of this facies package dips gently into the center of the Williston Basin (Figure 

4.13). 

 Facies 6A is the best reservoir facies of FA6 due to highest presence of observed 

interpartical porosity and lower amounts of dolomite cement. It is interpreted that this 

facies required slightly increased accommodation space and mixed energy conditions 

for its deposition, this interpretation is due to the planar to planar beds with ripple cross 
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laminatsions of alternating lithology as observed in this faces.  These bedding features 

were found in a paleogeographic depression (Figure 4.12) in which the Viewfield Bakken 

Oil Pool (T07-08, R07-08W6) is centered within. 
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Figure 4.12: Isopach map of facies association 6. This map reveals that the Superior Uplift played a significant role in limiting and controlling 

accommodation space within the middle Bakken. On the eastern flank of the Superior Uplift, Facies association 6 sediments were observed as erosional 

remnants. The areas of anomalous thickening, such as Townships 01W6 to 08W2, are due to pre-Bakken dissolution of the Prairie Evaporate. 
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Figure 4.13: Structure map of facies association 6. This map is in meters subsea. 
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4.4. Facies association 5 

4.4.1 Facies 5A – Cross Bedded Sandstone 

Facies 5.A. is dominantly comprised of quartz grains; up to 53% of the rock is 

quartz as observed in thin-sections (Figure 4.14). The quartz grains are typically sub-

rounded to sub-angular and range from 50 to 250 µm in size. The quartz grains are 

typically monocrystalline with some polycrystalline grains observed. Replacement of 

quartz by either calcite or dolomite in this facies is uncommon.  

Cements include coarse crystalline calcite, poikilotopic calcite, anhydrite, 

subhedral dolomite (Phase 2), and euhedral non-ferroan dolomite (Phase 1). Large 

framboidal pyrite up to 600 µm in size was also noted. Disseminated pyrite was 

observed as cement within primary pores. All of the diverse cements within this facies 

account for up to 25% of the rock in thin-sections. Plagioclase and orthoclase feldspars 

were found in small quantities (1 to 4%) in thin section, and were distinguished when 

twinning was observed. 

The porosity within this facies is typically intergranular in form and ranges from 3 

to 12% (Figure 4.14). Other trace components (less than 1%) include muscovite grains, 

lithic fragments, and clays. The matrix typically comprises less than 15% of the rock and 

is composed of carbonate mudstones, clays, and euhedral dolomite rhombs (Figure 

4.14). Bioturbation is not prevalent in this lithofacies and scour marks as well as sharp, 

erosional contacts typically define bed boundaries.   
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Figure 4.14: Point count summary of 5 samples from Facies 5A. 
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The beds display hummocky cross stratification (Figure 4.15), planar bedding, 

graded horizontal bedding and trough cross stratification. Oil staining within this facies 

is controlled by grain size where beds with slightly finer grain sizes typically have oil 

staining while coarser beds commonly have extensive authigenic cementation (i.e., 

calcite, pyrite, and anhydrite) (Figure 4.15). The contacts at the base of this facies are 

typically erosional with significant scouring observed in core. 

4.4.2. Facies 5B – Sandy, Bioclastic Grainstone  

This facies is characterized by a large amount of carbonate allochems (greater 

than 30%) such as peloids, ooids, fecal pellets, and bioclasts up to 500 µm in size (Figure 

4.16 and 4.17). The allochems are typically composed of calcite but, some are partially 

dolomitized or coated in dolomite cement. The siliciclastic components consist of 70-

350 µm, sub-rounded quartz with minor feldspar (Figure 4.17). The quartz grains 

commonly show alteration along their grain boundaries and are variably replaced by 

dolomite. The carbonate component of this lithofacies is approximately 55% of rock 

volume as observed in thin section (Figure 4.16). The major cements are non-ferroan 

poikilotopic calcite as well as sparry calcite and dolomite. Very little lime mudstone or 

matrix is found in this facies. Local pyrite occurs as small nodules and makes up less than 

1% of the rock in thin-section.  

Bedding is observable in thin-section, where cross beds and planar bedding can 

be observed.   Siliciclastic grains are commonly orientated parallel to bedding. The 

peloids and ooids within this facies are most often micritized. 



68 
 

Figure 4.15: Core and thin section photos of facies 5A. (A) Porosity is found primary intergranular 

porosity in this facies. Sand sized quartz grains and dolomite are the primary mineralogy within this 

facies (101/06-33-014-01W2, 909.20m). (B) Hummocky cross stratification with beds of alternating 

color is and coarse grain size. The darker lamina within this core photo contain authigenic pyrite 

cement (192/05-19-006-10W2, 1688.50m). 
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Figure 4.16: Point count summary of 1 sample from Facies 5B. 



70 
 

Figure 4.17: Core and thin section photos of facies 5B. (A) Chemical compaction features such as 

solution seams are found within this facies. Ooids bioclasts, and peloids make up the largest 

proportion of carbonate allochems in this lithofacies, and can be seen as brown round clasts in 

core (141/15-31-003-11W2, 1979.15m). (B) Replacement of quartz grains by dolomite is 

commonly observed (red arrow) Ooids and peloids as well as poikilotopic calcite cement are also 

observed in thin section (15-31-03-11w2, 1979.15m, 1979.35m). 
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 The cores of ooids observed in thin-section are composed of siliciclastics, peloids, 

bryozoan fragments, or bioclasts. Envelopes or concentric rims on ooids are relatively 

thin and rarely comprise more than 3 concentric rims. Due to micritization, the texture 

of the rims on the ooids was typically destroyed. 

With respect to porosity, this facies represents the poorest reservoir quality 

compared to the rest of the middle Bakken lithofacies identified in this study (Figure 

4.16). Significant dissolution created exceptional porosity which was subsequently 

occluded by poikilotopic calcite cements. Ferroan dolomite was also observed as a 

common cementing agent in thin-section. Sedimentary structures within this lithofacies 

include both planar and trough cross-bedding as well as hummocky cross stratification. 

Suture seams (i.e., stylolites) were only found in the 15-31-03-11W2 well (Figure 4.17).  

 

4.4.3. Facies 5C – Massive Sandstone 

In this facies, quartz sand grains comprise up to approximately 60% of the total 

rock observed in thin-section (Figure 4.18). The quartz grains are typically sub-rounded 

to sub-angular and elongate to sub spherical and have grain sizes ranging from 50 to 250 

µm (Figure 4.19). The quartz grains are typically monocrystalline, although some 

polycrystalline grains were noted. Plagioclase and orthoclase feldspars were observed, 

and have volumes of 1 to 6% of the thin-section. Replacement of quartz by both calcite 

and dolomite were deemed minimal. Key cementing agents observed within this facies 

include: coarsely crystalline calcite; poikilotopic calcite and anhydrite; subhedral 

dolomite; euhedral, non-  
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Figure 4.18: Point count summary of 2 samples from Facies 5C. 
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Figure 4.19: Core and thin section photos of facies 5C. (A) Significant amounts of late stage diagenetic 

cements are observed. Late stage coarse poikilotopic anhydrite cement is seen that post-dates the 

light tan colored dolomite cement. There is also euhedral dolomite cement noted in this section as 

well (121/13-06-006-18W2, 1892.40m). (B)  There are not any observable sedimentary structures, 

and the white areas that are seen in the core photo still contain some degree calcite whereas the 

other areas that are darker are dolomitized (121/13-06-006-18W2, 1892.35m). 

A 

B 
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ferroan dolomite (Figure 4.19). Large framboidal pyrite was noted up to 400 µm in size; 

as well, smaller disseminated pyrite is present as cement within primary pores. Cements 

comprised up to 25% of the total rock in thin-section. Porosity is typically intergranular 

in nature and can range from 3 to 12%. Other trace components such as muscovite, 

lithic fragments, and clays up to one percent of the rock were observed in thin-section. 

The matrix is typically less than 15% of the rock and is composed of carbonate 

mudstones, clays, and euhedral dolomite rhombs. Sedimentary structures were not 

observed in this lithofacies as it is generally massive in texture and lacks identifiable 

bioturbation. In core, calcareous concretions were also observed. The concretions could 

be the result of incomplete dolomitization of lime mudstones deposited along with 

siliciclastic sediments.  

4.4.4. Facies association 5 Depositional Setting 

This facies association contains the coarsest sediments within the Bakken with 

grain sizes spanning from silt sized to coarse sand sized grains. The absence of detrital 

clays and the general decrease in bioturbation relative to other facies are both 

indicative of high energy, low accommodation space settings (Angulo et al., 2008). The 

presence of various forms of cross bedding indicates that energy conditions fluctuated 

during deposition (Egenhoff et al., 2011).  

The depositional setting of Facies 5.A. is interpreted to be upper shoreface to 

foreshore indicated by multiple types of cross bedding, lack of matrix, coarse grain size 

and lack of bioturbation, which is indicative of sedimentation above fair weather wave 

base (Egenhoff et al., 2011). 
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Facies 5B records sedimentation under a shallow subtidal, marine depositional 

setting. The abundance of ooids, peloids, quartz, and a general lack of detrital clays are 

all indicative of moderate to high energy marine conditions. The ooids do not appear to 

be significantly transported as the envelopes are not fractured or broken. This indicates 

that the ooids formed under subaqueous conditions and were not subject to subaerial 

exposure (Dodd et al., 1993). The siliciclastics observed within this facies are speculated 

to have been derived from a continental source and were introduced into the system by 

fluvial processes, longshore drift, or by aeolian mechanisms.  

The depositional setting of Facies 5C is inferred to be a high energy environment 

because of coarse grain size, lack of matrix, lack of bioturbation and lack of sedimentary 

structure. Conversely, the sediments could have been affected by liquefaction due to 

the ability of large storm events increasing the pore pressure within the sediments 

themselves or by earthquake induced liquefaction processes (Egenhoff et al., 2011).  

Overall, this facies association is interpreted as being a sub-aqueous barrier-bar 

or shoal setting due to its mixed carbonate and siliciclastic mineralogy, coarse grain size, 

and sparse bioturbation relative to other facies associations.  This facies association is 

thickest in the southwest towards the basin depocentre with sporadic traces of the 

facies being left towards the northeast (figure 4.20), as identified on well logs. The 

contact that defines the separation of FA6 and FA5 is erosional and has been 

interpreted as a regressive surface of marine erosion (Kohlruss and Nickle, 2009). The 

present-day distribution of FA5 is due to erosion. down-cutting and reworking of the 

sediments.  This lead to the reincorporation of these eroded sediments into new barrier 
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bar complexes progressively towards the southwest of the study area. The present-day 

structure of FA5 dips gently towards the center of the basin and mimics the structure of 

the facies below it (Figure 4.21).
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Figure 4.20: Isopach map of facies association 5 (FA5).  
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Figure 4.21: Structure map of facies association 5. Contour interval is 25 m. This map is in meters subsea. 
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4.5. Facies association 4 

4.5.1. Facies 4A - Wavy -bedded Sandstone 

This lithofacies has mineralogy largely composed of 50-150 µm siliciclastics, 

predominantly quartz, although, orthoclase, plagioclase, and microcline feldspars were 

also observed in thin-section (Figure 4.22). Quartz grains range between 20 to 43% of 

the rock volume as observed in thin section (Figure 4.23). Grains are typically elongate 

and sub-rounded to sub-angular in texture. This facies has dominantly monocrystalline 

quartz with an absence of polycrystalline quartz grains. Dolomite is found as both Phase 

1 planar and non-planar dolomite rhombs and masses. The dolomite crystals are 

generally between 30 to 75 µm in size. Dolomite is found as pore filling cement and 

planar-e overgrowths on predating dolomite crystals and siliciclastic grains. Dolomite 

ranges between 37 and 46% of the rock fabric. Detrital carbonates and allochems were 

observed to be rare in this lithofacies. Detrital clays such as illite and chlorite occur 

within this facies. These clays are observed as found as discontinuous mudstone lamina, 

mud drapes, and burrows. Clay content ranges from 0 to 18% as noted in thin-section. 

Secondary mineralogy includes anhydrite and calcite as cements, lithic fragments, 

pyrite, and muscovite.  

 The main sedimentary structures observed within this facies are wavy to 

oscillatory bedding, planar bedding and common mud drapes (4.22). Mud drapes 

contained relatively small amounts of kaolinite and were predominantly composed of 

detrital illite oriented parallel to the grains within distinct beds. Bioturbation is common 

within this facies but the specific ichnofauna were not identified.   
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Figure 4.22: Core and thin section photos of facies 4A. (A) Individual siliciclastic beds have varying 

grain size. Some beds are very fine-grained sand (A, bottom) while other beds are silt size (A, top). 

Mud drapes that separate each bed are predominantly illite in composition (121/13-06-006-18W2, 

1891.81m). (B) The overall convoluted and discontinuous texture of individual beds can be highly 

bioturbated as observed in core (141/10-05-012-05W2, 1371.80m). 

A 

B 
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Figure 4.23: Point count summary of 7 samples of Facies 4A 
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 Heterogeneity is especially prevalent within this lithofacies as individual beds have 

mineralogical proportions that are extremely variable (Figure 4.23). As a result, 

individual samples can range between dolomitic sandstone to sandy dolostone.  

4.5.2. Facies 4B - Planer Bedded Sandstone 

This facies is characterized by its relatively thin, continuous, horizontally 

laminated, coarse siltstone with very fine-grained sandstone interbeds (Figure 4.24). 

These individual beds are separated by fine illite mud drapes. Beds range from a few 

millimeters to nearly one centimetre in thickness and are often graded. The colour of 

the facies as observed in core ranges from a dull pale yellow in the coarser more quartz 

and feldspar rich beds to a dark olive green in the siltstone beds that contain more 

detrital clays. The composition of this facies and individual beds is highly variable as 

individual beds and lamina can have different lithologies. Thus, individual beds can be 

classified as argillaceous siltstones, argillaceous sandstones, or sandy dolostones. 

Coarser beds within this facies are composed of 50 to 125 µm quartz grains 

(Figure 4.24) that are generally well rounded and spherical. Feldspars in this facies are 

predominantly potassium-rich, although, some plagioclase was also observed in thin-

section and were identified by there distinctive twinning in cross polarised light. The 

composition of individual sand beds can be between 17 and 45% quartz and feldspar as 

determined through thin section point counting, and alternatively, be composed of over 

65% calcite and dolomite (Figure 4.25). The clay content is variable but can be greater 

than 10% as observed in thin section (Figure 4.25). Carbonates within this facies are fine, 

~30-50µm Phase D dolomite, planar 50µm Phase 1 dolomite is found more 
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Figure 4.24: Core and thin section photos of facies 4B. (A) Thin, parallel laminations of very fine-grained 

sandstone as well as siltstone typify this lithofacies. Minor amounts of authigenic pyrite are also common, 

red arrow (121/15-04-002-02W2, 1825.93m). (B)  The planer laminated texture in core and minor mud 

drapes are the dominant sedimentary structure visible in core (101/03-23-009-30W1, 978.55m). 

B 

A 
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Figure 4.25: Point count summary of 2 samples from Facies 4B. 
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 often in the coarser beds and subsequent Phase 2 dolomite is found as a planar cement 

and overgrowth on Phase 1 dolomite crystals (Figure 4.24). Burial dolomite cement was 

also found within the argillaceous siltstone beds.  

Cements within this facies include Phase 2 dolomite as described above, 

authigenic illite and chlorite that are pore filling and found along the grain margins of 

some feldspar grains, authigenic coarse-grained calcite cement, pyrite (nodules and 

framboids (Figure 4.24)), and small amounts of anhydrite cement. Subordinate 

mineralogy includes the presence of fine mud clasts, lithic fragments, and muscovite. 

 Sedimentary structures associated with this facies are the fine rhythmic 

laminations and ripple laminations and fine planar lamination (Figure 4.24). Post 

depositional alteration includes micro-fracturing that is observed perpendicular to 

bedding. Porosity within this interval low, and ranges from 3 to 7%. The types of 

porosity observed include macro porosity that is primarily intercrystalline and micro 

porosity associated with the clays within this facies. 

4.5.3. Facies association 4 Depositional Setting 

 The very fine-grained sandstones-siltstones of FA4 indicate fluctuations in energy 

conditions as noted by thin planar laminations defined by differing grain sizes. Both 

facies (4A and 4B) within this facies association contain low ichnodiversity with only 

Planolites montanus being observed (Angulo and Buatois, 2010). Facies 4B commonly 

overlies FA5 through alternation in stratal stacking patterns and inter-fingering of these 

facies, (Cross Section C-C’, Appendix F).   
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Facies 4.A. is quartz sandstone with mud drapes as well as wave ripples. This 

facies is interpreted to have been deposited in moderate energy conditions due to its 

slightly coarser grain size, planar bedding, sparse bioturbation and low clay content and 

could be associated with a barrier bar or deposits linked to the fringes of an embayment 

(Angulo-Saldina, 2010). This facies was deposited above fair weather wave base with a 

tidal influence (Egenhoff et al., 2011).  

 Facies association 4 also shows NW-SE trending thicks (Figure 4.26). The area in 

which this facies association is absent is likely related to non-deposition due to the lack 

of accommodation space or erosion due to subaerial exposure. The present-day 

structure of this facies shows a gentle dip towards the basin depot-center in North 

Dakota (Figure 4.27). 
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Figure 4.26: Isopach map of facies association 4. Northwest to southeast trending lineaments of preserved sediment are prevalent within this facies 

association and infer the location of paleoshorelines as the formation prograded towards the basin centre. 
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Figure 4.27: Structure map of facies association 4. This map is in meters subsea. 
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4.6. Facies association 3 

4.6.1. Facies 3A - Lenticular Bedded Dolomitic Siltstone and Shale 

This facies typically overlies FA4; where FA4 is not present, either due to erosion 

or lack of deposition, it overlies FA5.  It consists of heterolithic bedding composed of 

sandstones, siltstones, and dolostones along with mudstone lamina (Figure 4.28 and 

4.29). Typically this facies association grades from a dark grey mud-dominated facies 

(Facies 3A) to Facies 3B which is composed of a greater proportion of quartz and silt 

sized grains in the finer lamina.  

The individual siliciclastic/dolostone beds show various sedimentary features 

such as planar lamination, or simply lack structure (Figure 4.28). The sand layers vary in 

composition from angular to sub-rounded and spherical, 30 to 150 µm sized quartz 

grains and from 20 to 60% dolomite (Figure 4.30). Dolomite within this facies is found as 

50 µm planar-s, non-planar Phase 1 dolomite, and as pore filling and grain overgrowth 

Phase 2 dolomite cement. Feldspars are similar in texture and are generally potassium-

rich. Secondary mineralogy within the sandstone beds includes: lithic fragments, mud 

clasts, muscovite, authigenic pyrite, illite, chlorite, and kaolinite. Dissolution of quartz 

grain boundaries was commonly observed as well as replacement of quartz by Phase 2 

dolomite.  

The shale to silt layers are commonly composed illite (as determined through 

S.E.M.-E.D.S) (Figure 4.28). Subordinate cementation by Phase 2 planer-e dolomite was 

noted in these beds. The shale lamina contain sparse detrital siliciclastics and detrital as 

well as authigenic carbonates. 
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Figure 4.28: Core and thin section photos of facies 3A. (A) The sandstone beds are not laterally continuous 

and are completely bounded within the mudstone beds. High levels of bioturbation can be seen as well 

(111/04-08-011-07W2, 1407.64m). (B) The mudstone layers are composed primarily of illite clays with 

minor amounts of authigenic dolomite (131/01-13-006-15W2, 1786.97m). 

A 
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Figure 4.29: Core and thin section photos of facies 3B. (A) The higher proportions of siliciclastics and thin 

mudstone layers were observed in thin- section (121/13-06-006-18W2, 1888.60m). (B) The dark grey 

layers are composed of fine silts and detrital clays whereas the light grey discontinuous beds are 

composed of fine sand and are often cross-bedded (111/01-09-007-11W2, 1707.50m). 

 

A 
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Figure 4.30: Point count summary of 3 samples from Facies 3A and 3B. 
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  Facies 3A and 3B are heterolithic in texture and are relatively highly bioturbated 

and contain inchofauna of Planolites montanus, Teichichnus rectus, Rosselia isp., 

Thlassinoids isp., and Siphonichnus eccaenisis (Angulo-Saldina, 2010). Porosity for this 

interval is between 2 and 6% based upon thin section observation, however, the 

sandstone and siltstone interlaminae typically show porosities as high as 8% and are 

commonly oil stained (Figure 4.30).  

4.6.2. Facies 3B – Flaser Bedded Sandstone and Shale 

This facies is similar to Facies 3A in that they are separated only by their relative 

proportions of siliciclastic/dolostone beds versus the mudstone beds and the 

composition of the mud lamina contains significantly higher proportions of fine quartz 

and feldspar grains. Siliciclastic event beds are found in higher proportions within this 

facies and individual beds can be up to three centimeters thick. The mudstone-siltstone 

layers contain a higher proportion of very fine silt sized quartz grains as compared to the 

mudstone beds within Facies 3A (Figure 4.29). Diagenetic and compositional features 

are similar to Facies 3A With respect to ichnofauna and porosity. 

4.6.3. Facies association 3 Depositional Setting 

 This facies association is composed of facies that display heterolithic bedding 

(Figures 4.28 and 4.29). Facies association 3 (FA3) was deposited in low energy 

conditions due to the presence of fine siliciclastics and mud lamina (Egenhoff et al., 
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2011). This facies association is interpreted to have accumulated in a shallow water 

depositional setting in which the sedimentation of clays would occur, but still be 

affected by storm influence such that the inclusion of sand lamina in the clays layers. 

The sandstone beds are interpreted as storm deposits where sediments upon the 

aforementioned barrier bar become reactivated and blown into a shallow lagoon and 

deposited. Sedimentary structures grade from lenticular to flaser bedding which might 

be forming in response to changes in accommodation space. Directly behind barrier bars 

(northeast), there is interpreted to be an increase in accommodation space compared to 

localities in a more landward direction. With decreasing accommodation space and 

location nearer the paleoshoreline, coarser sediments would be deposited and these 

are associated with facies 3B (Flemming, 2012). 

The current distribution of FA3 is controlled by both erosion and by its non-

deposition due to paleotopography. The Superior Uplift, along the eastern margin of the 

study area, was a paleotopographic high which prevented deposition of FA3. Erosion of 

this facies corresponds to areas of absence as noted on the isopach map for FA3 (Figure 

4.31). Facies association 3 displays a gentle dip towards the southern portion of the 

study area (Figure 4.32). 
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Figure 4.31: Isopach map of facies association 3. The eastern margin on the study area is devoid of this facies due to the influence of the Superior 

Uplift.  
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Figure 4.32: Structure map of Facies association 3. This map is in meters subsea. FA3 gently dips towards the southwest. 
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4.7. Facies association 2 

4.7.1. Facies 2A – Upper Dolomitic Siltstone  

Facies 2.A. has a siliciclastic component greater that the proportion of carbonate 

when viewed in thin-section. The main siliciclastic component is sub-rounded to sub-

angular, slightly elongate, mono-crystalline quartz grains. This facies has a grain size that 

ranges from 15 to 100 µm. Local replacement of quartz grains with calcite and dolomite 

was also observed. Limited proportions, generally less than 5%, of potassium feldspar 

were found within this lithofacies. Contacts between adjacent quartz grains range from 

concavo-convex to, in rare cases sutured in texture. The primary cement in this facies is 

Phase 2 dolomite with smaller proportions of micritic and coarse calcite. The very fine-

grained dolomite crystals are characteristically planar-e to planar-s in nature and under 

75 µm in size. Other authigenic cements present within this facies include: pyrite, 

anhydrite, quartz, and clays. These subordinate cements typically account for less than 

1% of the rock (Figure 4.34).  

. Elongate bivalve fragments were also noted within this facies and have been 

replaced with pyrite. Occasional plant debris was observed along the contact with this 

lithofacies and the overlying facies association 1. Sedimentary structures found within 

this facies are thin planar laminations and thin discontinuous beds that contain variable 

amounts of carbonate and siliciclastics of varying colours (Figure 4.34). Allochems found 

within this facies include brachiopod shells that are convex-up in orientation, peloids, 

ooids, and bryozoan and crinoid fragments. 
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Figure 4.33: Point count summary of 1 sample from Facies 2A. 
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Figure 4.34: Core and thin section photos of facies 2A. (A) Significant amount of late stage ferroan and 

non-ferroan dolomite cement can be seen in this lithofacies in thin section (101/06-33-014-01W2, 

906.25m). (B) Faint bedding can be observed as well as horizontal burrows filled with detrital illite clays 

(141/15-31-003-11W2, 1972.20m). 

A 

B
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Ichnologic fabrics found within this facies are Chondrites burrows that are variably 

replaced by chalcedony and pyrite. Porosity within this facies is approximately 2% 

(Figure 4.33) 

4.7.2. Facies 2B – Upper Silty Dolostone 

This facies is characterized as having a dolomite component greater than the 

proportion of siliciclastics (Figure 4.35). Dolomite occurs as sub-euhedral, non-ferroan, 

Phase 1 rhombs ranging in size from 20 to 50 µm and replaces the matrix of the rock 

(Figure 4.36). There are minor amounts of rounded dolomite grains within this facies 

that are interpreted as detrital in origin. The siliciclastic component is mainly sub-

angular to sub-rounded quartz grains that range in size from 5 to 40 µm. The quartz and 

feldspar grains found in this lithofacies show a significant amount of replacement by 

Phase 1 dolomite. Significant dissolution of this facies has occurred whereby large vuggs 

are in-filled by chert and dolomite.  

Pyrite is identified as very fine-grained cement and constitutes approximately 1% 

of the rock volume as determined through point counting (Figure 4.35). Authigenic clays 

and anhydrite cement constitute less than 1% of the rock. These features occur within 

primary inter-crystalline pore space. Intergranular porosity typically ranges from 1 to 6% 

(Figure 4.35) based on point count data and is related to local dissolution of matrix 

carbonate, in particular, depositional calcite. Other subsequent authigenic cements 

include anhydrite, quartz, illite, and chlorite. This facies is distinguished from Facies 2A  
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Figure 4.35: Point count summary of 9 samples from Facies 2B. 
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Figure 4.36: Core and thin section photos of facies 2B. (A) Large vuggs created by dissolution are found in 

this lithofacies, the vugg was created due to dissolution, after which, dolomite cement is emplaced followed 

by anhydrite (111/01-17-008-06W2, 1496.69m). (B) Pyrite concretions and up to 0.5 cm sized chert nodules 

(red arrow) can be observed within this facies , (111/16-28-008-07W2, 1496.51m). 

 

A 
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by higher proportions of primary and diagenetic dolomite and a significant amount of 

siliciclastics replaced by dolomite. As with Facies 2A, the contact between this facies 

association and the overlying facies association 1 is interpreted as erosional in nature. 

Locally, wave ripples, concretions, plant debris, and rootlets are seen on this upper 

contact. Sedimentary structures, allochems, ichnofauna, and porosity are coincident 

with facies 2A. 

4.7.3. Facies association 2 Depositional Setting 

 Facies association 2 occurs at the top of the middle Bakken and just below the 

contact with the Upper Bakken Shale, Facies 1A. The presence of brachiopods, ooids, 

peloids, and the general fine texture of FA2 are indicative of marine offshore sediments 

deposited in relatively low energy depositional settings and probably below storm 

weather wave base. Depositional environment interpretations include both lower 

shoreface and upper offshore transition zones. Facies association 2 occurred in every 

well logged throughout the study area (Figure 4.37). It is interpreted that FA2 was 

formed as a result of an increase in accommodation space that was likely due to a global 

marine transgression which ultimately lead to the deposition of the overlying facies 

association, FA1. The present-day structure of FA2 shows a gentle dip towards the south 

and towards the basin depocentre in North Dakota (Figure 4.38).  
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Figure 4.37: Isopach map of facies association 2. Facies association 2 was observed in every well within the area of study.  
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Figure 4.38: Structure map of facies association 2. This map is in meters subsea. The structure of FA2 shows a gentle dip towards the basin center in North 

Dakota.  



106 
 

4.8. Facies association 1 

4.8.1. Facies 1A – Upper Shale 

Facies association 1 is compositionally and texturally similar to facies association 

7. The most significant compositional difference between the upper and lower shale 

units is that the upper shale, Facies 1A, contains significantly higher amounts of 

dolomite and pyrite than that of Facies 7A. Phase 1 dolomite is found as planar lenses 

within the matrix of the rock (Figure 4.39). This shale ranges in colour from black to dark 

brown; is bituminous; contains abundant pyrite found as nodules, lenses, concretions 

and lamina; and displays planar bedding with laminae thickness in the millimetre range. 

Thin, 1-5mm, white horizons were noted in core and are interpreted as being 

phosphatic in composition.  

4.8.2. Facies association 1 Depositional Setting 

 The depositional setting of FA1 is interpreted as a distal, deep marine 

depositional environment in which anoxic water conditions were prevalent (Smith and 

Bustin, 1998; Smith and Bustin, 2000). This is due to the presence of organics, the fine 

grain size, and the thin laminae.  This facies association is found in every well within the 

study area (Figure 4.40). As with FA2, FA1, is interpreted having been formed during a 

period of sea level rise related to a marine flooding event. The fine planar laminations 

found within this facies coupled with its fine grain size indicate a depositional setting 

with moderate accommodation space and likely anoxic conditions. The  
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Figure 4.39: Core and thin section photographs of facies 1A. (A): Planar lamination, dark black color 

characterises this facies in core (101/03-23-009-30W1, 973.98m). (B) Significant amounts of non-planar 

dolomite are found in discontinuous beds as well as abundant organics and pyrite as observed in thin 

section (111/01-17-008-06W2, 1496.25m).  

B 

A 
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Figure 4.40: Isopach map of Facies association 1. The northwest to southeast trending thins are interpreted to be paleoshorelines of the middle Bakken 

that have subsequently migrated towards the center of the basin as the Bakken sediments prograded into the center of the basin. 



109 
 

Figure 4.41: Structure map of Facies association 1. This map is in meters subsea. 
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present-day structure of F.A.1., shows a gentle dip towards the south directed at the 

basin depocentre in North Dakota (Figure 4.41). 

4.9. Well log Facies Descriptions 

4.9.1. Introduction 

 Generation of the presented facies association structure and isopach maps 

required correlation between core and well logs. The methodology employed initiated 

with detailed logging of core and comparison with well logs in order to generate a 

criteria or model for the determination of facies from the well logs. These characteristics 

were then used to map the facies in the study area using available well log data. Logs 

used included gamma ray, density porosity (Φd), neutron porosity (Φn), resistivity (Rt, 

deep induction or deep laterlog measurements), density (RHOB), monopole 

compressional interval transit time (Dt), and photoelectric effect (PE).  

Photoelectric factor as observed within the study is fairly constant at 

approximately 3 (B.E.), this is interpreted as being a result of high proportion dolomite 

and clay minerals respectively. Resistivity will not be discussed in detail as resistivity 

values are a function of porosity, water saturation, water resistivity,  and measurement 

type (laterlog vs induction). Due to the regional scale, a robust facies deterministic 

description of resistivity could not be accomplished. The remaining petrophysical 

measurements will be discussed and the relationship between these measurements and 

the described facies associations will follow.  



111 
 

4.9.2. Petrophysical Facies Characteristics 

Facies association 7 and facies association 1 share similar petrophysical 

characteristics, they are characterised by a gamma response that wraps around a 

standard log track (>150 API). Porosity varies, but on average, density and neutron 

porosity readings are greater than 30 porosity units (p.u.). Bulk density can be variable, 

due to variations in carbonate and organic content but ranges between 2000-2250 

kg/m3 as observed in the study area. Compressional slowness (DT) ranges between 300 

and 500 µs/ft due in part to variations in acoustic coupling, bulk density, organic content 

and carbonate content.  

Facies association 6 has average gamma values between 75 and 100. This is 

variable depending upon mineralogy and the presence of F.A.6.A., which is the 

“cleanest” of the lithofacies in FA6. Overall, the gamma does show a general 

“coarsening upward” sequence, which in some cases can repeat due to observed 

cyclicity on the log. Neutron and density porosities range between 6-15 p.u. and 3-9 p.u. 

respectively, though they typically show 3 porosity units of separation. Occasionally at 

the top of the facies association, slight neutron density cross over can occur which is 

likely due to gas effect, or mineralogical effect. Bulk density is between 2550-2650 

kg/m3. Compressional slowness ranges between 190-210 µs/ft for this facies 

association.  

Facies association 5 has gamma values that, on average, range between 30-50 

API units. This is due to predominance of quartz and calcite as the main mineralogy, and 

general lack of detrital or authigenic clay minerals. Porosity within the unit ranges 
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between 3-18 p.u. and 0-15 p.u. for neutron and density porosities respectively. 

Porosity values can vary widely due to presence or absence, of authigenic calcite and 

anhydrite. Density values range between 2500-2600 kg/m3, and compressional 

slowness ranges between 190-230 µs/ft depending upon cementation and porosity.  

Facies association 4 shows considerable variability in gamma. Values range 

between 80 and 140 API. Porosity ranges between 3-15 p.u. and 0-15 p.u., (neutron and 

density respectively) depend upon lithofacies and thickness. Bulk density values for this 

facies association range between 2600-2700 kg/m3 and compressional slowness ranges 

between 195-229 µs/ft.  

Facies association 3 displays gamma values that are consistently over 100 API. 

Neutron porosity values range between 12-21 p.u., and density porosity ranges between 

3 -18 p.u. Density for the formation ranges between 2550 and 2650 kg/m3 depending 

upon mineralogy. Compressional slowness is an appreciable difference as compared to 

FA4 and FA2, owing to the considerable increase in clay minerals in FA3; compressional 

slowness values range between 210 and 230 µs/ft for FA3. 

Facies association 2 is also quite different from its adjacent facies associations. 

This is due to the substantial increase in the volume of dolomite as compared to FA3. 

and FA1. Gamma values range from 60-120 API. Porosity values range between 9-18 p.u. 

with respect to neutron, and 0-12 p.u. with respect to density porosity. Density for the 

unit is also quiet high as compared to other units, and ranges from 2600-2750 kg/m3. 

Due to the increase in carbonate as compared to FA1 and FA3, FA2 is quiet recognisable 

on a compressional slowness log, and values range from 190-210 µs/ft. 
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4.9.3. Petrophysical Facies Summary 

 Each facies association is unique in a petrophysical context as compared to its 

adjacent units. A chart summarizing the points as interpreted above is found in Table 

4.42. A graphical representation of the respective log signatures and where the facies 

association boundaries were picked is found in Figure 4.43.  

 

4.10. Spatial Distribution of Facies associations  

 The Bakken Formation is present in the entire study area. The overall stacking 

pattern of the facies associations is such that FA1 is the youngest or stratigraphically 

shallowest facies association and follows, sequentially through to FA7, which is the 

oldest or stratigraphically deepest (Figure 3.2). No observed cores in this study 

encountered facies stacking relationships that were out of this sequential numbering 

scheme. In many cases, erosional surfaces are encountered in which entire facies 

associations are not preserved, this results in a situation where juxtaposition of a 

stratigraphically (younger) higher facies association occurs on lower facies associations, 

as in core: 111/04-08-11-07w2 (Cross Section A-A’, Appendix E) in which FA4 is on top of 

FA6 (Facies 4B is immediately above 6A due to the presence of an erosional surface). 

 The facies architecture within the unit is controlled by salt dissolution, erosion, 

and by deposition or lack thereof as a result of paleogeography (Figure 4.44). The 3rd 

order residual map shows a paleo-topographic high that trends north to south along the 

eastern margin of the study area. This residual map was made upon the surface of the 

Torquay formation.   The Bakken as a whole thins along this high feature  
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Table 4.42: The above chart summarized the petrophysical properties for each facies association 

properties for: gamma, neutron porosity, density porosity, bulk density, resistivity, photoelectric 

factor and compressional slowness.  
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Figure 4.43: Summary of facies to petrophysical properties correlation which displays the 

methodology and correlation boundaries for the respective petrophysical log as compared to the 

facies association boundaries. Log location: 131/13-10-01-07W2. 
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Figure 4.44: Third order residual map of the surface immediately below F.A.7. (Top of the Torquay Formation). This map shows an 

approximation of the paleogeography during the late Devonian. 
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(Figure 4.44). The residual shows a paleo-topographic high on the western portion of 

the study area as well. This feature is interpreted to be a result of post depositional salt 

dissolution along the Humming Bird Trough (Figure 4.44). The Bakken Formation shows 

a general thickening trend towards the southwest of the study area (Figure 4.45). Other 

features of importance during time of deposition are salt collapse features that are 

found on Townships 14-1w2, 1-8w2, 3-10w2, 3-11w2, 2-12w2, 3-12w2, and 2-14w2 

(Hammid et al, 2005, Figure 4.46). The Bakken shows thickening within these salt 

collapse structures as shown in the whole formation isopach (Figure 4.45). Thickening is 

predominantly noted in these areas by increased thicknesses of FA7 and FA6 (Figure 4.2 

and 4.12). On the western margin of the study area is the eastern edge of the Humming 

Bird Trough. This feature was formed due to dissolution of the Prairie Evaporate 

Formation and postdates the Bakken Formation. This is confirmed by comparing the 

whole unit isopach (Figure 4.45) and the third order residual (Figure 4.44). Despite 

significant vertical variation in the third order residual, the Bakken does not show any 

increase in net thickness in this western portion that corresponds to the geometry of 

the Hummingbird feature. As a result of these facts, pre-Fammeian salt dissolution is 

shown to have a strong effect on the deposition of the Bakken by the generation of local 

increase in accommodation space resulting in local thickening of the unit (FA7 and FA6 

are most affected as they are the oldest facies and first to deposit on the unconformity 

surface). Post depositional salt collapse does not directly impact the 
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Figure 4.45: Isopach map of the entire Bakken Formation within the study area.  
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Figure 4.46: Figure outlining areas of pre-Mississippian salt collapse or salt dissolution features. Dashed black, green, dashed yellow 

lines indicate areas of salty dissolution along the humming bird trough as outlined by various authors. Solid yellow lines are areas 

outside of the Humming Bird Trough that also display pre-Mississippian salt dissolution. After Hammid et al (2005). 
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distribution of facies within the Bakken but has the potential to play a large role in 

diagenetic alteration and hydro carbon accumulation aspects within the formation.  

The paleo-shore line as found in the Middle Bakken is interpreted as being 

orientated northwest-southeast. This is based upon northwest-southeast orientated 

thickness accumulations in FA1, which likely correspond to areas of increase 

accommodation space due to being deposited off of the shoreface and higher energy 

deposits of FA5 and FA4.  

Within the Middle Bakken, paleo shorelines are interpreted and noted on Cross 

Section C-C’ (Appendix E) and the isopachs of FA5 and FA4, in which 3 cycles of facies 

within FA5 and FA4 are observed that are bounded by erosional surfaces. These shore 

lines appear to have migrated as a result of regression towards the southwest. Erosional 

surfaces are found throughout, most specifically at the contacts of FA4, FA5 and the top 

of FA6, respectively. The regressive features of the Bakken and these erosional surfaces 

are described by Kohlruss and Nickel, 2009, who described these surfaces as regressive 

surfaces of marine erosion. 

4.11. Overall Bakken Depositional Model 

First deposition of sediments within the Bakken was controlled by transgression onto 

the craton (Kohlruss and Nickel, 1999). With this transgression warm ocean waters 

flooded onto the craton and ultimately filled the Williston Basin upon the Acadian 

unconformity (Trabucho-Alexandre et al., 2012) (Figure 4.47). During this transgression, 

a stratified water column was created due to restriction in the deepest portions of the 

basin.  This restriction allowed sedimentation and ultimate deposition of the Lower 



121 
 

Bakken Shale, FA7 in the deepest portions of the basin. Deposition of the middle units of 

the Bakken (FA2-FA6) occurred under marine to marginal marine conditions with a very 

low relief on the slope as indicated by the gradual thickening of the middle units 

towards the southwest, Figure 4.44. The middle units, FA2, through FA6 are generally 

devoid of reef organisms and this fact, combined with the low relief, is indicative of a 

mixed carbonate-siliciclastic ramp environment (Burchette and Wright, 1992; Egenhoff 

et all, 2011) for these facies associations. Facies association 2 is interpreted as being 

deposited at the furthest shoreward portion of the group with FA7, interpreted as being 

the furthest offshore and under the deepest water setting and likely below storm wave 

base. Facies association 6 is interpreted as conformably overlying FA7, thus was 

deposited under shallower conditions and generally below fair weather wave base. FA5 

represents sediments formed moderate energy conditions in the foreshore zone of this 

low relief ramp setting. Facies 5B, was deposited in sub-aqueous environments with the 

other sub-facies being deposited in the nearshore zone. FA4 was deposited in the 

foreshore zone and is indicative of shoreface sediments, thus the shallowest facies 

observed in the middle Bakken. FA3 is interpreted as being deposited behind the 

foreshore zone in a protected lagoon. Finally, FA2, was deposited at the back of a 

protected lagoon. Figure 4.47 is a graphical cartoon depicting the depositional setting of 

the Bakken Formation, as proposed by Egenhoff et al., 2010.  
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Figure 4.47: Cartoon depicting the depositional setting of FA7.  Deposition occurred on top of the Acadian unconformity during a period of 

transgression.  FA7 was deposited in a deep marine setting below the anoxic water level which was present due to stagnation of the water column.  
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At some point during the deposition of the Bakken Fm., decoupling of the 

Williston basin from the Western Canadian Sedimentary Basin occurred; this was due to 

uplift along the Sweetgrass Arch as described by Ettensohn (1998). This decoupling was 

accompanied by a relative global sea level drop due to  Famennian glaciation periods as 

described by Witzke and Heckel, 1988; Sandberg et al., 2002; Isaacson et al., 2008. 

These two features combined to restrict the Williston Basin from open marine 

circulation. This likely ended the deposition of FA7, and with the more a more restricted 

marine setting, deposition of the middle facies associations (FA6 through FA2) occurred 

(Figure 4.48). Later, perhaps into the Tournaisian, the Williston Basin became 

reconnected with the Western Canadian Sedimentary Basin and open marine 

circulation. This is interpreted to have occurred as a result of the continued late 

Devonian transgression (Kohlruss and Nickel, 1999) and either depression or erosion of 

the earlier uplifted Sweetgrass arch. With the reconnection to open marine conditions, 

the deposition of FA1 occurred in which the entire study area was blanketed during the 

final transgressive phase (Figure 4.49).  

The study type well (Figure 4.50), 141/15-31-03-11W2 contains all the observed 

study facies associations, and does not contain significant erosional surfaces. The facies 

relationships as described above can be seen clearly in this core and this is further 

reflected in the diagram of the depositional modal of FA6 – FA2 (Figure 4.48), which 

agrees with the stacking paters as displayed in the type well (Figure 4.50).
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Figure 4.48: Diagram depicting the deposition of FA2-FA6.  During a period of regression, the observed succession prograded towards the 

center of the basin.  The stratified water column was not present during this time and mixed carbonate-siliciclastic deposition took place.  
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Figure 4.49: Cartoon depicting the deposition of FA1.  Deposition of FA1 occurred during a final period of transgression which included a 

substantial increase in accommodation space.  Stratification of the water column and the deep marine setting allowed deposition of FA1 

on top of all previous facies associations.   
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Figure 4.50: Study Type Well, 141/15-31-03-11W2. All facies associations are found within this core 

and erosional surfaces are found at the FA7-FA6 contact and the FA2-FA1 contact.    
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Chapter 5 Diagenetic Features of the Bakken Formation 

5.1. Introduction 

The processes that affect sediments after deposition through to the beginning of 

metamorphism is defined as diagenesis (Tucker and Wright, 1990). Due to the 

complicated mineralogical composition of the Bakken Fm., diagenetic features 

associated with both carbonates and siliciclastic sediments are observed. Sediments 

within the Bakken have undergone a complex diagenetic history that begins with pre-

lithification alteration in shallow marine environments, through to diagenetic alteration 

in a deep burial setting. The most prominent and likely most important diagenetic 

process observed is dolomite replacement and subsequent dolomite cementation. 

Eighteen distinct diagenetic features will be discussed in this chapter, that in some cases 

contain sub-sets, i.e. multiple phases of pyrite cement. Descriptions of diagenetic 

features are made based upon petrographic observation, core observation, and 

scanning electron microscopy. Dolomite is the most volumetrically significant diagenetic 

feature and will be discussed in Chapter 6. 

Diagenetic features observed include dolomitization, compaction, siliceous 

cementation, feldspar alteration, pyrite cementation, fracturing, micritization, multiple 

forms of calcite cement, chalcedony replacement, dissolution, porosity alteration, 

authigenic clay minerals, iron oxide cementation, hydrocarbon emplacement, and 

replacement of quartz and feldspar by dolomite . 
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5.2. Micritization 

 Micritic envelopes are overall quite rare within the Bakken, however, micritic 

envelopes are found on ooids as in Figure 4.17, as well as some bivalve shell fragments 

in which the original aragonitic and or high magnesium calcite shells are defined by a 

micritic rim and the interior contains calcite spar as cement. Sporadic examples of 

micritized peloids are also noted, Figure 4.17. These features have the potential to be an 

entirely micritized ooids, shell fragment, or fecal pellets.  

Micritization is a process in which endolithic algae, cyanobacteria, and fungi bore 

into skeletal fragments that are subsequently filled with micrite, which is a type of 

microcrystalline calcite (Tucker and Wright, 1990). This repeated process results in the 

formation of envelopes of fine grained calcite around carbonate bioclasts and grains. 

5.3. Fibrous Calcite Cement 

Fibrous calcite cement is the least common calcite cement observed in this 

study. This cement is observed to have 10-30µm elongate euhedral to sub-hedral calcite 

crystals that overgrow bioclasts as well as ooids (Figure 5.1). These appear, in general, to 

be non-ferroan, contain few inclusions and display some degree of undulose extinction 

(which indicates a radiaxial fibrous texture). Fibrous calcite cements are commonly 

interpreted as being primary carbonate cement versus being formed through 

neomorphism. Kendall (1985) proposed that these textures are a result of asymmetric  
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Figure 5.1: Radial fibrous non-ferroan calcite cement on a bioclast, possibly a crinoid fragment. Sample 

location 141/15-31-03-11W2; depth 1987.25m. 
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growth within calcite crystals undergoing split growth. Tucker and Wright (1990), 

indicate that calcite cements with this texture are marine in origin and in most cases 

occur pre-lithification. 

5.4. Chalcedony 

Chalcedony is found as a pore filling cement in which discrete grains or nodules 

are formed within fractures and dissolution pores. It is also found as a replacement 

texture in bivalve and other bioclastic fragments (Figure 5.2).  Observed replacement 

grains range in size from 25-300µm in cross section and are anhedral to subhedral in 

form.   Chalcedony as observed optically has a fibrous texture that is orientated radially 

from the center of the nodule. Fluid inclusions were not noted in this phase of cement. 

Complete replacement of the aragonite or calcite predecessor phase was not observed 

and the remaining calcite within the bioclast was observed to be coarse anhedral calcite 

likely due to diagenetic alteration from an aragonitic to high magnesium calcite 

precursor. Similar replacement textures have been observed in the Gateway Limestone 

Member of the Cherry Canyon Formation within the Delaware Basin (Jacka, 1974).  In 

the case of the Gateway Limestone, it was interpreted that selective replacement of 

high magnesium calcite fossil fragments was controlled by diagenesis of organic matter 

within the shell fragment, where organics acted as nuclei for the chalcedony 

replacement to occur (Jacka, 1974). 
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Figure 5.2: Photomicrograph of chalcedony replacing bioclasts. The individual nodules can be up to 

250µm in size (red arrows) and are generally anhedral to subhedral in form (red arrows). The bioclast is 

noted by its laminated calcite mineralogy and micritization along the edges of the fragment. Sample 

location 121/15-04-02-02w2; depth 1820.92m 
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5.5. Pyrite  

Pyrite is a ubiquitous authigenic cement and replacement mineral that occurs 

within the Bakken. In this study, it was observed in almost every thin section, core, and 

facies association. The morphology of the pyrite includes the following forms: 

disseminated (Figure 4.15, top), framboidal (Figure 5.3, A; 5.4, A), pore-filling cement 

(Figure 4.24, A), replacement (Figure 5.3.B) and pyritized bioclasts and/or allochems.  

Disseminated pyrite is found as very small nodules and pore-filling cements 

within both clay/mud drapes, burrows, and within pores.   The individual nodules are in 

most cases less than 10µm in size and are anhedral in shape. Two phases of this type of 

pyrite are noted. The first, early formed phase is locally overgrown/cemented by early 

formed dolomite (Figure 5.3, B), and as a cement contained within clay filled burrows. 

Consistent with the interpretation of Karasinski (2006), an early formed/very early burial 

origin is likely for the major portions of this   phase. In these environments Fe2+ and H2S 

are present and can react to form pyrite. The second phase of this type of pyrite cement 

postdates burial dolomite cement (Phase 2 dolomite discussed in the next chapter), and 

in some cases appears to have replaced or filled dissolution pores created from late 

stage dolomite (Figure 5.3, B). This is also consistent with the interpretation of 

Karasinsksi, 2006.  

Pyrite concretions are found sporadically and are as large, up to 1cm in size 

(Figure 5.3, A). Framboidal pyrite and pyrite aggregates are found sporadically as well. 
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Figure 5.3: Pyrite is found as both framboial (A) and pore filling cements (B). Within the framboidal 

nodule, relict quartz and feldspar grains can be seen (A). The pyrite cement in B, has the form of 

dolomite. It is interpreted to have replaced dolomite, or formed where a crystal had undergone 

dissolution. Dolomite is also found overgrowing early formed pyrite (red arrow, bottom) Sample location 

111/04-08-11-07w; depth 1410.48m (A), sample location 111/01-04-06-06w2; depth 1684.65m (B).  

 

A 

B 
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Figure 5.4: Pyrite nodules are observed in which bedding is disrupted above and below the 

nodules. Sample Location 141/13-10-1-7w2; depth 2167.45m (A). Pyrite concretions 

(framboidal?) can be seen that is not bed bound and produces rounded margins and occasionally 

thin red oxidation zones on the edges of the framboids. Sample location 131/15-36-08-11w2, 

depth 1567.10m (B). 

A 

B 
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As well, they can be seen in which the growth of the feature has resulted in deformation 

of the bedding above and below the feature (Figure 5.4, A). Initial framboid formation is 

associated with early diagenesis, near the sediment water interface under microbially 

mediated conditions (Sweeney and Kaplan, 1973; Sassano and Schrijver, 1989; 

Schoonen, 2004, Karasinski, 2006). Pyrite aggregates observed (Figure 5.5, A) were 

aggregates of framboidal pyrite and detrital constituents. Karasinski(2006) observed 

similar features and proposed that these were formed initially (early) as small pyrite 

framboids that grew within inter-particle voids and were subsequently overgrown by 

late stage pyrite cement that displaced detrital grains and were forced between grains 

that formed these aggregates. This interpretation results in both an early diagenetic 

phase as well as a late stage cement. 

5.6. Dissolution Features  

Within the Bakken Fm., dissolution features include: vuggy pores, dissolution of 

dolomite grains, and as dissolution of allochems. Vuggy porosity is overall a rare feature 

within the Bakken Fm. Dissolution pores can be macroscopic in size where they can be 

seen in core, or microscopic as in Figure 4.36 A, where they are over 100µm in size. 

These dissolution pores commonly have linings of euhedral dolomite cement within 

them as well as later stage coarse anhydrite cement. Some pores created by dissolution 

have been observed in which clay is found lining the wall of the pore. These pores are 

likely formed during the burial phase as no early formed cements are found within them 

but still predate coarse dolomite cements and anhydrite cement. Dissolution of 

dolomite can be seen where early formed euhedral dolomite displays partial dissolution 
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along the grain boundaries; this is discussed further in Chapter 6. The dissolution of 

ooids is noted in the 101/08-24-13-11w2 well location where cross bedded oolitic 

sandstones have undergone post lithification dissolution and the moulds of the ooids 

are remaining. This indicates that at least some dissolution post-dated lithification. 

Dissolution of carbonate in the subsurface can be related to the generation of pore 

waters that have a high PCO2, which can be created during the thermal decarboxylation 

of organic matter (Tucker and Wright, 1990), such as in FA1 or FA7.  

5.7. Dolomite Replacement of Quartz and Feldspar  

 Within all facies associations within the Bakken Fm., except for F.A.1. and F.A.7., 

dolomite is seen replacing the rims of siliciclastic grains. It is observed that primarily 

dolomite is replacing quartz (Figure 5.5), however, there are a few examples of dolomite 

replacing feldspar. Dolomite in this case is non-ferroan in composition (as indicated by 

the staining method of Dickson, 1963). The replacement mineral as it is found within the 

original boundaries of the siliciclastic grains does not appear to have fluid inclusions 

within the mineral. Corrosion and or replacement is found in close association of 

dolomite crystals, whether it be anhedral aggregates, anhedral to euhedral pore filling 

cements or planar cements.  These replacement textures are also interpreted to predate 

poikilotopic calcite cement and as such is likely a shallow burial texture.  

 Textures such as this are typically generated by chemical mechanisms such as 

solution-precipitation reactions driven by saturation, or through force of crystallization 

(i.e. pressure solution) (Armenteros, 2010). In this case the carbonate crystals exert 

pressure against the framework grain and creates dissolution pits that are subsequently 
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Figure 5.5: Photomicrograph of dolomite replacing quartz along the grain boundaries (red arrow). The 

unstained carbonate in this photo is non-planar dolomite cement. Sample location is 191/04-16-01-

08w2, depth 2192.50m.  
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cemented (Armenteros, 2010). This diagenetic texture is associated with a shallow 

burial setting (Armenteros, 2010). 

5. 8. Porosity  

 Porosity within the Bakken Fm. ranges between 1 and 15%, as based upon point 

count data. The three main porosity types are found within the Bakken Fm. are primary 

inter-particle porosity, secondary dissolution porosity and fracture porosity. Primary 

intergranular porosity is found in all facies associations except FA1 and FA7. Pores are in 

most cases filled with variable amounts of authigenic cements including dolomite, 

calcite, and pyrite. Primary porosity is identified in coarser sediments being a pore in 

which the siliciclastic grains that surround the pore have point contacts; primary pores 

also usually contain some proportion of dolomite cement (Figure 4.15, A). 

Differentiation in fine grained sediments is difficult as similar textures are observed 

when comparing primary to secondary porosity.  

 Secondary porosity within the Bakken includes porosity created by the 

dissolution of ooids (Figure 5.6, B), carbonate clasts, detrital siliciclastics, authigenic 

cements, and secondary inter-crystalline pore space in dolomite cement aggregates. 

Identification of secondary porosity can be challenging due to the fine grain size in most 

of the rocks. Pore size is highly variable and can range from sub-micron scale up to 

macro pores that are visible in core. 
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Figure 5.6: Fracture porosity is in most cases found within argillaceous lamina within individual samples (A), 

red arrows indicated location of fractures, sample locations 111/01-04-06-06w2; depth, 1687.55m. Pores 

are also created by the dissolution of carbonate clasts and bioclasts (B), a 300 µm pore is seen that was 

created by the dissolution of an ooid/pelloid or other carbonate clast, late stage dolomite can be seen 

lining the pore wall (DL). Sample location 101/08-24-13-11w2; depth 1278.58m (B). 

 

DL 
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 Fracture porosity is a relatively minor contributor to porosity within the Bakken. 

Observed open fractures are horizontal (Figure 5.6 A, 5.7) to sub horizontal. Fractures 

range from micro fractures that are only observable in thin section (Figure 5.6, A), to 

macrofractures that are observable in core (Figure 5.7). Generally, fractures are 

cemented by pyrite; however, where they are not, they are found to be concentrated in 

more argillaceous beds and are in most cases bed parallel (Figure 5.6, A). Fractures can 

have varying cements along the margins of the fractures that include calcite, dolomite 

pyrite and anhydrite. Fractures are interpreted to have predated all of the late stage 

forms of these cements. Uncemented fractures are likely a late stage feature as no 

cements or linings are observed on the fracture wall.  

 

5.9. Poikilotopic Calcite Cement 

Poikilotopic calcite cement is found variably throughout facies associations 5 and 

6. This phase of cement is associated with coarser siliciclastic grains and carbonate clasts 

that preserve point contacts or are found “floating” in calcite cement as viewed 

petrographically. The calcite is composed of large grains (up to 150µm) of non-ferroan, 

non-planar calcite, inclusions are sparse and this phase is not usually associated with 

significant amounts of dolomite (Figure 4.17). Tucker and Wright, (1990) propose that 

this type of cement is formed by the precipitation of calcite with very slow 
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Figure 5.7: Core photo of horizontal uncemented fractures. These fractures are bed parallel and 

concentrated within argillaceous lamina in most cases. Red arrows indicate location of 

fractures. Sample location is 111/01-04-06-06w2; depth 1688.20m.  
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nucleation rates in fluids that are just saturated with respect to CaCO3. These cements 

are typically formed early in the diagenetic history of sediments and this is reflected in 

the Bakken Fm. as this cement has precluded other cements, alteration, and compaction 

in most cases where it is found (barring effects of post cementation dissolution).  

5.10. Authigenic Feldspar 

Authigenic feldspar was only observed in a few thin sections in this study. It is 

most notably found as a thin, less than 10µm prismatic overgrowth on what is 

interpreted to be potassium feldspar. The overgrowths typically show fine mineral 

inclusions and in some cases the core feldspar grain has a dark mineral overgrowth that 

separates the phases of feldspar (Figure 5.8). The mechanism of formation includes or 

requires a flow of fluid from a proximal area of higher solubility of the precipitating 

mineral, transportation of the required ions by either diffusion, or dissolution of the 

mineral locally where changes in pH can cause precipitation. Alternatively, evaporitic 

fluids can be supersaturated with respect to feldspar, which can lead to the 

precipitation of early formed feldspar cements (Bjorlykke, 1988). The relative timing of 

feldspar overgrowths is inconclusive but it can be speculated that it occurred prior to 

appreciable dissolution because of the morphology of the cores and the observation 

that it post-dates early formed pyrite as the cores can have a thin pyrite film. 
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Figure 5.8: Authigenic, euhedral prismatic feldspar can be seen overgrowing a detrital orthoclase 

grain (red arrow). The detrital grain also appears to have thin black cement overgrowing it between 

the two phases of feldspar. This intermediate cement is interpreted as being pyrite. Sample location 

101/06-26-10-02w2, depth 1260.90m. 
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5.11. Coarse Crystalline Calcite Cement 

Coarse crystalline calcite (spar) is found as a pore and fracture filling cement that 

is not fabric selective within the study area (Figure 5.9). The grains are relatively clear in 

plain light and vary in size, but can be as large as 150µm. The crystal morphology ranges 

between euhedral to anhedral, depending upon the feature that is being cemented and 

if any dissolution has occurred post cementation. Fluid inclusions were not observed in 

samples that contained this type of cement. The textures described can be indicative of 

either burial cements or near-surface meteoric cements (Tucker and Wright, 1990). In 

this case, coarse crystalline calcite cements are likely burial cements as they fill mouldic 

pores, fractures and dissolution features.  

5.12. Ferroan Calcite Cement  

Ferroan calcite is found as both a thin (1-5 µm) overgrowth lamina on previous 

generations of calcite cement and as a blocky spar that cross cuts previous generations 

of coarse calcite cement. The morphology of this phase is similar to the texture of the 

coarse crystalline calcite cement as described above. Identification of this mineral was 

accomplished using the staining techniques of Dickson (1965). Ferroan cements are 

most often formed as a result of precipitation of pore waters that are enriched in Fe2+ in 

solution that may be derived from clay minerals, dissolution of ferrous minerals or from 

shale (Tucker and Wright, 1990). 
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Figure 5.9:  Coarse, anhedral to subhedral crystalline calcite cement within a pore (red arrow). Sample 

location 111/01-04-06-06W2; depth 1699.80m. 
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 5.13. Compaction - Mechanical and Chemical 

Within the Bakken Fm., most quartz and feldspar grains display a point contact 

texture (Figure 4.15). Within this study, the deepest petrographically observed well is 

the 191/04-16-01-08w2. Within this well, there are examples of long and concavo-

convex (Figure 5.10) grain contacts between detrital siliciclastic grains. In the southern 

portion of the study area higher compaction is observed and subsequently the contacts 

of the siliciclastic grains from point contacts to long and concavo-convex contacts. This 

interpretation is reflected by the work of Ferdous (2001), in which similar conclusions 

are reached. Chemical compaction is also observed at well 141/15-31-03-11w2 inside 

the study area. Within this core and FA5B, a solution seam is noted (Figure 4.17). A dark, 

smooth, seam of insoluble particles is observed and the sutures of a stylolite texture are 

not observed. Tucker and Wright (1990), interpret these features as forming under a 

few hundred meters of burial, and tend to be common and / or focused around thin clay 

layers within carbonates or at the junction of clay-rich and clay-poor carbonate laminae. 
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Figure 5.10: Concavo-convex quartz grain boundaries are found in the southern portion of the study area, 

which is relatively deeper as compared to the northern portion. Quartz grains are found in this section in 

which coarse crystaline calcite cement occludes porosity. Sample location 191/04-16-01-08W2; depth 

2193.40m. 

 



148 
 

5.14. Feldspar Alteration 

Within the Bakken Fm., detrital feldspar is common, including plagioclase, 

orthoclase, and microcline. Though observed rarely in the sample set, alteration of 

feldspar grains along the grain boundaries was noted (Figure 5.11). In most cases, a 

green fibrous mineral was observed (illite?) along the margin of the feldspar grains, 

though its mineralogy was not confirmed using SEM-EDS or EMPA.  Orthoclase is 

problematic because differentiation from quartz is difficult; as the thin sections were 

not stained to differentiate feldspar, as such, the amount of feldspar as determined 

through point counting could be underestimated, and the estimation of the importance 

of feldspar alteration is debatable. This alteration is interpreted as being relatively early 

as the alteration zones are observed to contain pyrite cement in association with the 

alteration phase. 

5.15. Authigenic Clay Minerals 

Overall, authigenic clay cements are rarely observed petrographically within the 

study sample set. Differentiation between alteration phases of feldspar grains, detrital 

clay minerals, and authigenic cement phases is exceedingly difficult in the observed thin 

sections. Observed clay minerals include: illite, chlorite, and kaolinite. Illite was the only 

observed authigenic phase in this study (Figure 5.12). It occurs as anhedral to sub-hedral 

crystals, and in rare cases, wrinkled surfaces and rough grain edges can be observed. 

The mineralogy was confirmed using energy dispersive spectroscopy. This phase of 

cement was only observed in 121/15-04-02-02w2, where it is seen as an overgrowth on  
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Figure 5.11: In the center of the image is a 75 µm microcline grain in which the grain boundaries are altered 

to a green mineral, nodular, fine grained pyrite is also found in association with the dark green mineral. 

Sample location111/01-04-06-06w2, depth 1692.15m. 
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Figure 5.12: Authigenic illite (red arrows) is cementing in an inter-particle pore in which detrital quartz and 

early formed non-ferroan dolomite is overgrown/cemented by what is interpreted to be authigenic illite. 

Sample Location 121/15-04-02-02w2, sample depth 1825.96m. 
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authigenic dolomite and detrital quartz grains. Despite the lack of evidence for 

authigenic clay cements in this study, the presence of authigenic chlorite and kaolinite 

has also been proposed by Ferdous (2001). 

5.16. Iron Oxide Cement 

Iron oxide is found sporadically throughout the Bakken Fm. as both a pore filling 

anhedral cement, as thin overgrowth cement and as a red-dark orange stain (Figure 

5.13). Hematite as a pore filling cement is found precluding primary intergranular pores  

and all types of secondary porosity. There are multiple stages of this cement that locally 

encompasses detrital dolomite, early formed dolomite and late burial dolomite. Red 

staining has been observed in FA4, FA5, and FA6. The highest concentration of this red 

stain was observed in the 101/08-24-13-11W2 core. Where this cement is observed, 

occasionally a sharp contact overlies where oxidation occurs and immediately above the 

regular grey-green color of Bakken sediments is observed.  

5.17. Anhydrite Cement 

Anhydrite within the Bakken Fm. is found as late stage cement. Its morphology is 

in most cases anhedral pore filling cement without distinct grain boundaries (Figure 

4.19). In some cases coarse crystalline sub-hedral to euhedral grains can be seen as a 

pore filling cement (Figure 4.19). It is observed to preclude fractures, mouldic pores, and 

inter-particle porosity. It is interpreted as being late stage cement that post-dates late 

stage dolomite cement as it is seen overgrowing these phases (Figure 4.36). As these  
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Figure 5.13: Iron oxide staining below an erosional surface (red arrow).  Sample location is 141/10-

05-12-05W2, depth 1373.97m. 
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cements are late in the diagenetic history and related to the burial. Karasinski (2006) 

speculated that the source of sulphate and Ca were derived from dissolution of the 

Prairie Evaporite, or alternatively, oxidation of iron sulphide minerals could have been a 

source of sulphate. 

5.18. Hydrocarbon Stain 

 Hydrocarbons presence is ubiquitous within the Bakken Formation. Most cores 

and thin sections within the study area contain at least some amount of hydrocarbon 

stain within it. Bitumen is found as a pore filling solid in many thin sections. Oil is 

identifiable in core through the use of ultra violet light. Cores placed under u.v. have a 

bright white, bluish appearance which indicates the presence of light oil. It is most often 

found in FA6 though this fluorescence was observed in all facies associations. Oil 

saturation and or staining can be fabric selective. Within FA6, it was noted that coarser 

beds that were less argillaceous are more often oil stained whereas the more 

argillaceous beds are less prone to oil staining. In thin sections, thin films of liquid 

hydrocarbon were observed as well as bitumen coatings on some authigenic cements. It 

is interpreted as being a late stage diagenetic event though precise timing relative to 

other late stage diagenetic features was not accomplished. The relative timing of oil 

generation within the Bakken has been associated with a Late Cretaceous time frame as 

proposed by Pitman et al. (2001) and Karasinski (2006).  
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5.19. Diagenetic Summary 

The Bakken Formation has undergone a complex diagenetic history. A total of 19 

diagenetic features were observed and described in the preceding chapters (17 features 

discussed in this chapter, and a detailed discussion of the two diagenetic phases of 

dolomite is found in Chapters 6). The diagenetic history can be broken up into 3 distinct 

time frames: surface to near surface, shallow burial and intermediate to deep burial. 

The relative timing of these described features is summarized in figure 5.14. 

5.20. Surface to Near Surface Diagenesis 

The first diagenetic processes that took place in the diagenetic history of the 

Bakken Fm. is the fibrous calcite cements that are found overgrowing crinoid and other 

bioclastic fragments and this cement is interpreted as being a near surface diagenetic 

feature. Chalcedony cement and ore replacement is observed sporadically; nodules of 

chalcedony are found filling pores and are also found replacing parts of bioclastic 

fragments. These features occurred before significant recrystallization of calcite 

cements with burial. 

 Dolomitization occurred in the surface to near-surface realm, likely by 

penecontemporaneous seawater (Discussed in Chapter 6). Co-eval with dolomitization, 

dissolution of early carbonate phases occurred in conjunction with the earliest formed 

pyrite cements.  
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Figure 5.14: Paragenetic sequence of the observed diagenetic features within the Bakken Fm.  
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Furthermore, pre-burial to near surface, porosity was created by dissolution and 

subsequently altered to a secondary porosity through dolomitization and cementation 

of early formed carbonate phases.  

5.21. Shallow Burial Diagenesis 

At the onset of shallow burial, poikilotopic calcite cements were precipitated. 

This occurred before significant compaction as siliciclastic grains and bioclasts are found 

floating in this calcite cement phase. Authigenic feldspar is found as an overgrowth on 

detrital feldspar grains, feldspar cement forms euhedral crystals and is interpreted as 

being formed early in the burial history before significant compaction. Finally, within the 

shallow burial realm, coarse calcite cement is found, both pore-filling and as a 

recrystallization of previous generations of calcite cements. Pyrite cementation, both as 

framboids and nodules is found throughout the shallow burial time frame as well as 

dissolution of carbonate grains and siliciclastics.  

5.22. Intermediate to Deep Burial Diagenesis 

The onset of Phase 2 dolomite cementation (discussed in the next chapter) is 

interpreted to coincide with the intermediate to deep burial setting. At the same time as 

the cementation of Phase 2 dolomite, ferroan calcite cements are observed. The ferroan 

calcite cements are seen as thin overgrowths on earlier carbonate phases. Throughout 

the intermediate to deep burial realm, dissolution, most obviously with the creation of 

vuggs, dissolution of previous carbonate phases and secondary porosity generation is 
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observed.  Porosity is also destroyed by the pore filling cements that characterise the 

intermediate to deep burial realm.  

Alteration and replacement of detrital siliciclastics is interpreted to occur in the 

intermediate to deep burial realm and is interpreted to be time equivalent and 

mineralogy equivalent with Phase 2 dolomite. With the onset of intermediate to deep 

burial (>600m of depth), mechanical and chemical compaction is interpreted to occur 

and solution seams and concavo-convex contacts in the siliciclastic fragments. Further 

alteration is observed in which alteration of feldspar grains is observed. Authigenic clay 

cementation is interpreted to occur in unison with alteration of feldspar grains. The final 

cements observed within the Bakken Fm. are the coarse and poikilotopic anhydrite 

cements, which are observed overgrowing Phase 2 dolomite and hematite cements, 

which are a final pore filling phase. The final diagenetic feature of importance is the 

emplacement of hydrocarbon within the Bakken Fm., which also is likely associated with 

the final phase of fine, pore-filling pyrite cement.  
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Chapter 6 Dolomitization of the Bakken Formation 

 

6.1. Introduction 

The Bakken Formation within the study area displays varying degrees of 

dolomitization. The volume of dolomite observed ranges from what is observed in facies 

5B (Figure 4.17), which displays un-dolomitized carbonate clasts, calcite cements and 

volumetrically insignificant proportions of dolomite, to facies 6D (Figure 4.10), which is 

composed of over 50% dolomite. Most facies contain multiple phases of dolomite and, 

in many cases, the carbonate components within the facies are completely dolomitized, 

with sparse amounts of early formed/detrital calcite remaining. Three phases of 

dolomite have been identified based upon petrography and geochemical analysis. These 

include: Phase D, Phase 1 and Phase 2 dolomite respectively (Figure 6.1). This chapter 

will present the petrographic characteristics of each phase of dolomite, as well as 

geochemical characteristics which include oxygen and carbon isotopes, elemental 

composition and fluid inclusion characterization.  

6.2. Dolomite Petrography 

6.2.1. Phase D Dolomite Petrography 

Phase D dolomite is characterized by its rounded grain texture (Figure 6.1), grain 

size ranging from 5 to 25 µm, abundant aqueous fluid inclusions that are monophase 

(liquid only), cloudy in plain polarized light, light brown color in plane polarized light and 

dark grey colour in SEM backscattered images. Cleavage within these grains is usually  
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Figure 6.1: Photomicrograph illustrating the three phases of dolomite found within the Bakken Fm. 

Phase D dolomite is non-ferroan and is characterized by a rounded, cloudy, inclusion-rich core and is 

overgrown by younger dolomite phases. Phase 1 dolomite is characterized by fewer inclusions 

relative to phase D and euhedral form. Phase 2 dolomite is characterized relatively inclusion-free 

appearance and euhedral form. Also shown are pyrite (PY), quartz (Qtz) and iron oxides (Fe2O3). 

Sample location is 101/08-24-13-11w2/0, depth is 1278.58 m. 
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poorly developed and the grains are non-ferroan in composition, as determined through 

carbonate stain (Figure 6.1). Some of Phase D dolomite grains are found at the center of 

larger dolomite rhombs in which Phase 1 and Phase 2 dolomite have locally overgrown 

phase D grains (Figure 6.1, 6.2). As well, these grains are found sporadically throughout 

larger dolomite aggregates that contain both Phase 1 and Phase 2 dolomites; and also as 

singular distinct grains. In some cases, overgrowths or inclusions of pyrite, (Figure 6.2) 

and a green fine grained mineral (illite?) are observed within the dolomite grains. In 

most thin sections, Phase D dolomite is present in very low quantities; visual estimations 

indicate this phase comprises less than 1% of the rock volume. However, slightly higher 

proportions of Phase D dolomite, up to 2% are documented in the 101/08-24-13-11W2 

well (based upon visual estimation). Phase D dolomite is found sporadically distributed 

throughout F.A.6., F.A.4., F.A.3., and F.A.2., while no evidence of phase D dolomite was 

found in F.A.5. 

6.2.2. Phase 1 Dolomite Petrography 

Phase 1 dolomite is non-ferroan and occurs as non-planar (Figure 6.3, A) to 

planar crystals (Warren, 2000) (Figure 6.1, 6.2 (B)) with size that ranges from 

approximately 10-30 µm (which are typically sub-hedral) and 50-75µm (which are 

usually euhedral). These crystals are found as discrete crystals, as cores in the center of 

larger dolomite aggregates, and as the cores of dolomite crystals that are overgrown by 

Phase 2 dolomite (Figure 6.1, 6.2 (B), 6.3 (B), 6.4). Within the aggregates and the cores 

of larger overgrowth rhombs, Phase 1 dolomite can show planar-e (euhedral) to planar-s  
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Figure 6.2: (A) Photomicrograph showing pervasive replacement of early formed calcite (red mineral) by 

Phase 1 dolomite. Sample location is 101/06-26-10-02w2, depth 1262.35m. Phase D dolomite is observed to 

have pyrite cement (black inclusion), rounded texture and is overgrown by Phase 2 dolomite. Phase 1 

dolomite is planer-e in form, inclusion rich and is overgrown by Phase 2 dolomite (B), sample location 

191/04-16-01-08w2, 2204.45m. 
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Figure 6.3:(A) Scanning electron photomicrograph of Phase 1 dolomite that is found as both euhedral 

rhombs (Phase 1e), and as anhedral grains (Phase 1a). These phases are overgrown by lighter colored (in 

back scattered SEM images) Phase 2 dolomite (Phase 2). Sample location is 111/04-08-11-07w2 depth 

1408.22m. (B) Phase 2 dolomite in this case is a pore filling euhedral cement. As observed in back scattered 

electron images, variations in color can be observed. This is in relation to changes in magnesium and iron 

composition (as confirmed through EDS spectroscopy) Sample location 101/08-24-13-11w2, depth is 

1278.58m. 
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grain morphology (subhedral to anhedral) (Sibley and Gregg, 1987; Warren, 2000 (Figure 

6.3 (A)). This phase of dolomite contains abundant monophase aqueous fluid inclusions, 

which are commonly orientated along growth zones within the crystals. Under cross 

polarized light microscopy, Phase 1 dolomite has a light brown color, exhibits a much 

cloudier appearance as compared to Phase 2 dolomite (Figure 6.2). When viewed using 

SEM back scattered electron imaging, the grains have a dark grey colour as compared to 

a light grey to white colour as for Phase 2 dolomite (Figure 6.3). Fluorescence of this 

phase of dolomite ranges between dull red to a vibrant bright red (Figure 6.4, A and B). 

Phase 1 dolomite is found within all facies observed within the Bakken Formation. It is 

most prominent in F.A.6., and F.A.4. Facies association 5 was the only facies that was 

observed that locally did not contain significant proportions of this phase of dolomite. 

Determining the proportion of dolomite that is Phase 1 is difficult, as in most cases it 

requires the use of SEM microscopy or cathodoluminescence in order to differentiate 

between itself and Phase 2 dolomite.  

6.2.3. Phase 2 Dolomite Petrography 

Phase 2 dolomite is found as a pore filling cement and as overgrowth cement 

that forms laminae over Phase D and Phase 1 dolomite (Figures 6.1, 6.2 (B), 6.3 (A) and 

6.4). This phase of dolomite can be found as large (locally greater than 50µm), planar-e 

to planar-s rhombs that infill open pore space (Figure 6.3, B), non-planar crystal 

aggregates, non-planar pore filling cements and planer overgrowths of previous 

generations of dolomite (Figures 6.1, 6.3 (A)). These planar and non-planar overgrowths 

have variable thickness, show relatively good cleavage, and compositional zoning (sector  
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Figure 6.4: In both photomicrographs, Phase 1 dolomite is noted by its dull red fluorescence as observed 

using cold-cathode luminescence. Phase 2 dolomite, has an extremely faint to null fluorescence, though, 

on occasion a thin very bright red band on the grain edge of Phase 2 dolomite has been observed. 

Sample Location is 111/04-08-11-07w2, depth 1409.07m (Top) and 141/15-31-03-11w2, depth 

1972.65m (Bottom). 
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zoning) under SEM back scattered electron imaging (Figure 6.3(B)). Phase 2 dolomite 

contains bi-phase fluid inclusions (liquid and vapor). Oil and gas inclusions were not 

observed in Phase 2 dolomite. Under cathodoluminescence petrography, Phase 2 

dolomite is generally non fluorescent. In some cases, it can have a very thin (<5µm), 

bright red lamina on the grain boundary. Phase 2 dolomite was observed in all thin 

sections in this study and is the most significant diagenetic feature observed. 

6.3. Phase 1 and Phase 2 Dolomite Carbon and Oxygen Isotope Results 

Isotopic compositions were analyzed directly from samples cut from 

petrographic thin sections using a Cameca IMS1280 Ion Microprobe. Due to the fine 

grain size of dolomite within the Bakken Fm., conventional powdered samples would 

not allow separate geochemical measurements of each phase of dolomite. A total 7 thin 

sections were cut from 6 well cores; cores were selected in areas of the section where 

dolomite grain size was largest. Individual analysis locations (diameter of the ion beam 

and conversely the sample size) on the mount as described in Chapter 3 were 10µm for 

δ13C measurements and 5µm for δ18O measurements (Figure 6.5). From the 7 samples a 

total of 75 analysis points were measured for δ18O isotopic ratio, and a total of 42 

analysis points for δ13C. Carbon was sampled at a lower density due to the larger ion 

beam size and relative challenge in aligning the ion beam such that no contamination 

(i.e. fluid inclusions, and other cements) with the analysis points would occur. Oxygen 

and carbon isotopic compositions of Phase 1 and Phase 2 dolomite are reported in per 

mil relative to the PDB (Pee Dee Belemnite) standard. Analytical precision for δ18O and 

δ13C is .02‰ for both isotopic ratios.
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Figure 6.5: (A): The large sample “pits” in Phase 2 dolomite are δ13C analysis locations, the smaller 

pits are δ18O. (B) Phase 1 dolomite δ18O sample locations can be seen where the euhedral darker 

Phase 1 dolomite core can be seen with the analysis point clearly within the phase boundary. (C) 

Phase 1 dolomite δ13C analysis locations. (D) Location of a Phase 1 dolomite core in which no 

sample could be obtained due to inclusions, and poorly defined grain boundaries. Sample location 

101/08-24-13-11w2, depth is 1278.58m. 
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The average δ18O values associated with the 7 well and sample locations for Phase 1 

dolomite from the Bakken vary from -4.90 to -3.84‰ with an average of -4.53‰ (VPDB). 

The number of analysis locations for this data is 41 (n=41). The average δ13C values 

associated with the 7 well and sample locations for Phase 1 dolomite from the Bakken 

vary from 0.05 to 1.92‰ with an average of 0.47‰ (VPDB). The number of analysis 

locations for this data is 27 (n=27). A summary of the data is found in Table 6.6, a 

complete data set is found in Appendix B. 

The average δ18O values associated with the 7 well and 35 sample locations for 

Phase 2 dolomite from the Bakken vary from -4.01 to -2.32‰ with an average of              

-3.09‰ (VPDB). The average δ13C values associated with the 7 well and 15 sample 

locations for Phase 2 dolomite from the Bakken vary from -1.84 to 1.46‰ with an 

average of -0.24‰ (VPDB). The summary for Phase 2 dolomite is also contained in Table 

6.6 and Appendix B. 

6.4. Phase 1 and Phase 2 Dolomite Major Element Analysis 

Elemental compositions were analyzed directly from “cores” and mount that was 

created for isotopic ratio analysis using Jeol 8700 Super Probe. Due to the fine grain size 

of dolomite within the Bakken, conventional powdered samples would not allow 

separate geochemical measurements of each phase. A total 7 thin sections were cut 

from 6 cores; thin section “cores” was selected in areas of the section where dolomite 

grain size was largest. Individual analysis locations on the mount as described in Chapter  
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Table 6.6: Summary of the δ18O and δ13C isotopic analysis showing the average for each well 

sample location, standard deviation for the average, and the number of samples associated with 

each sample location.  
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3, were analyzed using a 5µm beam size. From the 7 samples a total of 129 analysis 

points were measured for the weight percent of: Ca, Mg, Fe, Mn, and Sr. These values 

are reported as oxides and a summary table is found in Table 6.7, cross plots for CaO (wt 

%) vs MgO (wt %) for Phase 1 and Phase 2 dolomite, as well as FeO+MnO (Wt %) vs MgO 

(Wt %) are found in Figure 6.8, and a full data summary is found in Appendix C. 

Phase 1 dolomite analysis revealed: CaO values that ranged between 30.50-

31.38 wt% with an average of 30.85 wt%, MgO values ranged between 20.73-21.41 wt% 

with an average of 21.16 wt%, FeO values ranged between 0.05-0.36 wt% with an 

average of 0.22 wt%, MnO values ranged between 0.05-0.14 wt% with an average of 

0.10 wt%, SrO values range from 0.01-0.03 wt% with an average of 0.02 wt%. 

Phase 2 dolomite analysis revealed: CaO values that ranged between 31.13-33.13wt% 

with an average of 32.48 wt%, MgO values ranged between 17.81-20.52 wt% with an 

average of 18.82 Wt%, FeO values ranged between 0.67-2.04 wt% with an average of 

1.10 Wt%, MnO values ranged between 0.09-0.17 Wt% with an average of 0.15 Wt%, 

SrO values range from 0.01-0.04 Wt% with an average of 0.02 wt% (Table 6.7). 

6.5. Phase 1 and Phase 2 Dolomite Fluid Inclusion Results 

Fluid inclusions were observed within both Phase 1 and Phase 2 dolomite. Phase 

1 dolomite was only observed to have single phase fluid inclusions. Alternatively many 

bi-phase (liquid + vapour) aqueous fluid inclusions are present in phase 2 dolomite 

(Figure 6.9). All observed fluid inclusions in both phases were non-fluorescent. Most of 

these inclusions are too small to yield precise homogenization temperatures. Some fluid  
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Table 6.7: Summary of elemental composition of Phase 1 and Phase 2 dolomite, showing sample 

location, depth, oxide, weight percentage and the number of samples associated with the average.  
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A 

B 

Figure 6.8: (A) Cross plot of CaO (Wt%) vs. MgO (Wt%) for Phase 1 dolomite and Phase 2 

dolomite. (B) Cross plot of MnO+FeO (Wt%) vs. MgO (Wt%) for Phase 1 dolomite and 

Phase 2 dolomite.  
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Figure 6.9: Photomicrographs showing fluid inclusions found in different phases of dolomite. A) Bi-

phase fluid inclusion (circled) in phase 2 dolomite versus mono-phase inclusions in phase 1 dolomite; 

B) Bi-phase fluid inclusion in phase 2 dolomite versus densely populated inclusions (cloudy) in phase 

1 dolomite; note fluid inclusions in phase 1 dolomite are too small to be discernible at the scale of 

this photomicrograph. Sample location is 101/08-24-13-11W2/0, 1278.58m. 
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inclusions have abnormally large vapour bubbles (e.g. Figure 6.9a), possibly due to post-

entrapment stretching, or due to heating during the making of the thin section and, 

therefore, the homogenization temperatures of these inclusions are not reliable. Four 

isolated fluid inclusions were measured for homogenization temperatures in Phase 2 

dolomite, these inclusions yielded values of 74 oC, 76 oC (from well 101/08-24-013-

11w2, 1278.58m) (Figure 6.8b), and 110 oC and 114 oC (from well 111/04-08-11-07w2, 

1408.22m). These homogenization temperatures are reproducible using the cycling 

technique. However, no reproducible ice-melting temperatures have been obtained 

from these inclusions, due to the small size and low visibility of the inclusions in freezing 

runs. 

The validity of these homogenization temperatures cannot be verified because 

fluid inclusions belonging to the same fluid inclusion assemblage were not obtained 

(Goldstein, 2001).  

6.6. Oxygen and Carbon Isotopic Signature of Late Devonian Seawater 

In order to evaluate the mechanisms of dolomitization, it is important to first 

establish or estimate the composition of Late Devonian sea water. Ideally inorganically 

precipitated aragonite/high-Mg calcite marine cements or unaltered brachiopod shell 

can be used to calculate seawater composition as their precipitation is almost in isotopic 

equilibrium with seawater (Gonzalez and Lohmann, 1985). Unfortunately, the Bakken 

Fm. contains sparse amounts of these minerals (if any) and it was not possible to sample 

or study these features as part of this thesis. As such, comparison to literature data is 

required to estimate the values of Late Devonian seawater.  
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Figure 6.10: Phanerozoic variation in δ18O of the trend for marine calcite. The dark shaded area includes 

68% (±1σ for a Gaussian distribution) and the light shaded areas correspond to 95% (±2σ) for all data, from 

Veizer et al., 1999.  
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The oxygen isotopic composition of marine carbonate cements exhibits a secular 

variation throughout the Phanerozoic (Figure 6.10) (Veizer et al., 1999; Prokoph et al, 

.2008). There is some debate as to the cause of this variation in these isotopic ratios  

 (Veizer et al., 1999), which can be attributed to the variation in glaciation, differing 

ocean composition, temperature variation and salinity stratification (Veizer et al, .1999). 

The interpretation of isotopic data measured from dolomite requires an estimation of 

isotopic composition of Late Devonian seawater. van Geldern et al. (2006) proposed 

that marine calcite derived from Late Devonian sea-water would have δ18O values 

between -6.1 and -4.3 ‰ (VPDB). Assuming a 2.0 to 2.5 ‰ enrichment of δ18O in 

dolomite relative to calcite (Land, 1990), the expected δ18O values for dolomite derived 

from late Devonian sea water would be between -4.1 to -1.8‰ (VPDB). Using equations 

1 (Zheng, 1999) and 2 (Friedman and O’Neil, 1977), and assuming a temperature of 

25°C, the expected δ 18O isotopic composition of late Devonian sea water is between      

-7.1 and -5.3 ‰ (VSMOW). The values for late Devonian sea water are interpreted as 

being unreliable due to a general secular increase in δ 18O throughout the Phanerozoic 

(Land, 1999). If one were to assume a temperature of 50°C, the expected δ18O isotopic 

composition of Late Devonian sea-water is between -1.6 and 0.2‰ (VSMOW), which is 

also interpreted as being unrealistic as temperatures this high would be lethal to marine 

organisms (Frakes et al,.1994; van Geldern et al,.2006). There is considerable range in 

the values for Late Devonian seawater based upon temperature and assumptions. This 

is complicated in that the sample set contains shell fragments taken from varying 

latitudes which correspond to temperature variation that cannot be accounted for. 
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There is debate within the literature as to the composition of Late Devonian seawater 

and values have ranged between -1‰ VSMOW (Shackleton and Kennett, 1975), -2‰ 

VSMOW (Wallmann, 2001) to -2.4‰ VSMOW (van Geldern, 2006) which is using a 

realistic paleotemperature of 33°C. This -2.4‰ VSMOW value and a paleotemperature 

of 33°C is taken as being the most realistic estimate of Late Devonian δ 18O seawater 

composition and paleotemperature estimation.  

 
 
 

             (1) 

Where: 

D=4.060, E=-4.65, F=1.71 and T= assumed temperature (°C) for dolomite, and 

D=4.010, E=-4.66, F=1.71 and T = assumed temperature (°C) for calcite, and 

 

              (2) 

 The carbon isotopic composition of seawater also undergoes secular variations 

through time (Veizer et al, .1999) (Figure 6.11). These variations are related to processes 

that include changes in the distribution of organic carbon through burial or exposure, 

crustal evolution and changes in meteoric water drainage off of the continents (Veizer, 

1983). Marine calcite is precipitated in isotopic equilibrium (or near) with the 

precipitated fluid (Veizer et al, .1999). So values of coeval marine calcite can be used to  
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Figure 6.11: Variation of δ13C for Bochum/Ottawa and literature data for LMC shells. The dark shaded 

area includes 68% (±1σ for a Gaussian distribution) and the light shaded areas correspond to 95% 

(±2σ) for all data, from Veizer et al., 1999.  
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estimate the δ13C values for Late Devonian seawater. van Geldern et al. (2006) propose 

δ13C values for Late Devonian between 0 and 3 ‰ (VPDB). 

6.7. Formation of Phase 1 Dolomite 

Phase 1 dolomite is interpreted to have formed by the dolomitization of fine 

grained carbonate in the marine diagenetic setting by penecontemporaneous seawater 

or chemically modified seawater. It subsequently underwent recrystallization in the 

shallow to deep burial diagenetic settings. This interpretation is constrained from both 

petrographic and geochemical evidence, as discussed below. 

Phase 1 dolomite is commonly found replacing what is interpreted to be a fine 

grained calcite matrix within the Bakken Fm. (Figure 6.2). This texture is associated with 

a diagenetic alteration occurring at some time after deposition through to the shallow 

burial realm (Gregg and Sibley, 1984; Rott, 2007). Dolomitization does not appear to 

have affected the larger carbonate clasts and or allochems (Figure 4.17). Dolomitization 

as observed preferentially replaces matrix instead to the larger grains or bioclasts. This 

can be related to higher surface area of the matrix as compared to sediments that are 

relatively coarser. Fine grained matrix has an abundance of nucleation sites versus 

coarser sediments and a preferred mineralogy for dolomitization of aragonite, high 

magnesium calcite and other less stable carbonate phases (Sibley et al, .1987; Machel, 

2004). This leads to preferential dolomitization of matrix versus larger carbonate grains. 

Phase 1 dolomite is found as planar-e to planar-s grains that range in size from 

10-75µm. Sibley and Gregg, 1987 interpret fine grained planar-s grains as being formed 
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at temperatures below 50°C. Phase 1 dolomite also displays a dull red fluorescence 

(Figure 6.4) which can be indicative of early formed dolomite (Machel, 1985). 

Phase 1 dolomite predates Phase 2 dolomite as the latter is clearly seen 

overgrowing Phase 1 grains (Figure 6.3). Phase 1 also is not found lining the walls of 

vuggs or large pores. Phase 1 dolomite as a result is also shown to predate significant 

dissolution within the sediments, and Phase 1 dolomite shows dissolution along grain 

boundaries. The planar-s grains are commonly smaller than the larger planar-e rhombs 

(Figure 6.3). These larger more euhedral rhombs are interpreted as being a result of 

recrystallization of the finer planar-s rhombs (Machel, 1997).  

 In this study, geochemical methods used to evaluate dolomite include oxygen 

and carbon isotopes, elemental composition and fluid inclusion microthermomentry. 

These features can be used to interpret the fluids and mechanisms responsible for the 

formation of dolomite and aid in interpreting degree, if any, of recrystallization.  

 Within Phase 1 dolomite, a significant number of monophase (liquid only) fluid 

inclusions were observed at room temperature. Similar observations have been made 

by Karasinski (2006) in which many aqueous fluid inclusions were observed in Phase 1 

dolomite (non-ferroan Phase 1 dolomite in the referenced study). Some fluid inclusions 

do not contain an equilibrium assemblage of phases because of problems of nucleation 

that can be related to the nucleation of daughter minerals, or alternatively with 

nucleation of a bubble in a liquid filled inclusion (Goldstein, 2001). It is possible that a 

single phase fluid inclusion could have precipitated at or below room temperature and 

as such would not have a bubble (Goldstein, 2001). This is not a likely scenario with 
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respect to dolomite, especially the volume of dolomite that is observed in the Bakken 

Formation. Due to the kinetics of dolomitization, the processes of dolomitization is 

favored with increasing temperature.  The kinetic inhibitors that prohibit the nucleation 

rate and growth rate of dolomite become increasingly potent with decreasing 

temperatures below 50°C (Machel, 2004). If a fluid inclusion is formed at temperatures 

above room temperature, the nucleation of a bubble would also be governed by the size 

of the inclusion; the size of the inclusion is also important as the smaller the inclusion 

the more difficult it is to reach equilibrium and generate a bubble (Goldstein, 2001). 

Fluid inclusions as observed within the Bakken Fm. are small, and in Phase 1 dolomite 

many are smaller than 3µm. The temperature at which entrapment occurs also plays a 

significant role in the nucleation of a bubble, with the higher the temperature of 

entrapment, the higher the chance of nucleation of a bubble (Goldstein, 2001). 

Composition of the fluids within the inclusion is also important (Goldstein, 2001), but 

the composition of the inclusions in these samples were not established. For very small 

inclusions in which the density (temperature) should yield a homogenization value of up 

to 100°C, bubbles may still not nucleate (Goldstein, 2001). However, multiple studies of 

mixed density fluid inclusions have indicated that the lower cut off for homogenization 

temperature at which a bubble will nucleate will be between 40°C and 60°C (Goldstein, 

2001). Based upon these facts and barring the effects of necking, it can be suggested 

that monophase fluid inclusions are representative of entrapment at or below 50°C 

(Goldstein, 2001). Due to the kinetic factors and morphological factors as described 
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above, it is interpreted that the entrapment temperatures are at or near 50°C with 

respect to Phase 1 dolomite.  

Ideal, ordered dolomite is composed of alternating layers of Ca2+-CO3
2- - Mg2+-

CO3
2- , in which the layers are orientated perpendicular to the c-axis of the crystal. The 

overall formula is CaMg (CO3)2 (Warren, 2000; Machel, 2004). As a direct comparison, 

stoichiometric dolomite would have the following formula as presented in oxide form: 

CaO of 30.4%, MgO of 21.7% and CO2 47.9%. Phase 1 dolomite is enriched by .45% with 

respect to CaO and is depleted by .54 with respect to MgO. Substitution of Fe and Mn is 

in relatively low quantities and it is interpreted that Phase 1 dolomite is near 

stoichiometric in composition.   

Dolomite forms initially as unstable or metastable precursors that can include  

very-high magnesium calcite that is characterised by having approximant 36 mole % Mg. 

This metastable precursor recrystallizes to then form non-stoichiometric calcium 

enriched dolomite and finally stoichiometric dolomite. With respect to the preceding 

series of reactions, the time frame between each reaction can be very quick (hours to 

days in laboratory setting) (Warren, 2000; Machel, 2004). The overall series of reactions 

can take a significant amount of time. This is a potential reason as to why metastable 

precursors to dolomite are common in the Holocene while uncommon in Cenozoic or 

older rocks (Machel, 2004). Under phreatic conditions, Fe2+ and Mn2+ are found as 

reduced species, which if Eh is low enough, can be incorporated into the crystal 

structure of dolomite. The progression that would be anticipated with increasing burial 

would be from dolomite that is devoid of Fe2+ and Mn2+ (stoichiometric dolomite), to a 
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Mn2+ enriched phase and finally if the EH was sufficiently low, ferroan dolomite would 

be created (Machel and Burton, 1991). The low weight amounts of both Fe and Mn are 

indicative of fluids that do not have sufficiently low Eh potential to reduce these species 

so that they can be incorporated into the dolomite structure. An environment such as 

this that would be characterized by an oxidized elemental composition would be 

equivalent to the “near-surface to shallow burial” setting as proposed by Machel, 1997, 

1999. An alternative interpretation to the fluids not having sufficiently low Eh to reduce 

Fe and Mn, is that Phase 1 dolomite has undergone significant recrystallization for 

earlier formed Phase 1 dolomite (sensu Machel, 1997). The elemental composition of 

dolomite can be reset and or altered during the recrystallization phase (Land, 1980; 

Machel, 1997). As the grain morphology for phase 1 dolomite shows two size 

distributions that potentially indicate recrystallization (Machel, 1997), the potential for 

elemental alteration as a result of recrystallization cannot be discredited.  

 A total of 27 analysis points in 6 samples were analyzed with respect to δ13C 

(Figure 6.6). A summary of these values is found in Figure 6.5, and a cross plot of δ13C 

and δ18O is found in Figure 6.12. As no δ13C samples were analysed for the 101/08-24-

13-11w2 well, the associated δ13C value for the corresponding δ18O from that well as 

presented in the cross plot is an average of the other 6 sample locations δ13C values. 

Overall, the δ13C values observed in Phase 1 dolomite show a very narrow grouping 

between -0.31 to +1.92. These values, on average, fall within the field of dolomite 

precipitated in equilibrium with late Devonian seawater, Figure 6.12, (van Geldern et al, 

.2006). As such, it can be interpreted that the fluids involved in the formation with this  
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Figure 6.12: Cross-plot of δ18O versus δ13C based upon the data in Figure 6.5. Late Devonian marine 

calcite from van Geldern et al,.2006, and estimate of dolomite formed from coeval fluids based upon 

the discussion of Land, 1990.  
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phase of dolomite are in fact late Devonian seawater or fluids that have a similar δ13C 

profile.  

 A total of 41 analysis points in 7 samples were analyzed with respect to δ18O 

(Figure 6.5). The average δ18O for Phase 1 dolomite is -4.53 ‰ (VPDB). This value is 

approximately 1.5‰ (VPDB) lower than the anticipated lower limit for dolomite derived 

from fluid in equilibrium with late Devonian seawater (Figure 6.12) based upon the 

discussion as presented in van Geldern et al, .2006. If the assumptions are true as  

discussed in section 6.6., assuming that paleotemperature was indeed 33°C, average 

δ18O of Phase 1 Dolomite of -4.53 ‰ (VPDB) and using equations 1 and 2. The isotopic 

composition of the fluids that created Phase 1 dolomite would have a δ18O of -4.20 

‰VSMOW. This corresponds to a relative depletion of 1.8 ‰ VSMOW as compared to  

the estimated late Devonian seawater concentration as proposed by van Geldern et al, 

.2006. 

 Three situations exist where dolomite with a depleted δ18O signature would be 

created. The first involves dolomitization associated with hydrothermal fluids, the 

second and third cases both first require a penecontemporaneous dolomitization event 

or shallow burial dolomitization event followed by an influx of meteoric water or 

recrystallization of an earlier formed dolomite.  

 The first process, hydrothermal dolomitization has in cases produced depleted 

δ18O. These types of dolomite, or burial dolomites in general can be characterized by 

three petrographic textures: dolomites that are cross cut by stylolites, the development 

of non-planar textures (which is assumed to have formation at temperatures greater 
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than 60 °C), and saddle dolomite (which is interpreted to have temperature of 

formation at greater than 80°C (Machel, 2004). None of these features are observed in 

Phase 1 dolomite. As well, hydrothermal dolomite or burial dolomite in general would 

be expected to have a reducing chemistry and fluid inclusion homogenization 

temperatures that are higher than what is observed in Phase 1 dolomite. Thus, 

hydrothermal dolomitization is not the likely cause of the observed depleted δ18O values 

in Phase 1 dolomite.  

 Phase 1 dolomite was observed in all wells in which thin sections were available 

in this study, as well; similar dolomite is described by Ferdous (2001) and Karasinski 

(2006). As this dolomite covers a substantial area, likely hundreds of townships, a 

substantial hydrological model to create such a dolomite must exist; this will be 

discussed in the next section. However, penecontemporaneous dolomitization to 

shallow burial dolomitization does create the crystal textures, mineralogy and fluid 

inclusion characteristics as described above. Subsequent influx of meteoric or 

chemically modified seawater, post dolomitization has the potential to create dolomite 

that is depleted with respect to δ18O (Machel, 2004; Rott, 2007). Rott, 2007 interpreted 

this as a possibility during exposure of carbonate shoals. Evidence for exposure in that 

study included laminated crusts, oxidation horizons and fenestral porosity. 

Unfortunately, these features as well as other evidence for sub-aerial exposure are 

exceedingly rare within the Bakken Fm. Facies association 5 represents the shallowest 

water depositional facies group, perhaps a few meters of accommodation space, 

unfortunately, its distribution is limited to the southwest of the study area and 
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preservation is rare, which is possibly due to erosion, but it was certainly not present 

over the entire study area from the time of deposition. As such, subaerial exposure and 

influence of meteoric water likely cannot explain the extensive distribution of Phase 1 

dolomite with the aforementioned δ18O values.  

 The final plausible mechanism involves a first, initial dolomitization phase as with 

the previous scenario. Recrystallization of previously formed dolomite is a mechanism 

that has the ability to negatively shift the δ18O isotopic ratio of dolomite (Land, 1985; 

Banner et al, .1988; Moore, 2001; Allan and Wiggins, 1993; Rott, 2007). The 

interpretation of recrystallization as a mechanism is supported by the two following 

features as observed in Phase 1 dolomite: the variable change of 10-20µm planar-s 

dolomite to 20-70µm planar-e dolomite as observed in Figure 6.3, and the near 

stoichiometric composition of Phase 1 dolomite as discussed previously in this section. 

6.8. Model of dolomitization and diagenetic alteration of Phase 1 Dolomite 

 
 The processes that initially formed dolomite within the Bakken Fm must satisfy a 

certain set of criteria: the process must be reasonable for the large geographic area that 

Phase 1 dolomite is found, it occurs in the penecontemporaneous to shallow burial 

settings (based upon textural considerations), it produces dolomite with an oxidized 

elemental composition ( Mn2+ or Fe2+, based upon e.p.m.a. data), low temperature of 

formation (based upon fluid inclusion assumptions), and geologically reasonable 

considering a lack of early formed sulphate minerals. Dolomitization likely occurred in 

the marine realm by seawater or chemically modified seawater prior to the lithification 
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(or deposition) of F.A.1. Once deposited and lithified, F.A.1. would have acted as a 

vertical permeability barrier. If this assumption is correct, fluid would have been able to 

travel from the basin margins, between F.A.1., and F.A.7., through to the basin center 

and would variably dolomitize the sediment. As such, it interpreted that dolomitization 

occurred pre-deposition of F.A.1. Seawater or penasaline seawater is the fluid likely 

responsible for the formation of Phase 1 dolomite. During periods of restriction, such as 

the late Devonian (Trabucho-Alexandre et al, .2012), and low accommodation space (as 

discussed in Chapter 4), combined with slight evaporation, fluids with densities higher 

than comparable seawater and appropriate Mg/Ca ratios can be created. Due to its 

increased density, this penasaline fluid could penetrate the recently deposited Bakken 

sediments, displace fluids and dolomitize previously deposited carbonate. This 

mechanism can produce dolomite even if the fluids are not evaporated to the point of 

gypsum saturation (Rott, 2007). Examples of this mechanism within the Williston Basin 

include the dolomitization of the Midale and Ratcliffe beds as proposed by Harvey et al, 

.2004; and initial dolomitization of the Alida Beds as proposed by Rott, 2007. Reflux of 

penesaline seawater through shallow carbonate successions driven by brine density or 

sea-level fluctuations has also been documented by Sun, 1994; Bosence et al, .2001; 

Qing et al., 2001; and Vandeginste et al., 2006.  

 The petrographic (multiple grain sizes and morphologies) and geochemical data 

indicate that recrystallization of Phase 1 dolomite has occurred. Recrystallization of 

dolomite can affect one or all of the geochemical and textural properties associated 

with any given phase of dolomite (Machel, 1997; 2004). In order to define the degree of 
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recrystallization, establishment of a comparable “pristine”, unaltered standard must be 

undertaken (Machel, 2004). Unfortunately, no clear unaltered examples exist in the 

study or were observed in the literature. As such, the degree of recrystallization, ie. 

insignificant vs significant recrystallization (Machel, 1997; 2004) cannot be established. 

It is interpreted that some degree of recrystallization began in the shallow burial realm, 

sensu Machel (2004) and continued throughout the burial and uplift history of the 

Bakken Fm. As a pristine un-recrystallized example is not found, the possibility of 

meteoric fluids resetting the isotopic signature of Phase 1 dolomite or the possibility of 

a mixed fluid dolomitization model such as meteoric reflux cannot be totally discredited.  

6.9. Formation of Phase 2 Dolomite 

 
Phase 2 dolomite is interpreted as being burial cement. The origin of the fluids is 

likely related to dissolution of underlying or overlying evaporite sediments that are 

enriched in δ18O, or alternatively, the depleted δ18O values could be related to burial 

recrystallization. These fluids under burial and with sufficient Mg and Ca saturation were 

able to cement open pore space, overgrow previous generations and alter siliciclastic 

phases within the Bakken Fm.  

Phase 2 dolomite is commonly found as a planar, pore-filling cement (Figure: 

4.15, 4.36, 5.12, 6.3, 6.4), as well as a planar and non-planar cement and overgrowth 

phase (Figure: 4.7, 4.19, 5.5, 5.8, 6.1, 6.2, 6.3, 6.4, 6.9). It is texturally unique in that it is 

most often relatively clear in plain light as opposed to the cloudy texture of Phase 1 
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dolomite. As it is found as an overgrowth and a planar-e pore crystal or found lining the 

walls of macro pores, it is interpreted as burial cement (Figure 6.4).  

Phase 2 dolomite is found as large, planar-e rhombohedra that range in size from 

30-150µm in size, and non-planar aggregates. The larger grain size relative to Phase 1 

dolomite is indicative of burial cement (Gregg and Sibley, 1984; Machel, 2005, Rott, 

2007). As it is found within large solution created macro pores and vuggs, it is 

interpreted as being a post dissolution feature which indicates a burial realm of 

formation (Figure 6.3 and 6.4). Phase 2 dolomite is found as a planar overgrowth over 

Phase 1 dolomite, as such; it clearly postdates Phase 1 dolomite (Figure 6.1 and 6.2). 

Sector zoning of Phase 2 dolomite can be observed under backscattered electron 

imaging (Figure 6.3), this zoning is related to changes in the volumetric proportion of 

Mn2+ and Fe2+ as determined using energy dispersive spectroscopy and electron 

microprobe analysis. The formation of non-planar and coarse planar textures is common 

in temperatures in excess of 60°C (Machel, 2004). 

Phase 2 dolomite has a very slight to negligible cathodoluminescence as 

compared to the dull red cathodoluminescence of Phase 1 dolomite. This lack of 

cathodoluminescence is a result of enrichment in Fe2+ which is a “quencher”; this 

elemental enrichment likely plays a role in the lack of fluorescence in this phase (Figure 

6.4) (Machel and Burton, 1991). The presence of iron in dolomite is indicative of a 

reducing environment which is associated with burial diagenetic settings (Allan and 

Wiggins, 1993; Machel, 2004).  
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 Within Phase 2 dolomite, a limited number of bi-phase (liquid and vapor) fluid 

inclusions were observed at room temperature. The temperatures measured for 4 

discrete fluid inclusions ranged between 74°C and 114°C (Section 6.5). The 

temperatures of 110 oC and 114 oC are interpreted to be a result of post depositional 

alteration or alteration during the preparation of the thin section. This is based upon the 

following points: within select samples, fluid inclusions were observed in close proximity 

to each other in which there was significant variance in liquid to vapor ratio. This is 

interpreted to be a result of heating during the cutting of the thin section or leaking 

insitu. Temperatures greater than 80°C can be expected to generate saddle dolomite 

(sensu Machel, 2004), but no curved crystal boundaries, or sweeping extinction features 

were observed in thin section, thus the morphology of Phase 2 dolomite is not 

interpreted to be “saddle” dolomite. Secondly, F.A.1. and F.A.7. can be used as proxy 

indicators for the temperatures at which the Bakken has been subjected to. The upper 

and lower shales of the Bakken contain abundant organic matter and are source rocks 

(Osadetz et al, .2002; Kreis et al, .2006). The temperature at which kerogen begins to 

undergo decomposition to form hydrocarbons occurs once temperatures of 80-90°C, are 

incurred (Bjørlykke, 2010). The upper and lower shales (F.A.1. and F.A.7.) have been 

found to be “immature” in the study area (Osadetz et al,.2002), as such; it is unlikely 

that the Bakken had been buried to sufficient temperature to generate fluids that would 

be warm enough to create fluid inclusions with temperatures of 110 oC and 114 oC. 

Finally, high temperature fluids which can create these relatively high fluid inclusion 

homogenization temperatures could be related to faulting, channelized fluid flow or 
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igneous intrusions. This is also unlikely as dolomite created by fluids related to these 

features would likely have a limited aerial extent and would be expected to be proximal 

to the faults or intrusions (Machel, 2004), as well, no indications of significant faults or 

intrusions were observed in any of the maps created in this study or were noted in the 

literature review.  

 The observed fluid inclusion homogenization temperatures of 74 oC and 76 oC are 

interpreted as reasonable given the texture of Phase 2 dolomite and temperature 

considerations as described above.  

 Analysis of 7 sample locations was undertaken as part of this study. These are 

the same samples that were analyzed using the SIMS technique as part of the isotopic 

analysis. From these 7 sample locations, a total of 44 electron microprobe analyses were 

performed with the results found in figure 6.6. Relative to stoichiometric dolomite, 

Phase 2 dolomite shows an enrichment of CaO of 2.48%, MgO shows a depletion of 

2.88% and there is 1.10% FeO and 0.15% MnO (based on averages found in Figure 6.6). 

The presence of Fe2+ and Mn2+ incorporated into the lattice of the dolomite is an 

indication of dolomite cementation under an intermediate to deep burial setting (Land, 

1985; Machel and Burton, 1991; Machel, 2004). The observed sector zoning within 

Phase 2 dolomite (Figure 6.3 and 6.5) show variation in the elemental composition, 

likely due to variation in Eh through the precipitation of the cement.  

 A total of 15 analysis points in 6 of the samples were analysed with respect to 

δ13C (Figure 6.6). A summary of these values is found in Figure 6.6, and a cross plot of 

δ13C and δ18O is found in Figure 6.12. As no δ13C samples were analysed for the sample, 
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141/15-31-003-11w2, 1972.65m, the associated δ13C value for the corresponding δ18O 

as presented in the cross plot is an average of the other 5 sample locations δ13C value. 

Overall, the δ13C values observed in Phase 2 dolomite show slightly more scatter in the 

data as compared to Phase 1 dolomite and Phase 2 dolomite values range between -

1.84‰ and 1.46‰ (VPDB). The values roughly fall in the range of most marine 

carbonate cements (Allan and Wiggins, 1993) and are not indicative of major processes 

that can alter the carbon isotope signature, i.e. methanogenesis or organic matter 

oxidation (Allan and Wiggins, 1993).  

A total of 35 analysis points in 7 samples were analyzed with respect to δ18O 

(Figure 6.5) for Phase 2 dolomite. The average δ18O for Phase 1 dolomite is -3.09 ‰ 

(VPDB). This is an approximate enrichment of δ18O 1.44 ‰ (VPDB) as compared to 

Phase 1 dolomite. As the age of Phase 2 dolomite cannot be constrained as accurately 

as Phase 1 dolomite, a direct comparison to dolomite derived in isotopic equilibrium 

with any given age seawater is not warranted. Using the homogenization temperature 

of the 2 reasonable fluid inclusions 74°C and 76°C, using the average, and equations 1 

and 2 (Zheng, 1999), an average δ18O value of -3.09‰ (VPDB), the δ18O isotopic 

composition of the fluids that created Phase 2 dolomite would be 5.32‰ VSMOW. This 

value represents a significant enrichment in δ18O when compared to any estimated 

seawater composition throughout the Phanerozoic (Veizer et al, .1999; Figure 7.1.). 

Enrichment of 18O in fluids is in most cases associated with evaporative 

concentration (Allan and Wiggins, 1993). In evaporite environment, evaporation 

preferentially removes 16O from the solution which corresponds to enrichment in 18O 
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(Tucker and Wright, 1990). It is postulated that the fluids that precipitated Phase 2 

dolomite had an evaporative origin or were in communication with evaporite 

sequences. Alternatively, the depleted δ18O can be a result of burial recrystallization 

(Machel 1997), which can cause a negative shift in the observed δ18O values (Land, 

1985; Allan & Wiggins, 1993). 

6.10. Model of cementation and diagenetic alteration of Phase 2 Dolomite 

 The observed non-planar and coarse planar textures of Phase 2 dolomite, slightly 

ferroan composition and biphase fluid inclusions (homogenization temperatures greater 

than 50°C), immature source rocks, are all indicative of intermediate burial 

environments in which depth is between 600-1000m (Machel, 2004). The observation of 

the habit of Phase 2 dolomite in that it is found an overgrowth, as well as a pore filing 

and pore lining morphology are indicative of cementation as being its origin.  

 Phase 2 dolomite was observed in essentially every thin section in this study and 

is assumed to be present throughout the entire study area. The significant spatial 

distribution and volume of this phase requires a significant hydrodynamic system in 

which to move water through the formation, combined with large source of Mg2+, as 

well as a source of evaporative fluids need to be identified.  

 There are a few commonly cited sources of Mg2+ in the subsurface, and these 

include: the chemical reworking of spatially adjacent dolomites, Mg2+ that is expelled 

during the montmorillonite to illite transformation, and with the dissolution of Mg2+ rich 

salts that can include carnallite (K2MgCl3·6H2O), polyhalite (K2MgCa2(SO4)4·2H2Oand 

kieserite (MgSO4·H2O) (Warren, 1999). 
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 The chemical reworking of dolomite involves the dissolution and cementation of 

dolomite from formations either above or below the formation of interest, or the 

cannibalization of earlier formed dolomite from within the formation (i.e. Phase 1 

dolomite). Units below that contain abundant dolomite include the Three Forks 

(Karasinski, 2006), Birdbear (Yang and Kent, 2010), Duperow (Cen and Hersi, 2006), 

Winnipegosis (Fu et al, .2005) and Red River formations (Heinemann et al, .2005). 

Dissolution and reworking of dolomite within these formations is probably a source for 

some proportion of dolomite or more specifically Mg2+ for Phase 2 dolomite, however, it 

cannot be established which formation would be the source or how much of the 

dolomite (Phase 2 dolomite) observed originated from this source.  

 In the transformation of smectite and illite, significant amounts of Mg2+ can be 

liberated, in which the liberated magnesium could be incorporated into basinal brines 

(Kahle, 1965; Warren 1999). Facies associations 1 and 7 contain considerable volumes of 

clay minerals and the potential exists that magnesium could be expelled during this 

process. Overall, this model is debated (see discussions by Boles and Franks, 1979; 

Milliken et al., 1981; Land, 1984) as the anticipated volumes of dolomite that are 

created would be small. There is the potential that this transformation contributed 

some magnesium, but certainly not enough to see the volumes of Phase 2 dolomite as 

observed in the Bakken Formation.  

 Finally, the third and likely most significant source of magnesium within the 

Williston basin involves the dissolution of salts (specifically carnallite - K2MgCl3·6H2O), 

specifically from the Devonian Prairie Evaporite Formation. Dissolution of this thick  
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evaporate succession (Figure 6.13) has been identified in multiple studies (Vigrass and 

McTavish, 1987; Kreis et al, .2006; Yang et al, .2009; Yang and Chi, 2013). Carnallite is 

particularly susceptible to dissolution and could be a significant source of both Mg2+, as 

well as H2O that would have an evaporative signature. The water that would be 

liberated through the dissolution of this mineral is likely enriched in 18O as the mineral 

forms in evaporative conditions.  

 There are 4 basic types of hydrodynamic flow models that can explain the 

formation of dolomite in the subsurface: compaction driven flow, thermal convection,  

tectonically driven flow, and topography driven flow (Machel, 2004). A flow regime is 

required that can explain the distribution of Phase 2 dolomite as well as explain the 

presence of Mg2+ in solution. With respect to all models, it is pertinent to first note that 

both FA1, and FA7 are interpreted as aquitards (Bachu and Hitchon, 1996), thus, any 

fluids that can enter or are within the remaining facies associations, can be funnelled 

between these two bounding units.  

 Compaction driven flow occurs where seawater or connate fluids contained 

within the sediments are expelled due to compaction dewatering and are expelled and  

pumped through the adjacent sediments at depths of up to hundreds of meters 

(Machel, 2004). This model is debateable in most circumstances as it would only 

generate small amounts of dolomite due to limited supply of compaction water (Land, 

1985; Machel, 2004). However, if the dolomitized interval is surrounded or 

encapsulated in aquitards, as is the case with the Bakken Fm., compaction can occur 

from deeper within the basin and fluids can travel up dip until escape, these fluids have  
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Figure 6.13: The distribution of the Prairie Evaporite members is outlined in pink. The non-shaded 

areas are intervals where the Prairie Evaporite is absent due to dissolution. The blue dashed area 

represents the approximate geographic area of this study, modified from Yang and Chi, 2013. 
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the potential to supply significant amounts of magnesium (Machel, 2004). This model 

unfortunately does not explain the isotopic signature of the fluids that precipitated 

Phase 2 dolomite, as these fluids are enriched in 18O, and connate fluids contained 

within the Bakken Fm. are not interpreted as being having the appropriate geochemical 

signature, as there is no evidence of significant sulphate minerals within the formation 

or an interpretation of an evaporative depositional environment.  

 Thermal convection flow is a result of spatial temperature variation in pore fluids 

that result in density variation in those fluids and ultimately generation of hydraulic 

head. Three types of convection models exist: open, closed and mixed (Machel, 2004). 

Open cells exist where the formation or carbonate platform is open to seawater 

recharge that enter through the bottom of the platform and dischage laterally and 

vertically into the sequence (Kohout et al,.1977; Machel, 2004). This type of flow is also 

envisioned to occur in shallow eperic seas in cases where significant differences in 

groundwater temperature and enough permeability to allow fluid flow. This model 

would work with water depths of up to approximently 1500m and has been used as an 

alternative to the dolomitization of the Nisku Reefs (Machel, 2004). It is debateable as 

to whether or not significant enough temperature variation would have existed at any 

point to allow thermal convection in this manor. Furthermore, open convection relies on 

the influence of seawater, Phase 2 dolomite was formed from water that is enriched in 

18O, thus if this model was indeed true, the only time frame that would be reasonable 

for significant evaporitive seawater generation is during the Mississippian unconformity 

in which a significant evaporite sequence was deposited (Rott, 2007).  
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 Closed convection requires moderate temperature variation over the depth of 

the basin and enough vertical permeability for fluid flow (which depends upon fluid 

density and viscosity) (Morrow, 1996; Machel, 2004). In this case, vertical recycling of 

connante formation brines can result in signifcant dolomitization providing a source of 

magnesisum is availablve (Morrow, 1996). This type of convection could be reasonable 

within the Devonian aquifer (Bachu and Hitchon, 1996). This aquifer contains the Prairie 

evaporite, and is capped by the Bakken Fm., which is an aquitard in its lower shale 

member. If a closed convection cell was created, dissolution of the Prarie Evaporite 

could occur which would introduce both a significant amount of magnesium and water 

that is enriched in 18O. With the presence of fractures, fluids could enter the Bakken Fm. 

and Phase 2 dolomite cementation could commence. Unfortunatly, it can not be 

established if this type of flow had existed with resepct to Late Devonian sediments. If a 

closed convection cell was created, it would likely be in the middle Carboniferous or 

Late Cretaceous times, as these intervals are characterized by heatflow anomalies 

within the basin and are representitive of the greatest burial depths in the history of the 

Bakken Fm. (Osadetz et al,.2002).  

 Tectonically driven flow occurs when under go tectonic loading and expell fluids 

such that basinal brines are driven towards the basin margin (Machel, 2004). The 

Williston Basin is an intracratoic basin that is charactorized by sagging within the basin. 

It is a considerable distance away from the nearest orogenic belt (Larimide Orogeny) 

and has undergone only mild tectonic distortion during the Phanerozoic (Gerhard et 
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al,.1982). It is interpreted that this flow mechanism is not reasonable given the location 

and tectonic regime of the basin.  

 The modern Williston Basin is charactorized by a topographically driven flow 

regime (Bachu and Hitchon, 1996). The aquifer of interest with respect to dolomite 

cement within the Bakken Fm. is the Devonian. The Devonian aquifer is an open aquifer 

in which meteoric water enters in the southwest portion of the basin in the Black Hills, 

and discharge occurs along the Manitoba Escarpment in the north-eastern portion of 

the study area (Bachu and Hitchon, 1996) (Figure 6.14). The premise of this model 

would be meteoric fluid entering the Devonian aquifer, dissolution of the Prairie 

Evaporite ensuing due to salinity differences in the fluids, and migration of fluids 

vertically into the Bakken Fm.,likely through fractures. Once fluids enter the Bakken Fm., 

they could be preferentially reached the subcrop edge near the Manitoba Escarpment, 

channeled between F.A.1. and F.A.7., ultimatly cementing open pore space with the 

Bakken Fm. The challenge in applying this model is that there are few geologic examples 

of topographically driven dolomitization (Machel, 2004), and that once fluids would 

enter the middle Bakken Fm., the fluids would quickly become depleted with respect to 

magnesium (Morrow, 1999) and would simply travel along the formation till they reach 

the subcrop edge.  

As no single model discussed can completely describe the distribution of Phase 2 

dolomite, the mechanism of its formation is interpreted to be a combination of models. 

Togographic driven flow is certainly the most prevelent flow mechanism observed in the 

modern Williston Basin (Bachu and Hitchon, 1996), it is interpreted that this process is 
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long lived and likely similar processees were active long into the geologic past. The 

combonation of a mixed topographic system and an open convection system is most 

likely in this case. Cool meteroric fluid entering from the southwest of the study area 

and into the Black Hills of Montana could be responsible for signifciant dissolution of the 

Prairie Evaporite, heating in an open convection cell then could cause these fluids to 

rise, and in the pressence of fractures or faults, especially along dissolution margins (i.e. 

Humming-Bird Trough, these fluids could enter the Bakken Fm. and be funnelled 

between FA1 and FA7. 

This processes would allow fluids that are enriched in 18O, Mg2+, and the 

appropriate redox potential to incorporate iron and manganese into the lattice 

structure and precipitate large amounts of dolomite cement.  

Though the fluid flow interpretation as described above can explain the texture 

and geochemistry of Phase 2 dolomite, the potential exists that Phase 2 dolomite has 

undergone recrystalization.  Formation waters within the Bakken Fm. currently have 

isotopic signatures of +5.3‰ (VSMOW) (Iampen and Rostron, 2000).  These modern day 

formation fluids are equivilent to the calculated fluid 18O fluid signature discuessed 

previously, +5.32‰ (VSMOW).  This is a strong indication that Phase 2 dolomite has 

undergone significant recystalization as this Phase of dolomite predates oil migration 

but the 18O signature is in isotopic equilibrium with modern formation fluids.  
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Chapter 7 Conclusions 

 

 A total of 7 regionally corelative facies associations have been indetified.  

 Facies association 7, contains 1 sub-facies, its mineralology is that of a shale, and 

its depositional setting is indicitive of a deep marine setting, possibly under 

anoxic conidtions.  

 Facies association 6 contains 4 sub facies that include: planar interbedded silty 

dolostone-dolomitic sandstone-illitic siltstone, dolomitic siltstone, silty 

wackestone and silty dolostone. The depositional setting of Facies association 6 

is interpreted as a shallow to low relief ramp with variable tidal and storm wave 

influence.  

Figure 6.14: Schematic displaying the topographic recharge of the aquifers within the Williston Basin, 

from Bachu and Hitchon, 1996 
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 Facies association 5 contains 3 sub facies, cross bedded sandstone, sandy oolitic-

bioclastic grainstone, and massive sandstone, the depositional enviroment is 

indicitive of a shoreface to subaqueous shoal setting under moderate to high 

energy conidtions.  

 Facies association 4 contains 2 subfacies: wavy and planar bedded sandstone-

sandstone, the depositional envirometn of facies association 4 is interpreted as a 

being barrier bar sediments or fringes of an embayment.  

 Facies association 3 contains 2 sub facies, lenticular and flasar bedded 

sandstone, mudstone and siltstone, the depositional setting of facies association 

3 is interpreted as being a protected shallow lagoonal setting.  

 Facies association 2 contains 2 sub facies, silty dolostone and dolomitic siltstone, 

the depositional setting is interpreted as being a upper shoreface or upper 

offshore transition setting.  

 Facies association 1 contanis 1 facies, shale and its depositional setting is 

consitent with a deep marine, possibly anoxic setting.  

 The overall depositional setting of the Bakken Fm. is interpreted as a 

progradational, locally bared shoreline setting.  

 A total of 20 distinct diagenic features have been identified and include: coatings 

on carbonate clasts, micritization, fibrous calcite cement, chalcedony 

replacement, pyrite cementation, dissolution, porosity alteration, poikiolotopic 

calcite cement, authigenic feldspar, coase calcite cement, ferroan calcite 

cement, dolomite replacement of quartz and feldspar, mechanical and chemical 
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compaction, feldspar aletartion, authigenic clay cementation, hematite cement, 

anhdrite cement, oil migration, Phase 1 dolomitization and Phase 2 dolomite 

cement.  

 Phase 1 dolomite is charactorized by a oxidized minerology, monophase fluid 

inclusions, fine grained planar texture (10-30µm), relatively depleted δ18O as 

compared to late Devonian seawater,a nd a δ13C signature that is similar to Late 

Devonian seawater.  

 Phase 1 dolomite is interpreted to have formed as a result of dolomitization by 

late Devonian seawater at surface or under shallow burial conditions. 

Subsequent recrysalization of Phase 1 dolomite is interpreted to have occurred. 

 Phase 2 dolomite is charactorized by an reduced minerology, biphase fluid 

inclusions, coarse non-planar and coarse planar grain size, precipitating fluids 

have a evaporitive δ18O  siginature and a δ13C signatures that are not indicitive of 

methanogenesis or organic matter fermentation.  

 Phase 2 dolomite is interpreted as being a intermediate to late burial cement 

formed by a combinition of a topographic driven aquifer from southwest-

northeast in combonation with a open convection cell. The source of magnesium 

is interpreted to be from the dissolution of the Prarie Evaporite and rock-water 

interations are responsivel for the evaporitive signature of the dolomite 

cememt. Once fluids were enriched with magnesium, they could enter the 

Bakken through fractures, especially along the Hummingbird Trough and be 
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channeled up dip. Under decreasing pressure and with open pore space, 

cementation occurred.  

 Phase 2 dolomite is interpreted to have been recrystalized and its 18O isotopic 

signature reset due to the fact that the fluids that percepitated this phase of 

dolomite have an identical 18O isotopic signature as compared to modern day 

formation fluids, +5.3‰ (VSMOW) for modern day formation fluids, and +5.32‰ 

for the fluids that percipitated Phase 2 dolomite.  
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Appendix B: Secondary Ion Mass Spectroscopy Results 

 
Phase 1 Dolomite 
Phase 2 Dolomite 

Calcite Cement 
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Location (LSD) Depth (m): 18O/16O 1σ (%) Inter-session 2σ (‰) Inter-session δ18 O (VPDB)

101/08-24-013-11W2/0 000 1278.58 0.0020563 0.01205274 0.2410548 -5.26

101/08-24-013-11W2/0 000 1278.58 0.0020650 0.01382636 0.2765273 -1.06

101/08-24-013-11W2/0 000 1278.58 0.0020569 0.00946616 0.1893232 -4.99

101/08-24-013-11W2/0 000 1278.58 0.0020544 0.01055712 0.2111425 -6.19

101/08-24-013-11W2/0 000 1278.58 0.0020581 0.00977692 0.1955384 -4.38

101/08-24-013-11W2/0 000 1278.58 0.0020642 0.01158524 0.2317048 -1.47

101/08-24-013-11W2/0 000 1278.58 0.0020634 0.01321675 0.2643350 -1.84

101/08-24-013-11W2/0 000 1278.58 0.0020583 0.01203192 0.2406384 -4.31

101/08-24-013-11W2/0 000 1278.58 0.0020585 0.01256922 0.2513843 -4.22

101/08-24-013-11W2/0 000 1278.58 0.0020517 0.01204936 0.2409872 -7.50

101/08-24-013-11W2/0 000 1278.58 0.0020544 0.01176132 0.2352265 -6.19

101/08-24-013-11W2/0 000 1278.58 0.0020565 0.01246784 0.2493568 -5.20

111/04-08-011-07W2/0 000 1408.22 0.0020574 0.00912457 0.1824913 -4.73

111/04-08-011-07W2/0 000 1408.22 0.0020580 0.00846407 0.1692814 -4.43

111/04-08-011-07W2/0 000 1408.22 0.0020583 0.01065166 0.2130333 -4.32

111/04-08-011-07W2/0 000 1408.22 0.0020559 0.01018034 0.2036068 -5.45

111/04-08-011-07W2/0 000 1408.22 0.0020553 0.01113330 0.2226660 -5.78

111/04-08-011-07W2/0 000 1408.22 0.0020589 0.01002973 0.2005946 -4.02

111/01-17-008-06W2/0 000 1502.90 0.0020548 0.00987688 0.1975376 -6.01

111/01-17-008-06W2/0 000 1502.90 0.0020591 0.00892021 0.1784041 -3.90

111/01-17-008-06W2/0 000 1502.90 0.0020580 0.00944034 0.1888068 -4.47

111/01-17-008-06W2/0 000 1502.90 0.0020582 0.00927959 0.1855918 -4.33

111/01-17-008-06W2/0 000 1502.90 0.0020596 0.01227136 0.2454271 -3.66

121/13-06-006-18W2/0 000 1892.81 0.0020570 0.01327644 0.2655289 -4.95

121/13-06-006-18W2/0 000 1892.81 0.0020562 0.00877401 0.1754801 -5.32

121/13-06-006-18W2/0 000 1892.81 0.0020596 0.00850225 0.1700450 -3.67

121/13-06-006-18W2/0 000 1892.81 0.0020541 0.00889593 0.1779185 -6.31

121/13-06-006-18W2/0 000 1892.81 0.0020584 0.00924174 0.1848348 -4.26

141/15-31-003-11W2/0 000 1981.75 0.0020554 0.00922487 0.1844974 -5.71

141/15-31-003-11W2/0 000 1981.75 0.0020597 0.00962859 0.1925718 -3.62

141/15-31-003-11W2/0 000 1981.75 0.0020567 0.01175442 0.2350883 -5.08

141/15-31-003-11W2/0 000 1972.65 0.0020581 0.00826244 0.1652489 -4.40

141/15-31-003-11W2/0 000 1972.65 0.0020597 0.00796725 0.1593449 -3.61

141/15-31-003-11W2/0 000 1972.65 0.0020568 0.01318887 0.2637774 -5.01

141/15-31-003-11W2/0 000 1972.65 0.0020624 0.00766284 0.1532568 -2.33

121/15-04-002-02W2/0 000 1825.96 0.0020558 0.01016272 0.2032545 -5.50

121/15-04-002-02W2/0 000 1825.96 0.0020632 0.00761084 0.1522169 -1.94

121/15-04-002-02W2/0 000 1825.96 0.0020625 0.00913835 0.1827669 -2.26

121/15-04-002-02W2/0 000 1825.96 0.0020548 0.00952240 0.1904479 -5.98

121/15-04-002-02W2/0 000 1825.96 0.0020539 0.01025474 0.2050947 -6.42

121/15-04-002-02W2/0 000 1825.96 0.0020594 0.01142101 0.2284203 -3.79

121/15-04-002-02W2/0 000 1825.96 0.0020554 0.00842720 0.1685440 -5.71

Oxygen

Phase 1 Dolomite

 



252 
 

Location (LSD) Depth (m): 13C/12C 1σ (%) Inter-session 2σ (‰) Inter-session δ13C (VPDB)

111/01-17-008-06W2/0 000 1502.90 0.0112014 0.0294200 0.6354648 1.92

111/04-08-011-07W2/0 000 1408.22 0.0111959 0.0399023 0.8333536 1.42

111/04-08-011-07W2/0 000 1408.22 0.0111880 0.0404614 0.8440671 0.72

111/04-08-011-07W2/0 000 1408.22 0.0111820 0.0402569 0.8401462 0.18

111/04-08-011-07W2/0 000 1408.22 0.0111903 0.0402987 0.8409490 0.92

111/04-08-011-07W2/0 000 1408.22 0.0111724 0.0397518 0.8304717 -0.68

111/04-08-011-07W2/0 000 1408.22 0.0111591 0.0396450 0.8284274 -1.87

121/13-06-006-18W2/0 000 1892.81 0.0112008 0.0434520 0.9015710 1.86

121/13-06-006-18W2/0 000 1892.81 0.0111793 0.0401803 0.8386793 -0.06

121/13-06-006-18W2/0 000 1892.81 0.0111873 0.0404601 0.8440421 0.66

121/15-04-002-02W2/0 000 1825.96 0.0111845 0.0421142 0.8758092 0.40

121/15-04-002-02W2/0 000 1825.96 0.0111774 0.0402686 0.8403712 -0.23

121/15-04-002-02W2/0 000 1825.96 0.0111619 0.0406254 0.8472127 -1.62

121/15-04-002-02W2/0 000 1825.96 0.0111993 0.0410660 0.8556664 1.72

121/15-04-002-02W2/0 000 1825.96 0.0111887 0.0406588 0.8478542 0.78

141/15-31-003-11W2/0 000 1981.75 0.0111804 0.0427996 0.8890006 0.03

141/15-31-003-11W2/0 000 1981.75 0.0111626 0.0405988 0.8467031 -1.55

141/15-31-003-11W2/0 000 1981.75 0.0111865 0.0433900 0.9003754 0.58

141/15-31-003-11W2/0 000 1972.65 0.0111824 0.0408807 0.8521105 0.21

141/15-31-003-11W2/0 000 1972.65 0.0111763 0.0412724 0.8596307 -0.33

141/15-31-003-11W2/0 000 1972.65 0.0112016 0.0414199 0.8624629 1.93

141/15-31-003-11W2/0 000 1972.65 0.0111612 0.0409025 0.8525282 -1.68

141/15-31-003-11W2/0 000 1972.65 0.0111607 0.0409538 0.8535142 -1.73

141/15-31-003-11W2/0 000 1972.65 0.0111939 0.0409813 0.8540418 1.24

141/15-31-003-11W2/0 000 1972.65 0.0111905 0.0410255 0.8548895 0.94

141/15-31-003-11W2/0 000 1972.65 0.0111858 0.0411527 0.8573324 0.51

141/15-31-003-11W2/0 000 1972.65 0.0111722 0.0495895 1.0204162 -0.70

Phase 1 Dolomite

Carbon
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Location (LSD) Depth (m): 18O/16O 1σ (%) Inter-session 2σ (‰) Inter-session δ18 O (VPDB)

101/08-24-013-11W2/0 000 1278.58 0.0020639 0.0117540 0.2350799 -1.57

101/08-24-013-11W2/0 000 1278.58 0.0020578 0.0105818 0.2116368 -4.52

101/08-24-013-11W2/0 000 1278.58 0.0020676 0.0116911 0.2338212 0.20

101/08-24-013-11W2/0 000 1278.58 0.0020602 0.0117258 0.2345154 -3.37

101/08-24-013-11W2/0 000 1278.58 0.0020623 0.0129370 0.2587404 -2.35

101/08-24-013-11W2/0 000 1278.58 0.0020632 0.0105544 0.2110878 -1.92

101/08-24-013-11W2/0 000 1278.58 0.0020691 0.0085799 0.1715984 0.91

101/08-24-013-11W2/0 000 1278.58 0.0020624 0.0083390 0.1667799 -2.33

101/08-24-013-11W2/0 000 1278.58 0.0020664 0.0122287 0.2445750 -0.38

101/08-24-013-11W2/0 000 1278.58 0.0020557 0.0116643 0.2332863 -5.55

101/08-24-013-11W2/0 000 1278.58 0.0020611 0.0122742 0.2454837 -2.93

101/08-24-013-11W2/0 000 1278.58 0.0020601 0.0141425 0.2828505 -3.41

101/08-24-013-11W2/0 000 1278.58 0.0020607 0.0131434 0.2628686 -3.15

101/08-24-013-11W2/0 000 1278.58 0.0020621 0.0185125 0.3702500 -2.46

101/08-24-013-11W2/0 000 1278.58 0.0020632 0.0074947 0.1498949 -1.95

111/04-08-011-07W2/0 000 1408.22 0.0020693 0.0075102 0.1502047 1.01

111/04-08-011-07W2/0 000 1408.22 0.0020613 0.0106170 0.2123392 -2.85

111/04-08-011-07W2/0 000 1408.22 0.0020617 0.0104686 0.2093717 -2.68

111/04-08-011-07W2/0 000 1408.22 0.0020643 0.0107958 0.2159165 -1.41

111/04-08-011-07W2/0 000 1408.22 0.0020627 0.0093177 0.1863536 -2.17

111/04-08-011-07W2/0 000 1408.22 0.0020611 0.0116863 0.2337263 -2.95

111/04-08-011-07W2/0 000 1408.22 0.0020632 0.0084604 0.1692072 -1.92

111/01-17-008-06W2/0 000 1502.90 0.0020594 0.0088576 0.1771514 -3.76

111/01-17-008-06W2/0 000 1502.90 0.0020584 0.0098816 0.1976314 -4.26

121/13-06-006-18W2/0 000 1892.81 0.0020601 0.0102492 0.2049831 -3.44

121/13-06-006-18W2/0 000 1892.81 0.0020603 0.0094359 0.1887182 -3.35

121/13-06-006-18W2/0 000 1892.81 0.0020602 0.0084721 0.1694429 -3.38

121/13-06-006-18W2/0 000 1892.81 0.0020621 0.0119682 0.2393637 -2.45

141/15-31-003-11W2/0 000 1981.75 0.0020588 0.0090474 0.1809476 -4.07

141/15-31-003-11W2/0 000 1981.75 0.0020599 0.0084082 0.1681641 -3.53

141/15-31-003-11W2/0 000 1972.65 0.0020599 0.0118194 0.2363884 -3.53

141/15-31-003-11W2/0 000 1972.65 0.0020622 0.0084957 0.1699139 -2.44

141/15-31-003-11W2/0 000 1972.65 0.0020609 0.0092662 0.1853241 -3.07

121/15-04-002-02W2/0 000 1825.96 0.0020614 0.0079447 0.1588933 -2.82

121/15-04-002-02W2/0 000 1825.96 0.0020623 0.0095886 0.1917720 -2.38

121/15-04-002-02W2/0 000 1825.96 0.0020592 0.0109343 0.2186869 -3.85

Oxygen

Phase 2 Dolomite
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Location (LSD) Depth (m): 13C/12C 1σ (%) Inter-session 2σ (‰) Inter-session δ13C (VPDB)

101/08-24-013-11W2/0 000 1278.58 0.0111963 0.0292494 0.6323068 1.46

111/01-17-008-06W2/0 000 1502.90 0.0111946 0.0398451 0.8322580 1.31

111/04-08-011-07W2/0 000 1408.22 0.0111942 0.0412669 0.8595248 1.27

111/04-08-011-07W2/0 000 1408.22 0.0111740 0.0401624 0.8383363 -0.54

111/04-08-011-07W2/0 000 1408.22 0.0111754 0.0403146 0.8412537 -0.41

111/04-08-011-07W2/0 000 1408.22 0.0111591 0.0398729 0.8327910 -1.87

121/13-06-006-18W2/0 000 1892.81 0.0111607 0.0402339 0.8397059 -1.73

121/13-06-006-18W2/0 000 1892.81 0.0111781 0.0404107 0.8430964 -0.17

121/15-04-002-02W2/0 000 1825.96 0.0111650 0.0405371 0.8455188 -1.34

121/15-04-002-02W2/0 000 1825.96 0.0112144 0.0477419 0.9845392 3.08

121/15-04-002-02W2/0 000 1825.96 0.0111719 0.0405841 0.8464198 -0.72

141/15-31-003-11W2/0 000 1981.75 0.0112132 0.0445929 0.9235856 2.97

141/15-31-003-11W2/0 000 1972.65 0.0111522 0.0427079 0.8872348 -2.49

141/15-31-003-11W2/0 000 1972.65 0.0111565 0.0405505 0.8457767 -2.10

141/15-31-003-11W2/0 000 1972.65 0.0111654 0.0405519 0.8458028 -1.31

141/15-31-003-11W2/0 000 1972.65 0.0111638 0.0480773 0.9910450 -1.45

Carbon

Phase 2 Dolomite
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Location (LSD) Depth (m): 18O/16O 1σ (%) Inter-session 2σ (‰) Inter-session δ18O (VPDB)

131/04-16-001-08W2/0 000 2191.45 0.0020590 0.0130019 0.2600381 -3.97

131/04-16-001-08W2/0 000 2191.45 0.0020583 0.0093158 0.1863162 -4.31

131/04-16-001-08W2/0 000 2191.45 0.0020583 0.0131760 0.2635209 -4.29

131/04-16-001-08W2/0 000 2191.45 0.0020625 0.0102960 0.2059191 -2.25

131/04-16-001-08W2/0 000 2191.45 0.0020603 0.0137542 0.2750848 -3.32

131/04-16-001-08W2/0 000 2191.45 0.0020555 0.0140001 0.2800014 -5.63

131/04-16-001-08W2/0 000 2191.45 0.0020574 0.0125292 0.2505831 -4.75

131/04-16-001-08W2/0 000 2191.45 0.0020575 0.0148857 0.2977134 -4.71

131/04-16-001-08W2/0 000 2191.45 0.0020570 0.0183013 0.3660265 -4.93

131/04-16-001-08W2/0 000 2191.45 0.0020570 0.0158005 0.3160092 -4.96

131/04-16-001-08W2/0 000 2191.45 0.0020580 0.0124305 0.2486109 -4.43

131/04-16-001-08W2/0 000 2191.45 0.0020571 0.0129156 0.2583113 -4.86

131/04-16-001-08W2/0 000 2191.45 0.0020574 0.0117221 0.2344418 -4.76

131/04-16-001-08W2/0 000 2191.45 0.0020575 0.0093018 0.1860363 -4.68

131/04-16-001-08W2/0 000 2191.45 0.0020586 0.0119140 0.2382805 -4.18

131/04-16-001-08W2/0 000 2191.45 0.0020561 0.0099401 0.1988014 -5.37

131/04-16-001-08W2/0 000 2191.45 0.0020572 0.0114596 0.2291918 -4.84

131/04-16-001-08W2/0 000 2191.45 0.0020593 0.0130982 0.2619647 -3.83

Calcite Cement

Oxygen
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Location (LSD) Depth (m): 13C/12C 1σ (%) Inter-session 2σ (‰) Inter-session δ13C (VPDB)

131/04-16-001-08W2/0 000 2191.45 0.0112257 0.0645297 1.2905948 4.09

131/04-16-001-08W2/0 000 2191.45 0.0111815 0.0662331 1.3246622 0.13

131/04-16-001-08W2/0 000 2191.45 0.0111948 0.0726125 1.4522492 1.33

131/04-16-001-08W2/0 000 2191.45 0.0112204 0.0542876 1.0857516 3.61

131/04-16-001-08W2/0 000 2191.45 0.0112074 0.0620059 1.2401172 2.45

131/04-16-001-08W2/0 000 2191.45 0.0112022 0.0718502 1.4370046 1.99

131/04-16-001-08W2/0 000 2191.45 0.0111842 0.0566653 1.1333052 0.38

131/04-16-001-08W2/0 000 2191.45 0.0111750 0.0629517 1.2590330 -0.44

Carbon

Calcite Cement
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Appendix C: Electron Micro Probe Results 

 

Phase 1 Dolomite 
Phase 2 Dolomite 

Calcite Cement 
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Location (LSD) Depth (m): Sample #    CaO      MgO      FeO      MnO      SrO   Estimated CO

101/08-24-013-11W2/0 000 1278.58 1 30.64 21.11 0.34 0.19 0.02 52.30

101/08-24-013-11W2/0 000 1278.58 2 30.63 21.76 0.25 0.09 0.06 52.79

101/08-24-013-11W2/0 000 1278.58 3 30.76 21.29 0.37 0.10 0.03 52.56

101/08-24-013-11W2/0 000 1278.58 4 31.12 21.88 0.11 0.20 0.01 53.33

101/08-24-013-11W2/0 000 1278.58 5 30.91 21.54 0.34 0.04 0.04 52.86

101/08-24-013-11W2/0 000 1278.58 6 30.94 20.30 0.30 0.25 0.04 51.84

101/08-24-013-11W2/0 000 1278.58 7 30.46 21.66 0.10 0.14 0.00 52.36

101/08-24-013-11W2/0 000 1278.58 8 30.75 21.50 0.18 0.09 0.02 52.53

101/08-24-013-11W2/0 000 1278.58 9 31.76 20.63 0.07 0.25 0.01 52.72

101/08-24-013-11W2/0 000 1278.58 10 30.79 21.06 0.20 0.18 0.03 52.26

101/08-24-013-11W2/0 000 1278.58 11 30.27 21.28 0.14 0.03 0.03 51.75

111/01-17-008-06W2/0 000 1502.90 1 30.78 22.12 0.12 0.00 0.00 53.02

111/01-17-008-06W2/0 000 1502.90 2 31.07 21.20 0.31 0.03 0.01 52.62

111/01-17-008-06W2/0 000 1502.90 3 31.77 19.90 0.24 0.16 0.03 52.10

111/01-17-008-06W2/0 000 1502.90 4 30.99 21.06 0.10 0.05 0.00 52.20

111/01-17-008-06W2/0 000 1502.90 5 31.03 20.71 0.31 0.25 0.00 52.29

111/01-17-008-06W2/0 000 1502.90 6 29.86 21.24 0.41 0.05 0.00 51.55

111/01-17-008-06W2/0 000 1502.90 7 30.54 21.43 0.36 0.08 0.00 52.41

111/01-17-008-06W2/0 000 1502.90 8 30.64 21.22 0.64 0.27 0.05 52.81

111/01-17-008-06W2/0 000 1502.90 9 30.83 21.95 0.36 0.08 0.00 53.22

111/01-17-008-06W2/0 000 1502.90 10 30.04 21.81 0.06 0.12 0.04 52.07

111/04-08-011-07W2/0 000 1408.22 1 31.14 21.46 0.15 0.10 0.00 52.85

111/04-08-011-07W2/0 000 1408.22 2 30.53 21.23 0.30 0.16 0.01 52.24

111/04-08-011-07W2/0 000 1408.22 3 30.42 21.35 0.45 0.16 0.02 52.40

111/04-08-011-07W2/0 000 1408.22 4 30.48 21.53 0.06 0.17 0.00 52.24

111/04-08-011-07W2/0 000 1408.22 5 30.58 21.49 0.09 0.01 0.00 52.17

121/15-04-002-02W2/0 000 1825.96 1 30.58 20.81 0.15 0.03 0.00 51.57

121/15-04-002-02W2/0 000 1825.96 2 31.18 21.37 0.23 0.03 0.00 52.80

121/15-04-002-02W2/0 000 1825.96 3 31.32 21.35 0.12 0.04 0.05 52.88

121/15-04-002-02W2/0 000 1825.96 4 30.78 21.33 0.45 0.33 0.02 52.90

121/15-04-002-02W2/0 000 1825.96 5 31.46 20.57 0.18 0.01 0.00 52.23

121/15-04-002-02W2/0 000 1825.96 6 31.6 18.94 1.07 0.20 0.00 51.81

121/13-06-006-18W2/0 000 1892.81 1 31.22 20.90 0.34 0.08 0.03 52.57

121/13-06-006-18W2/0 000 1892.81 2 31.12 21.34 0.09 0.03 0.03 52.60

121/13-06-006-18W2/0 000 1892.81 3 30.82 21.57 0.20 0.03 0.01 52.63

121/13-06-006-18W2/0 000 1892.81 4 30.02 20.84 0.35 0.12 0.00 51.32

121/13-06-006-18W2/0 000 1892.81 5 30.21 20.54 0.56 0.09 0.03 51.44

121/13-06-006-18W2/0 000 1892.81 6 31.01 21.36 0.14 0.10 0.01 52.61

121/13-06-006-18W2/0 000 1892.81 7 29.80 21.04 0.27 0.12 0.03 51.26

121/13-06-006-18W2/0 000 1892.81 8 30.26 21.38 0.09 0.07 0.01 51.81

Electron Micro Probe Summary

Phase 1 Dolomite (Weight Percent)
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Location (LSD) Depth (m): Sample #    CaO      MgO      FeO      MnO      SrO   Estimated CO

121/13-06-006-18W2/0 000 1892.81 9 29.85 20.79 0.33 0.11 0.04 51.12

121/13-06-006-18W2/0 000 1892.81 10 30.68 20.82 0.08 0.09 0.03 51.69

141/15-31-003-11W2/0 000 1981.75 1 30.28 21.73 0.21 0.02 0.00 52.24

141/15-31-003-11W2/0 000 1981.75 2 31.05 22.03 0.03 0.06 0.02 53.19

141/15-31-003-11W2/0 000 1981.75 3 31.21 21.10 0.04 0.10 0.03 52.48

141/15-31-003-11W2/0 000 1981.75 4 30.48 21.39 0.13 0.01 0.02 52.04

141/15-31-003-11W2/0 000 1981.75 5 30.58 20.78 0.46 0.07 0.02 51.92

141/15-31-003-11W2/0 000 1972.65 1 30.86 21.16 0.06 0.16 0.06 52.30

141/15-31-003-11W2/0 000 1972.65 2 31.9 20.75 0.04 0.00 0.00 52.69

Electron Micro Probe Summary

Phase 1 Dolomite (Weight Percent)
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Location (LSD) Depth (m): Sample #    CaO      MgO      FeO      MnO      SrO   Estimated CO

101/08-24-013-11W2/0 000 1278.58 1 34.41 17.43 1.84 0.19 0.01 46.12

101/08-24-013-11W2/0 000 1278.58 2 30.64 17.61 2.47 0.09 0.01 49.18

101/08-24-013-11W2/0 000 1278.58 3 32.90 18.28 1.60 0.18 0.02 47.02

101/08-24-013-11W2/0 000 1278.58 4 32.93 18.48 1.41 0.13 0.05 47.00

101/08-24-013-11W2/0 000 1278.58 5 31.91 17.43 2.30 0.23 0.00 48.13

101/08-24-013-11W2/0 000 1278.58 6 30.89 18.74 2.59 0.24 0.04 47.50

101/08-24-013-11W2/0 000 1278.58 7 32.46 17.37 2.75 0.13 0.03 47.26

101/08-24-013-11W2/0 000 1278.58 8 32.37 18.32 2.09 0.15 0.00 47.07

101/08-24-013-11W2/0 000 1278.58 9 33.49 17.76 1.69 0.19 0.01 46.86

101/08-24-013-11W2/0 000 1278.58 10 24.56 13.60 1.88 0.11 0.08 59.77

101/08-24-013-11W2/0 000 1278.58 11 30.58 16.95 2.34 0.11 0.02 50.00

101/08-24-013-11W2/0 000 1278.58 12 33.31 17.49 1.37 0.23 0.06 47.54

111/01-17-008-06W2/0 000 1502.90 1 33.00 18.55 1.02 0.14 0.03 47.27

111/01-17-008-06W2/0 000 1502.90 2 32.44 18.61 0.86 0.22 0.01 47.87

111/01-17-008-06W2/0 000 1502.90 3 32.72 17.97 0.83 0.17 0.05 48.26

111/01-17-008-06W2/0 000 1502.90 4 32.51 19.15 0.76 0.14 0.04 47.40

111/01-17-008-06W2/0 000 1502.90 5 33.23 18.59 0.60 0.14 0.00 47.44

111/01-17-008-06W2/0 000 1502.90 6 33.60 19.51 0.15 0.06 0.06 46.63

111/01-17-008-06W2/0 000 1502.90 7 32.50 19.15 0.98 0.17 0.00 47.20

111/01-17-008-06W2/0 000 1502.90 8 32.27 18.47 1.24 0.19 0.01 47.82

111/01-17-008-06W2/0 000 1502.90 9 32.66 18.76 0.89 0.19 0.03 47.47

111/01-17-008-06W2/0 000 1502.90 10 31.83 18.17 1.00 0.18 0.00 48.83

111/01-17-008-06W2/0 000 1502.90 11 34.13 19.44 1.15 0.19 0.02 45.08

111/01-17-008-06W2/0 000 1502.90 12 36.61 21.21 1.27 0.20 0.05 40.67

111/04-08-011-07W2/0 000 1408.22 1 32.99 18.54 1.00 0.15 0.00 47.33

111/04-08-011-07W2/0 000 1408.22 2 32.19 17.68 1.27 0.11 0.02 48.73

111/04-08-011-07W2/0 000 1408.22 3 33.71 17.95 0.77 0.16 0.02 47.40

111/04-08-011-07W2/0 000 1408.22 4 32.77 18.40 1.17 0.19 0.00 47.48

111/04-08-011-07W2/0 000 1408.22 5 32.69 18.66 1.11 0.13 0.01 47.41

121/13-06-006-18W2/0 000 1892.81 1 31.72 19.33 0.47 0.16 0.01 48.32

121/13-06-006-18W2/0 000 1892.81 2 32.88 19.18 0.48 0.15 0.00 47.31

121/13-06-006-18W2/0 000 1892.81 3 31.53 18.84 1.14 0.18 0.06 48.26

121/13-06-006-18W2/0 000 1892.81 4 32.94 18.90 0.58 0.15 0.01 47.43

121/15-04-002-02W2/0 000 1825.96 1 32.73 18.62 1.31 0.20 0.02 47.12

121/15-04-002-02W2/0 000 1825.96 2 32.21 18.58 1.43 0.15 0.02 47.62

121/15-04-002-02W2/0 000 1825.96 3 33.27 18.20 1.07 0.19 0.00 47.27

121/15-04-002-02W2/0 000 1825.96 4 32.85 18.64 1.34 0.14 0.02 47.01

121/15-04-002-02W2/0 000 1825.96 5 32.73 17.95 1.51 0.20 0.01 47.60

141/15-31-003-11W2/0 000 1981.75 1 32.86 18.55 0.53 0.17 0.06 47.83

141/15-31-003-11W2/0 000 1981.75 2 33.00 18.34 0.85 0.15 0.03 47.63

Electron Micro Probe Summary

Phase 2 Dolomite (Weight Percent)
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Location (LSD) Depth (m): Sample #    CaO      MgO      FeO      MnO      SrO   Estimated CO

141/15-31-003-11W2/0 000 1981.75 3 32.79 18.94 1.13 0.14 0.05 46.95

141/15-31-003-11W2/0 000 1981.75 4 32.74 18.82 0.88 0.15 0.04 47.37

141/15-31-003-11W2/0 000 1981.75 5 32.88 19.22 1.24 0.17 0.05 46.44

141/15-31-003-11W2/0 000 1972.65 1 31.76 19.20 1.45 0.14 0.01 47.43

141/15-31-003-11W2/0 000 1972.65 2 30.49 21.84 0.06 0.03 0.00 47.58

Electron Micro Probe Summary

Phase 2 Dolomite (Weight Percent)
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Location (LSD) Depth (m): Sample #    CaO      MgO      FeO      MnO      SrO   Estimated CO

131/04-16-001-08W2/0 000 2191.45 1 56.64 0.17 0.24 0.10 0.08 42.78

131/04-16-001-08W2/0 000 2191.45 2 54.64 0.16 0.26 0.06 0.02 44.86

131/04-16-001-08W2/0 000 2191.45 3 55.10 0.21 0.13 0.09 0.00 44.47

131/04-16-001-08W2/0 000 2191.45 4 55.55 0.10 0.06 0.12 0.05 44.14

131/04-16-001-08W2/0 000 2191.45 5 55.25 0.25 0.13 0.07 0.04 44.27

131/04-16-001-08W2/0 000 2191.45 6 54.79 0.62 0.10 0.04 0.05 44.40

131/04-16-001-08W2/0 000 2191.45 7 55.45 0.29 0.11 0.05 0.02 44.08

131/04-16-001-08W2/0 000 2191.45 8 55.42 0.21 0.17 0.12 0.04 44.04

131/04-16-001-08W2/0 000 2191.45 9 55.16 0.22 0.07 0.09 0.00 44.46

131/04-16-001-08W2/0 000 2191.45 10 54.56 0.25 0.18 0.11 0.03 44.87

131/04-16-001-08W2/0 000 2191.45 11 55.38 0.19 0.15 0.07 0.01 44.20

131/04-16-001-08W2/0 000 2191.45 12 54.06 0.16 0.19 0.06 0.00 45.54

131/04-16-001-08W2/0 000 2191.45 13 56.16 0.13 0.02 0.05 0.05 43.59

131/04-16-001-08W2/0 000 2191.45 14 55.77 0.38 0.21 0.11 0.05 43.48

131/04-16-001-08W2/0 000 2191.45 15 56.37 0.17 0.23 0.08 0.05 43.10

131/04-16-001-08W2/0 000 2191.45 16 54.82 0.11 0.06 0.01 0.04 44.96

131/04-16-001-08W2/0 000 2191.45 17 56.34 0.22 0.09 0.16 0.04 43.16

131/04-16-001-08W2/0 000 2191.45 18 54.31 0.23 0.20 0.06 0.02 45.18

131/04-16-001-08W2/0 000 2191.45 19 55.44 0.16 0.11 0.09 0.03 44.17

131/04-16-001-08W2/0 000 2191.45 20 55.02 0.28 0.14 0.12 0.00 44.44

131/04-16-001-08W2/0 000 2191.45 21 55.02 0.24 0.07 0.12 0.03 44.53

131/04-16-001-08W2/0 000 2191.45 22 54.37 0.48 0.23 0.11 0.00 44.81

131/04-16-001-08W2/0 000 2191.45 23 54.75 0.19 0.18 0.06 0.03 44.79

131/04-16-001-08W2/0 000 2191.45 24 54.79 0.22 0.14 0.12 0.06 44.67

131/04-16-001-08W2/0 000 2191.45 25 55.40 0.14 0.12 0.11 0.01 44.22

131/04-16-001-08W2/0 000 2191.45 26 57.07 0.18 0.04 0.08 0.02 42.61

131/04-16-001-08W2/0 000 2191.45 27 55.28 0.21 0.07 0.06 0.02 44.36

131/04-16-001-08W2/0 000 2191.45 28 54.76 0.24 0.19 0.09 0.01 44.71

131/04-16-001-08W2/0 000 2191.45 29 56.00 0.32 0.27 0.13 0.03 43.26

131/04-16-001-08W2/0 000 2191.45 30 53.14 0.23 0.21 0.10 0.02 46.30

131/04-16-001-08W2/0 000 2191.45 31 56.84 0.25 0.13 0.08 0.00 42.70

131/04-16-001-08W2/0 000 2191.45 32 56.50 0.25 0.23 0.11 0.01 42.91

131/04-16-001-08W2/0 000 2191.45 33 57.85 0.21 0.30 0.15 0.04 41.46

131/04-16-001-08W2/0 000 2191.45 34 55.28 0.22 0.06 0.11 0.02 44.30

131/04-16-001-08W2/0 000 2191.45 35 55.85 0.41 0.29 0.16 0.00 43.29

131/04-16-001-08W2/0 000 2191.45 36 54.58 0.19 0.10 0.05 0.03 45.06

131/04-16-001-08W2/0 000 2191.45 37 54.06 0.25 0.16 0.09 0.05 45.38

131/04-16-001-08W2/0 000 2191.45 38 57.10 0.29 0.15 0.12 0.07 42.28

131/04-16-001-08W2/0 000 2191.45 39 54.12 0.18 0.12 0.14 0.05 45.40

131/04-16-001-08W2/0 000 2191.45 40 54.05 0.23 0.16 0.06 0.05 45.45

Electron Micro Probe Summary

Calcite Cement (Weight Percent)
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Appendix D: Well Data 

 

Well Locations and Stratigraphic Tops 
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Well I.D. License #

(KB) Elev. 

(m)

F.A. 1 Elev. 

(m), TVD

F.A. 2 Elev. 

(m), TVD

F.A. 3 Elev. 

(m), TVD

F.A. 4 Elev. 

(m), TVD

F.A. 5 Elev. 

(m), TVD

F.A. 6 Elev. 

(m), TVD

F.A. 7 Elev. 

(m), TVD

Dtorquay 

Elev. (m)

121/02-07-001-31W1/00 80G001 504.4 -1080.8 -1082.7 --- -1083.7 --- --- --- -1086.6

141/10-02-001-32W1/00 94F054 504.1 -1064 -1066 -1067.2 -1068.2 --- --- --- -1070.9

141/16-19-001-32W1/00 80B006 518.8 -1072.8 -1074.6 -1075.5 -1076.5 --- --- --- -1078.2

131/11-20-001-32W1/00 90K022 515.1 -1073.5 -1075 --- -1077.2 --- --- --- -1079.4

131/03-27-001-32W1/00 97I431 502.6 -1029 -1030.5 -1032.2 -1032.9 --- --- -1028.7 -1035.7

101/02-34-001-32W1/00 82D001 512.4 -1024.1 -1026.3 --- -1027.2 --- --- -1024.1 -1031.1

111/03-24-001-33W1/00 95J022 522.5 -1102.1 -1103.6 -1104.1 -1105.3 --- --- --- -1107.5

121/12-09-001-02W2/00 88F060 568.1 -1337.2 -1341.1 -1342.5 -1344.2 -1344.9 -1346.2 -1350.2 -1355.2

121/05-20-001-02W2/00 11B196 567.5 -1321.9 -1326.3 -1328.4 -1329.7 -1330.1 -1331.9 -1335.9 -1341

121/05-20-001-02W2/00 11B196 567.5 -1321.9 -1326.2 -1327.7 -1329.8 -1330.5 -1331.8 -1335.9 -1341

141/16-17-001-04W2/00 08I301 574.9 -1432.9 -1435.3 -1436.8 -1439.4 -1440.8 -1441.7 -1449 -1455.2

141/16-32-001-04W2/00 09L009 568.6 -1370.4 -1372.6 -1373.5 -1376.1 --- -1377.1 -1385.2 -1389.3

121/12-11-001-05W2/00 09L204 600.7 -1489.3 -1491.5 -1493.4 -1495.1 -1495.9 -1497.2 -1506.3 -1511.5

141/16-11-001-06W2/00 09F029 608.1 -1514.3 -1516.3 -1517.7 -1519.3 -1520.1 -1521.9 -1532.5 -1539.4

131/13-10-001-07W2/00 09G085 578 -1582.2 -1585.2 -1587 -1589.1 -1590.2 -1594.1 -1604.7 -1611.5

141/09-27-001-07W2/00 10B266 549.1 -1524.2 -1527.4 -1528.5 -1531 -1531.5 -1534 -1546.1 -1553

111/15-05-001-08W2/00 87A020 583.4 -1669.6 -1673.7 -1675.2 -1677.1 -1680.1 -1693.1 -1717.4 -1744

111/01-14-001-08W2/00 09F003 577.7 -1595.7 -1599.1 -1599.8 -1601.4 -1603.6 -1607 -1618.8 -1625.8

131/04-16-001-08W2/00 05I208 579.3 -1605.3 -1607.7 -1608.9 -1610.6 -1613.4 -1616 -1628.6 -1636.5

131/08-11-001-09W2/00 09K265 581.1 -1614.4 -1617.8 -1618.5 -1619.8 -1621.5 -1625.4 -1638 -1645.4

121/04-02-001-10W2/00 05E423 585.6 -1660.1 -1662.5 -1666.2 --- -1667.3 -1671.1 -1682.7 -1689.8

131/08-13-001-10W2/00 91J061 584.2 -1614.3 -1616.7 -1617.4 -1618.8 -1621.3 -1624.7 -1636.3 -1643.8

121/12-24-001-10W2/00 78F024 581.3 -1594.5 -1597.7 -1598.9 -1600 -1601.9 -1606.2 -1616.2 -1624.2

121/10-28-001-10W2/00 83J159 587 -1597.7 -1600.4 -1601.6 -1603 -1605.2 -1607.8 -1619.2 -1626.8

141/03-08-001-11W2/00 85B212 602 -1655.5 -1657.9 -1658.7 -1661.1 -1661.5 -1664.5 -1676 -1681.6

121/13-18-001-12W2/00 93K082 631.9 -1647.6 -1650.7 -1652.5 -1654.1 -1656.3 -1658 -1668.1 -1676.1

121/11-19-001-12W2/00 87H042 624 -1657.8 -1661.9 -1663.7 -1665 -1667.4 -1669.7 -1682 -1691.3

101/02-03-001-13W2/00 07K066 668.9 -1686.4 -1688.8 -1690.5 -1693.1 -1694.8 -1696.1 -1707.7 -1715.7

101/11-25-001-13W2/01 09L010 629.4 -1612.4 -1615.6 -1616.8 -1619 -1620.5 -1623.3 -1634.8 -1642.7

131/16-32-001-14W2/00 84J223 684.6 -1578.9 -1582.1 -1584.2 -1585.5 -1587 -1588.7 -1598.5 -1606.2

101/07-30-001-15W2/00 84J264 709.3 -1606.7 -1610.8 -1613.8 -1616.1 -1616.5 -1618.1 -1624.8 -1631.6

131/13-03-001-16W2/00 98A022 692.3 -1631.9 -1635.3 -1638 -1639.7 -1640.6 -1641.7 -1650.1 -1656.6

101/15-04-001-16W2/00 97K001 678.4 -1631.9 -1634.3 -1636.9 -1638.4 -1639.7 -1640.2 -1649.9 -1656

101/02-14-001-16W2/00 84J265 703.8 -1619.2 -1621.5 -1623.5 -1625.2 -1626.4 -1629.3 -1637.7 -1644.2

111/11-15-001-16W2/00 97L060 704.3 -1624.3 -1627.2 -1628.7 -1631.1 -1632 -1634.7 -1643.2 -1649.8

141/15-14-001-17W2/00 85I071 688.1 -1673.1 -1675.8 -1677.2 -1680.2 -1681.4 -1682.9 -1692.9 -1698.9

121/07-23-001-17W2/00 84D019 680.6 -1666.9 -1669.8 -1671.2 -1674.2 -1675.4 -1677 -1686 -1692.4

111/09-25-001-17W2/00 08D158 683.8 -1663.9 -1666.2 -1668 -1670 -1671.6 -1673.7 -1681.9 -1687.8

131/05-26-001-17W2/00 06A170 708.6 -1656.7 -1659.6 -1662.1 -1663.8 -1664.2 -1665.5 -1676.6 -1683.2

101/11-27-001-17W2/00 85F109 703.8 -1647.2 -1649.2 -1650.8 -1653.1 -1653.9 -1656.5 -1666.7 -1673.7  
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Well I.D. License #

(KB) Elev. 

(m)

F.A. 1 Elev. 

(m), TVD

F.A. 2 Elev. 

(m), TVD

F.A. 3 Elev. 

(m), TVD

F.A. 4 Elev. 

(m), TVD

F.A. 5 Elev. 

(m), TVD

F.A. 6 Elev. 

(m), TVD

F.A. 7 Elev. 

(m), TVD

Dtorquay 

Elev. (m)

131/05-29-001-17W2/00 90H011 726.4 -1572.8 -1575.5 -1577.3 -1579.3 -1580.3 -1582.8 -1591.7 -1597.8

131/12-31-001-17W2/00 08A026 722.9 -1616.7 -1619 -1621 -1623.3 -1624.4 -1626 -1636.5 -1643.1

121/07-06-001-18W2/00 85J297 692.1 -1641.6 -1644 -1645.7 --- -1648.1 -1650.4 -1664.6 -1675.4

101/16-36-001-18W2/00 80F005 722.7 -1622.6 -1625.6 -1628.7 --- -1630.7 -1632.1 -1640.7 -1647.7

101/06-07-002-30W1/00 06K179 501.3 -894.9 -896.8 --- -897.8 --- --- --- -901

101/06-07-002-30W1/00 06K179 501.3 -894.9 -896.9 -898 -900.5 --- -902.1 --- -906

141/10-11-002-30W1/00 06C138 486.3 -857.6 -858.8 -859.8 -861 --- --- --- -861.4

111/09-35-002-32W1/00 --- 515.3 -933.4 -936.3 --- -937.5 --- --- --- -938.8

111/03-28-002-34W1/00 97D263 553.5 -1086.6 -1088.3 -1089.3 -1090.4 --- -1091.9 -1094.1 -1096.3

111/16-23-002-01W2/00 97I438 557.7 -1118.5 -1120.2 -1121.6 -1122.1 --- -1122.6 -1125.8 -1127.6

121/15-04-002-02W2/00 08G443 564.3 -1253.3 -1256.5 -1258.8 -1261.8 --- -1263.3 -1264.3 -1267.5

141/07-10-002-03W2/00 08G213 567.3 -1295.4 -1299 -1300 -1301.4 -1303.9 -1305.4 -1307.5 -1311.3

141/07-10-002-03W2/00 08G213 567.3 -1295.4 -1298.8 -1300 -1301.2 --- -1302.5 -1307.5 -1311.3

131/10-24-002-03W2/00 87I028 570.2 -1233 -1236.5 -1236.9 -1239.3 --- -1240.2 -1242.9 -1246.8

101/13-24-002-03W2/00 77J057 570.6 -1236 -1239.9 -1240.7 -1241.6 -1242.3 -1244.1 -1245.6 -1248.9

101/01-06-002-04W2/00 66F117 568.8 -1374.3 -1377.5 -1378.2 -1380.8 --- -1382.1 -1389.6 -1395.2

141/15-16-002-04W2/00 08J206 571.7 -1314.4 -1317.3 -1318.3 --- -1320.9 -1322.1 -1328.7 -1333.3

121/01-08-002-06W2/00 08B268 578.8 -1452 -1455 -1455.8 -1458.1 -1459 -1459.6 -1470.9 -1477.1

141/09-05-002-07W2/00 10B265 558.8 -1493.6 -1496.6 -1497.3 -1498.7 -1499.3 -1502 -1514.9 -1521.2

101/05-14-002-09W2/00 86C019 572.1 -1494.8 -1497.9 -1499.3 -1500.6 -1503.1 -1506.4 -1517.7 -1523.9

111/05-14-002-09W2/00 87C013 571.3 -1493.7 -1496.6 -1498.1 -1499.2 -1501.5 -1504.5 -1516.2 -1523.2

101/11-14-002-09W2/00 75I031 571.2 -1491.9 -1494.6 -1495.7 -1496.8 -1499.6 -1502 -1513.9 -1520

131/14-14-002-09W2/00 87G038 572 -1488.2 -1491 -1492.3 -1493.2 -1494.2 -1498.4 -1510.1 -1516.4

111/16-15-002-09W2/00 87C018 574.3 -1491.2 -1495 -1495.7 -1496.8 -1498.5 -1502.8 -1514.2 -1520.5

111/08-22-002-09W2/00 86A105 570.2 -1483.9 -1487.2 -1488 --- -1489.5 -1494.2 -1504.8 -1511.7

121/09-22-002-09W2/00 87A031 570.1 -1475.8 -1477.8 -1479 -1480.8 -1482.2 -1484.3 -1496.8 -1502.8

111/04-23-002-09W2/00 87C003 570.3 -1482.2 -1485.1 -1486.2 -1486.7 -1487.5 -1492.6 -1504.2 -1510.7

121/06-27-002-09W2/00 88A005 567.9 -1465.2 -1468 -1469.1 -1470.2 -1472 -1475.1 -1486.2 -1492

131/01-28-002-09W2/00 86D006 569.5 -1476.2 -1478.1 -1479.4 -1480.6 -1482.7 -1485.8 -1497.4 -1503.7

111/11-30-002-09W2/00 87D008 572.2 -1470.6 -1472.8 -1473.7 -1475 -1476.4 -1481 -1491.8 -1498.1

101/03-16-002-10W2/00 82I080 584.6 -1528.2 -1530.8 -1531.8 -1532.6 -1534.9 -1538.8 -1548.4 -1555.4

131/15-25-002-10W2/00 87D001 571.1 -1473.3 -1475.2 -1476.1 -1477.2 -1479.3 -1483.3 -1493.5 -1499.9

131/04-36-002-10W2/00 86K001 571.4 -1471.8 -1474.2 -1476.3 -1477.5 -1478.3 -1482.3 -1492.3 -1498.8

131/09-21-002-12W2/00 97G272 597.7 -1565.5 -1568.9 -1570.6 -1571.3 -1572.3 -1573.6 -1587.3 -1596.1

141/01-29-002-12W2/00 79L028 598.3 -1543.4 -1546.8 -1548.2 -1549.2 -1549.9 -1551.6 -1561.9 -1570.7

111/05-34-002-12W2/00 98C186 595.5 -1517.2 -1520.3 -1522.2 -1523.1 -1524.1 -1525.5 -1536.1 -1543.9

101/06-02-002-14W2/00 85H128 681.6 -1563.4 -1566.7 -1568.6 -1571 -1571.7 -1573.7 -1583.6 -1591.4

101/08-05-002-14W2/00 84K023 680 -1573.5 -1577 -1579.2 -1581.4 -1582.4 -1584 -1593.9 -1601.4

141/08-16-002-14W2/00 83K154 647.1 -1564.4 -1567.1 -1569.2 -1570.7 -1571.6 -1573.7 -1583.8 -1591.6

101/10-16-002-14W2/00 03D305 647.1 -1561.1 -1563.7 -1565.9 -1567.6 -1568.3 -1572.7 -1581.1 -1587.9  
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Well I.D. License #

(KB) Elev. 

(m)

F.A. 1 Elev. 

(m), TVD

F.A. 2 Elev. 

(m), TVD

F.A. 3 Elev. 

(m), TVD

F.A. 4 Elev. 

(m), TVD

F.A. 5 Elev. 

(m), TVD

F.A. 6 Elev. 

(m), TVD

F.A. 7 Elev. 

(m), TVD

Dtorquay 

Elev. (m)

121/11-16-002-14W2/00 --- 650.6 -1553.1 -1555.7 -1557.9 -1559.5 -1560 -1563.4 -1573.2 -1580.4

111/08-19-002-14W2/00 10H024 646.9 -1546.6 -1549.3 -1551.2 --- -1554.7 -1555.9 -1565.9 -1575.8

121/16-02-002-15W2/00 08F283 696.3 -1576.5 -1578.8 -1581.4 -1582.5 -1584.2 -1585.6 -1596.7 -1603.6

121/16-02-002-15W2/00 08F283 696.3 -1576.5 -1579 -1581.3 -1582.5 -1584.4 -1585.8 -1596.7 -1603.6

141/10-10-002-15W2/00 --- 686.7 -1557.4 -1559.8 -1562 -1563.4 -1564.5 -1569.2 -1584.7 -1601.1

101/03-20-002-16W2/00 67J043 712.9 -1523.1 -1525.2 -1528.1 -1530.9 -1532.1 -1533.5 -1541.8 -1549.3

141/16-10-002-18W2/00 08G484 741.7 -1591.8 -1594.5 -1596.8 -1599.7 -1601.1 -1602.7 -1610.9 -1617.5

101/11-17-002-18W2/00 84A064 744 -1573.5 -1576.1 -1578.5 --- -1581.1 -1584.6 -1592.5 -1599

101/11-20-002-18W2/00 86A265 748 -1585.4 -1587.6 -1589.5 -1591.8 -1592.8 -1594.7 -1604.5 -1610.8

111/02-13-003-30W1/00 06D044 493.8 -784 -786 -787.1 -788 --- -788 -790 -790

111/02-13-003-30W1/00 06D044 493.8 -784 -785.9 -786.8 --- --- -787.9 --- -790

131/07-01-003-33W1/00 92B027 531.1 -997.5 -999 --- -1001.2 --- -1002.1 --- -1003

141/14-01-003-33W1/00 95J016 528 -983.4 -986.1 --- -987 --- --- --- -988.1

111/04-32-003-33W1/00 5.00E+168 551.3 -959.7 -962.1 --- -963.3 -965.4 --- --- -968.9

101/05-11-003-34W1/00 97C234 553.4 -1042.5 -1044.7 --- -1045.2 --- -1047.3 -1049.9 -1051.5

101/08-03-003-03W2/00 88A070 576.2 -1215.8 -1218.8 -1219.4 -1220 -1220.5 -1222 -1225.1 -1228.3

121/12-03-003-05W2/00 08I441 577.9 -1314.1 -1316.6 -1317.5 -1319.4 --- -1320.9 -1328.4 -1331.6

141/13-16-003-05W2/00 08G476 586.3 -1282 -1283.8 --- -1286.7 --- -1288.6 -1295.4 -1299.2

141/09-05-003-06W2/00 80K052 584.6 -1352.7 -1354.1 -1355.4 -1357.5 --- -1358.8 -1368.9 -1374.9

131/12-31-003-06W2/00 --- 586.5 -1283 -1284.6 -1285.9 -1288.2 --- -1289.2 -1299.5 -1304.6

131/07-19-003-08W2/00 90D028 581.7 -1377.7 -1380.7 -1382.2 -1383.3 -1384.3 -1386.8 -1399.5 -1405.2

121/15-19-003-08W2/00 90C043 584.3 -1368.2 -1370.8 -1373.2 -1374.2 -1375.4 -1377.9 -1389.1 -1395.2

141/14-29-003-08W2/00 90I077 583.4 -1352.7 -1354.9 -1356.5 -1357.3 -1359 -1360.9 -1372.8 -1378.3

101/09-25-003-09W2/00 89K053 582.3 -1361.7 -1364.7 -1365.9 -1367 -1368.2 -1371.9 -1382.8 -1389.8

131/14-25-003-09W2/00 89H001 581.9 -1358.9 -1361.2 -1362.2 -1363.2 -1364.1 -1368.5 -1379.9 -1385.5

111/01-35-003-09W2/00 90J004 582 -1355.7 -1358.3 -1359.4 -1360.3 -1360.9 -1365.9 -1376.7 -1383.1

111/12-35-003-09W2/00 91A008 581.2 -1348.2 -1349.8 -1350.6 -1351.8 -1353 -1356.8 -1368 -1373.7

121/16-35-003-09W2/00 88I290 580.3 -1344.7 -1347.4 -1348.3 -1349.4 -1350.2 -1354.9 -1365.7 -1372.2

121/09-36-003-09W2/00 91B041 581.7 -1349.9 -1352.7 -1353.8 -1354.7 -1355.3 -1360 -1370.6 -1376.4

121/13-36-003-09W2/00 --- 583.5 -1347.6 -1349.8 -1350.4 -1351.2 -1352 -1356.5 -1367.6 -1373.4

121/15-02-003-10W2/00 87G085 569 -1447 -1449.6 -1450.6 -1451.6 -1454 -1457.7 -1467.8 -1474.5

131/03-21-003-10W2/00 97J260 565.7 -1418.4 -1421.3 -1422.3 --- -1425.8 -1429.4 -1437.2 -1444.4

101/09-22-003-10W2/00 87B053 578.5 -1407 -1409.3 -1409.9 -1410.9 -1413.4 -1417.4 -1427 -1433

141/01-27-003-10W2/00 --- 574 -1394.7 -1396.7 -1397.3 -1398.2 -1400.7 -1404.5 -1414.7 -1421.4

121/09-34-003-10W2/00 87A034 577 -1373 -1375.4 -1376.8 -1377.6 -1378.4 -1383.7 -1392.9 -1398

121/03-28-003-11W2/00 05G082 583.7 -1418.7 -1421.1 -1421.9 -1422.8 -1425.4 -1429.1 -1438.3 -1444.8

102/07-29-003-11W2/00 80J139 583.7 -1410.8 -1413 -1413.7 -1414.3 -1416.6 -1420.3 -1430.3 -1436.1

141/15-31-003-11W2/00 81D003 579.4 -1391.4 -1394.1 -1395.2 -1396.1 -1399.1 -1401.6 -1411 -1418.1

121/07-32-003-11W2/00 97C130 579.6 -1402.4 -1404.9 -1405.8 -1407 -1408.9 -1412.6 -1422 -1429.2

141/07-32-003-11W2/00 95C135 578.5 -1404 -1406.9 -1408.5 --- -1411.7 -1414.4 -1424 -1432.2  
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141/12-35-003-11W2/00 04K298 562.7 -1402 -1404.4 -1405.9 -1407.3 -1409.8 -1412.4 -1421.5 -1428

141/08-25-003-13W2/00 85K047 601.4 -1422.4 -1425 -1426.3 -1428.8 -1429.6 -1431.9 -1442.7 -1450.4

150/02-08-003-14W2/00 80K033 621.5 -1513.1 -1515.8 -1517.9 -1519.2 -1520.2 -1522.9 -1537.5 -1551.5

131/15-32-003-14W2/00 10B263 611.8 -1408.4 -1410.9 -1413 -1414.5 -1416 -1417.6 -1427.2 -1436.1

111/14-15-003-15W2/00 86B093 655.1 -1461.4 -1464.1 -1466.1 -1467 -1467.8 -1470.9 -1480.3 -1488.7

111/04-22-003-15W2/00 85F074 653.7 -1452 -1456.4 -1458.5 --- -1460.9 -1463.6 -1470.8 -1479.4

101/07-07-003-17W2/00 88A071 706.5 -1435.4 -1437.3 -1439.3 -1442.2 -1443 -1446 -1454.1 -1462.3

101/07-23-003-17W2/00 83K062 741.3 -1407.7 -1410.1 -1412.6 -1414.8 -1416.1 -1418.6 -1425.7 -1433.5

141/06-08-004-30W1/00 85K010 519.4 -765.4 -768.3 -769.1 --- --- --- --- -770.6

131/05-12-004-03W2/00 89F051 585.8 -1098.2 -1099.9 -1101.5 --- -1103 -1103.7 -1105.2 -1108.2

101/01-19-004-03W2/00 88F189 588.2 -1109.8 -1112.7 -1113.4 --- -1115.3 -1116.7 -1118.8 -1122.3

141/08-28-004-03W2/00 88B200 590.2 -1062.4 -1064.6 -1065.1 -1067 -1067.9 -1068.5 -1069.9 -1072.6

101/07-28-004-04W2/00 88K071 592.6 -1125.9 -1128.8 -1129.8 -1132 --- -1132.6 -1136.4 -1139.1

141/06-30-004-04W2/00 --- 591.3 -1138.2 -1141.1 -1142.7 --- --- -1145.5 -1149.7 -1151.8

141/01-05-004-05W2/00 08J351 590.1 -1237.4 -1240 -1241.6 -1244 --- -1245 -1250.8 -1255.1

141/14-18-004-06W2/00 01I157 593.5 -1228.1 -1230.2 -1231 -1232.6 --- -1234.8 -1245.2 -1249.9

132/15-18-004-06W2/00 88L018 594.5 -1227.1 -1229.3 -1230.1 -1231.9 --- -1233.5 -1243.5 -1248.6

141/15-19-004-06W2/00 01I201 596.5 -1213.2 -1215.2 -1216.4 -1217.8 --- -1219.1 -1229.7 -1234.6

141/04-01-004-07W2/00 87F020 588.6 -1293.2 -1294.7 -1296.4 -1297.8 --- -1300.1 -1310.7 -1315.7

141/15-07-004-07W2/00 --- 589.1 -1288 -1289.6 -1290.7 -1292.3 --- -1293.8 -1304.9 -1309.6

191/10-14-004-07W2/00 02K305 592.5 -1244.4 -1246.1 -1247.2 -1248.7 --- -1250.3 -1261.2 -1266

121/08-22-004-07W2/00 98B191 594.2 -1241.2 -1243.6 -1244.2 -1245.8 --- -1246.9 -1257.5 -1262.4

121/07-16-004-08W2/00 87K032 590.7 -1292.3 -1294.5 -1295.6 --- -1296.8 -1300.2 -1310.8 -1315.3

101/11-18-004-08W2/00 90A014 588.1 -1297.9 -1300.7 -1301.4 -1301.9 -1303 -1306.6 -1316.8 -1322.6

101/11-18-004-08W2/00 90A014 588.1 -1299 -1300.6 -1301.6 -1302.7 -1303.9 -1306.9 -1317.6 -1322.2

131/02-19-004-08W2/00 90C013 589.6 -1281.8 -1284.4 -1285 --- -1286 -1289.7 -1301.2 -1306.8

131/12-20-004-08W2/00 87K022 591.5 -1276 -1278 -1279 -1280.3 -1281.1 -1282.6 -1294.5 -1299.5

121/11-21-004-08W2/00 91G191 589.7 -1276.6 -1278.4 --- -1279.3 -1280.2 -1284.7 -1295 -1299.7

121/10-29-004-08W2/00 93C061 594.4 -1259.1 -1260.8 -1261.5 -1262.7 -1263 -1265.8 -1277.5 -1282.6

141/06-30-004-08W2/00 89K092 591.6 -1254.6 -1257 -1258.1 --- -1260.3 -1262.3 -1273.1 -1281.4

141/06-30-004-08W2/00 89K092 591.6 -1254.9 -1257.1 -1258.1 -1259.3 -1260.1 -1262.3 -1273.4 -1278.4

131/16-30-004-08W2/00 89D014 591.6 -1254.7 -1257.5 -1258.2 -1259.2 -1260.2 -1262.8 -1273.4 -1279.4

131/16-30-004-08W2/00 89D014 591.6 -1254.9 -1257.2 -1258.3 --- -1259.4 -1262.7 -1272.8 -1277.9

121/06-31-004-08W2/00 90G053 593.5 -1241.8 -1246 -1246.5 --- -1247.8 -1251.3 -1262.2 -1266.7

141/09-31-004-08W2/00 78B008 597.7 -1234 -1237.2 -1237.6 -1238.4 -1239.3 -1241.6 -1252 -1257.6

191/16-31-004-08W2/00 97B215 598.7 -1227.2 -1229.6 -1230.6 --- -1231.5 -1235.6 -1245.4 -1250.6

121/04-32-004-08W2/00 91B095 592.7 -1249.5 -1251.3 -1252.2 --- -1253.4 -1257.1 -1267.8 -1272.5

131/12-32-004-08W2/00 89C075 597.4 -1233.7 -1235.8 -1236.6 --- -1237.6 -1240.9 -1251.8 -1256.6

101/08-01-004-09W2/00 80A056 586.4 -1338.1 -1341.1 -1342.9 -1343.8 -1345.2 -1347.2 -1358.4 -1363.2

131/13-02-004-09W2/00 91C011 580 -1338.9 -1340.9 -1342.3 -1343.1 -1346.1 -1347.6 -1357.8 -1364.4  
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141/01-10-004-09W2/00 89G008 581.6 -1336.4 -1338.1 -1339.1 -1340 -1342.1 -1346.9 -1355.8 -1360.9

142/01-10-004-09W2/00 90K075 581.8 -1335.3 -1336.6 -1337.5 -1338.8 -1340.8 -1343.6 -1354.3 -1359.3

111/13-11-004-09W2/00 90B006 583.9 -1321.1 -1323.3 -1324 -1324.9 -1326.8 -1329.6 -1340.1 -1345.1

111/05-12-004-09W2/00 91A062 582.5 -1321.8 -1324.7 -1325.6 -1326.6 -1327.8 -1331.5 -1342.1 -1347.6

121/16-12-004-09W2/00 90J039 589.2 -1313.8 -1315.1 -1316.2 --- -1317.6 -1321.4 -1333.1 -1339.2

131/05-13-004-09W2/00 --- 587.3 -1296.7 -1299.5 -1300.1 -1301.1 -1301.7 -1305.1 -1316.2 -1321.7

142/13-13-004-09W2/00 90L065 587.1 -1295 -1297.4 -1298.7 -1299.8 -1300.4 -1303.3 -1314.4 -1319.9

121/16-13-004-09W2/00 --- 586.3 -1293.7 -1295.8 -1296.5 -1298 -1299.6 -1302.1 -1313.2 -1318.2

121/10-14-004-09W2/00 90A001 585 -1296 -1298.9 -1299.7 -1300.6 -1301.5 -1305.3 -1316 -1321.5

141/10-16-004-09W2/00 90K003 581.5 -1302.2 -1304.4 -1305.8 -1306.7 -1307.5 -1311.9 -1322.3 -1327.8

121/16-23-004-09W2/00 90D001 588.3 -1279.9 -1281.9 -1282.9 -1283.7 -1284.9 -1288.9 -1298.9 -1303.9

131/16-23-004-09W2/00 96J095 589 -1283.1 -1285.4 -1286.3 -1287.2 -1287.9 -1292.4 -1302.1 -1307.1

141/02-24-004-09W2/00 93L006 588.9 -1287.9 -1290.3 -1291.1 -1292 -1293.2 -1296.3 -1307 -1312.4

141/03-24-004-09W2/00 92G042 587.8 -1290.2 -1291.9 -1293.1 -1294.6 -1296 -1298.7 -1309.2 -1315.2

111/12-24-004-09W2/00 93G178 589.3 -1282.4 -1284.7 -1285.6 --- -1286.6 -1291.4 -1301.9 -1307.6

111/16-24-004-09W2/00 94A049 590.1 -1273.4 -1275.6 -1276.8 -1277.8 -1278.4 -1281.8 -1292.5 -1300.1

131/03-25-004-09W2/00 --- 588.5 -1267.9 -1270.3 -1271.4 -1272.4 -1273.3 -1276.5 -1286.7 -1291.7

191/04-25-004-09W2/00 05G218 586.4 -1284.4 -1286.3 -1287.6 --- -1288.7 -1293.1 -1303.2 -1310.9

131/08-26-004-09W2/00 93H054 589.5 -1266.6 -1268.7 -1270.8 -1271.9 -1272.4 -1276.2 -1285.6 -1290.8

141/01-27-004-09W2/00 90J080 589.9 -1269.2 -1271.2 -1272.5 -1273.3 -1275.2 -1278.2 -1288.9 -1294.8

121/12-27-004-09W2/00 90K004 590.2 -1265.2 -1266.1 -1267.1 -1268 -1270.6 -1273.3 -1284.8 -1290

191/13-34-004-09W2/00 76J002 593.8 -1246.7 -1248.8 -1249.5 -1250.6 -1251.8 -1256.7 -1265.5 -1271.6

131/16-11-004-10W2/00 87C039 585.3 -1325.7 -1328 -1329.4 -1330 -1331 -1335 -1344.6 -1350.5

141/16-24-004-10W2/00 90J084 585.6 -1296.5 -1299 -1300.4 -1301.5 -1303 -1307 -1316.5 -1322.3

141/14-35-004-10W2/00 87H060 587.4 -1266.1 -1268.3 -1268.9 -1270.1 -1271.1 -1274.6 -1285.8 -1291.6

111/09-01-004-11W2/00 97G036 573.2 -1371.9 -1374.6 -1375.8 -1376.9 -1379.5 -1382.6 -1391.5 -1403.1

111/09-01-004-11W2/00 97G036 573.2 -1372.3 -1374.8 -1375.8 -1376.9 -1379.3 -1382.7 -1391.2 -1396.8

121/13-01-004-11W2/00 92G041 571.5 -1381.1 -1383.7 -1384.9 -1385.7 -1388.1 -1391.6 -1400.8 -1406.9

121/01-04-004-11W2/00 98B178 568.2 -1440.2 -1442.5 -1443.8 -1445.4 -1448.3 -1450.5 -1462.3 -1472.1

131/13-20-004-11W2/00 77I061 572.4 -1337.1 -1339.8 -1341.7 -1343.2 -1344.5 -1348.4 -1356.4 -1363.7

131/06-07-004-12W2/00 07I007 590.8 -1364.2 -1366.4 -1368.2 -1369 -1372 -1373.4 -1383.2 -1390

131/13-20-004-12W2/00 98A061 581.6 -1329.9 -1331.9 -1335 -1336.3 -1337.5 -1339.9 -1351 -1358.6

141/06-31-004-18W2/00 --- 746.4 -1292.8 -1295.5 -1298 -1300.1 -1301.6 -1303.9 -1310.3 -1319.6

101/09-04-005-30W1/00 06L086 519.7 -682.2 -683.5 -684.6 --- --- --- --- -686.2

101/09-11-005-30W1/00 81H036 517.9 -734.3 -735.3 --- -736 --- --- --- -737.1

101/08-05-005-32W1/00 88A058 551.6 -804.1 -807.3 --- -808.6 --- -810.1 --- -811.6

131/04-14-005-32W1/00 00C314 556.6 -764.4 -766.9 -768.2 -770.3 --- -769.6 --- -770.7

121/05-19-005-03W2/00 87B062 595.1 -1015.7 -1018.5 -1020.4 --- -1021.2 -1022 -1023.9 -1026.3

141/15-04-005-04W2/00 97F170 591.5 -1087.3 -1089.5 -1090.9 -1092 --- -1094.4 -1096.6 -1099.8

121/04-18-005-04W2/00 --- 592.1 -1093 -1096 -1097.7 --- --- -1100.5 -1102.9 -1105.9  
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191/08-24-005-04W2/00 87C034 595.1 -1016.4 -1018.8 -1019.7 --- -1020.7 -1021.6 -1024.1 -1026.6

121/09-36-005-04W2/00 97B264 594.3 -993.5 -995.6 -996.6 --- -997.3 -998.4 -1001 -1003.3

141/15-11-005-05W2/00 99I099 593.4 -1099.6 -1102.6 -1103.7 --- -1106.3 -1108.2 -1111.6 -1115.8

121/13-12-005-05W2/00 99K101 593.1 -1099.1 -1102.1 -1103.6 -1106.2 --- -1107.7 -1110.6 -1114.4

121/02-14-005-05W2/00 88L062 595.4 -1096.1 -1099.1 -1100.7 --- -1103.3 -1104.5 -1108.6 -1112.6

121/07-15-005-05W2/00 99K112 593.4 -1102.1 -1104.8 -1105.9 -1108.2 --- -1109.7 -1116.6 -1120.6

191/13-23-005-05W2/00 01C006 595.9 -1071.2 -1073.9 -1075.2 -1077.4 --- -1078.9 -1085.9 -1089.1

121/15-23-005-05W2/00 96I218 596.6 -1068.5 -1071.1 -1072.4 -1074.5 --- -1076 -1082.9 -1086.4

121/13-24-005-05W2/00 97A128 597.6 -1066.4 -1069.1 -1070.2 -1072.9 --- -1074.3 -1078.4 -1082.5

121/15-24-005-05W2/00 96F163 599.2 -1063 -1065.7 -1066.8 -1069.7 --- -1071.1 -1074.2 -1078

121/10-26-005-05W2/00 99J130 595.7 -1054.1 -1057 -1057.8 -1060.1 --- -1061.1 -1068.7 -1073.5

101/16-26-005-05W2/00 96H319 597.5 -1052.4 -1055 -1055.6 -1058.7 --- -1059.5 -1065.9 -1070.7

191/02-27-005-05W2/00 01A208 596.2 -1075.1 -1077.7 -1078.7 -1080.9 --- -1082.2 -1089.4 -1094

141/05-33-005-05W2/00 99I221 595.6 -1061.1 -1063.6 -1064.6 -1066.3 --- -1068.2 -1077.4 -1081.8

131/10-33-005-05W2/00 02B047 596.2 -1053.3 -1056.4 -1057.6 -1059 --- -1060.2 -1069.3 -1075.3

141/05-34-005-05W2/00 94L081 599.3 -1057.5 -1060.4 -1061.4 --- -1063.3 -1065.1 -1073.7 -1078.7

191/15-34-005-05W2/00 01C114 596.5 -1054.8 -1057 -1057.5 -1059 --- -1061.3 -1069.4 -1072.7

131/03-35-005-05W2/00 --- 594.4 -1052.1 -1054.1 -1055.5 -1057.4 --- -1058.9 -1065.6 -1070.4

191/10-36-005-05W2/00 91B077 596.3 -1037.9 -1040.3 -1041.7 -1042.7 --- -1044 -1050.9 -1055.1

101/05-05-005-06W2/00 90G146 599.7 -1179.3 -1181.5 -1182.7 -1184.1 --- -1185.9 -1195.8 -1200.5

141/16-10-005-06W2/00 99H155 595.7 -1126.3 -1128.6 -1129.5 -1131.3 --- -1133.2 -1143.2 -1147.3

121/08-18-005-06W2/00 92B017 591.9 -1160.6 -1163.4 -1164.2 -1165.5 --- -1167.8 -1177.1 -1181.3

111/07-04-005-07W2/00 01J006 598.6 -1192.4 -1195 -1195.8 -1196.7 --- -1198.7 -1208.2 -1213.4

111/07-04-005-07W2/00 01J006 598.6 -1192.5 -1194.4 -1195.4 -1196.8 -1197.5 -1198.7 -1208.1 -1213.3

112/07-04-005-07W2/00 01L092 598.2 -1192.8 -1194.8 -1196 --- -1197.2 -1199.1 -1208.7 -1211.5

131/11-04-005-07W2/00 02I001 598.3 -1195.2 -1196.3 -1197.2 --- -1198.6 -1200.3 -1212 -1217.2

131/11-04-005-07W2/00 02I001 598.3 -1194.2 -1196.4 -1196.8 --- -1198.3 -1200.4 -1212.1 -1217.6

131/08-14-005-07W2/00 90K086 596 -1162 -1164.2 -1165.2 -1166.4 -1167.1 -1169.6 -1178.6 -1183

111/03-15-005-07W2/00 87L106 600 -1175.4 -1176.9 -1177.7 -1178.8 -1179.5 -1181.3 -1192.9 -1198.2

131/15-31-005-07W2/00 90L058 597.3 -1134.6 -1137.2 -1138.2 -1139.1 -1140.7 -1140.7 -1151.8 -1156.3

121/01-06-005-08W2/00 99I259 598.7 -1227.5 -1229.8 -1230.8 --- -1231.4 -1235.4 -1246.1 -1251.3

101/05-07-005-08W2/00 90G014 600.8 -1217.6 -1219.9 -1221.3 --- -1221.9 -1224.9 -1235.3 -1240.9

141/15-11-005-08W2/00 08B162 599.1 -1191.5 -1193.9 -1194.9 --- -1196.4 -1199.1 -1209.7 -1214.7

131/08-15-005-08W2/00 --- 601.5 -1188 -1190.5 -1191.2 --- -1192.3 -1195.4 -1205 -1210.5

131/15-30-005-08W2/00 92A006 598.3 -1167.8 -1169.2 -1170 -1170.7 --- -1174.5 -1185.4 -1191

131/11-33-005-08W2/00 --- 601.7 -1147.9 -1150 --- -1150.7 -1151.1 -1154 -1164.9 -1170.1

121/01-04-005-09W2/00 05G266 594.3 -1242.1 -1244.3 -1246.7 --- -1247.7 -1251.6 -1260.3 -1266.3

111/01-14-005-09W2/00 80J021 601.1 -1209.4 -1210.9 -1212.1 -1212.5 -1213.9 -1217.4 -1227.9 -1232.9

141/10-18-005-09W2/00 88B074 596.1 -1219.3 -1220.8 -1221.8 -1222.3 -1224.5 -1227 -1237.3 -1242.5

131/09-23-005-09W2/00 --- 601.8 -1182.2 -1184 -1185 --- -1185.6 -1189 -1200.2 -1205.2  
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131/14-29-005-09W2/00 --- 600.2 -1176.1 -1178 -1178.6 --- -1179.2 -1182.8 -1194 -1199.8

191/14-28-005-10W2/00 --- 593.7 -1190.8 -1192.8 -1193.5 --- -1193.9 -1197.8 -1208.4 -1214.6

121/05-04-005-11W2/00 82K079 584.6 -1297.9 -1299.9 -1300.7 -1301.5 -1303.6 -1306.7 -1316.7 -1322.9

121/05-22-005-12W2/00 88D053 577.4 -1247.2 -1249.8 -1251.1 -1251.7 -1253.2 -1256.9 -1266.5 -1273.8

111/12-29-005-12W2/00 --- 576 -1235.1 -1237.7 -1238.7 -1239.4 -1241.2 -1244 -1254 -1260.8

111/14-29-005-14W2/00 88C049 603.3 -1237.4 -1240.1 -1241.4 -1242.6 -1243.1 -1246.4 -1256.8 -1264.7

111/04-31-005-14W2/00 99I161 608.4 -1261.4 -1263.4 -1264.8 -1266 -1267.3 -1270.5 -1285 -1298.8

101/13-24-005-15W2/00 94F046 611 -1256.5 -1259.1 -1260.4 -1262.1 -1264 -1265.1 -1274.3 -1283.3

121/02-36-005-15W2/00 95I124 606.3 -1248.7 -1251.2 -1252.2 -1253.7 -1256.3 -1259.2 -1277.7 -1295

131/16-21-005-16W2/00 08K272 626.7 -1237.7 -1239.6 -1241.9 -1243.5 -1245.1 -1247.4 -1253.2 -1261.8

131/13-24-005-16W2/00 10B280 622.9 -1236 -1237.3 -1239.6 -1241.2 -1242.6 -1245.1 -1252.7 -1260.8

101/09-35-005-17W2/00 77H008 630 -1216.8 -1219.2 -1220.9 -1222.6 -1224.5 -1225.9 -1231.6 -1240.6

131/13-32-005-18W2/00 07J297 671.6 -1209.3 -1211 -1213.1 -1215 -1216 -1217.4 -1223.4 -1231.5

131/13-32-005-18W2/00 07J297 671.6 -1209.3 -1211.1 -1213.2 -1215.2 -1216.4 -1217.6 -1223.4 -1231.5

141/16-22-006-30W1/00 06F462 534.9 -569.2 -570.2 -571.2 --- --- --- --- -571.9

131/12-24-006-30W1/00 05J209 525.2 -565.8 -566.9 -567.8 --- --- -569.4 -576.1 -577.4

101/04-25-006-30W1/00 06B018 526.3 -560.2 -561.3 -562.3 --- --- -563.4 --- -563.7

111/13-25-006-30W1/00 --- 524.8 -553.1 -554.3 --- --- --- -555.7 --- -557.2

111/08-29-006-30W1/00 06G271 546.8 -589.1 -590.1 --- -591.3 --- --- --- -592.9

121/02-35-006-30W1/00 06E308 532.5 -552.6 -553.9 -554.8 -555.8 --- -555.7 --- -557.1

101/08-35-006-30W1/00 00L005 529.8 -545.7 -547 -547.3 -548.1 --- -548.1 --- -548.8

101/11-35-006-30W1/00 07H388 535.9 -547.8 -548.8 -549.6 -551.2 --- -554.3 -559.6 -562.7

131/15-35-006-30W1/00 07K132 532.7 -547.1 -548.4 -549.2 --- --- -555.9 -558.9 -562

131/12-36-006-30W1/00 01B160 524.6 -547.4 -548.4 -549.5 -550.6 --- -550.6 --- -550.9

101/06-24-006-33W1/00 06I015 603.4 -719.6 -722.3 -723.5 -724.8 --- -725.7 --- -726.5

131/16-24-006-33W1/00 06L338 605.8 -709.8 -712.8 --- -715.5 --- -715 --- -717.2

101/04-31-006-01W2/00 08H567 601 -827.7 -829.4 --- -830.4 --- --- --- -831.1

101/04-31-006-01W2/00 08H567 601 -827.7 -829.1 --- --- -829.6 --- --- -831.1

102/09-26-006-02W2/00 99C054 602.9 -832 -833.5 -834.1 -834.8 --- --- --- -838.2

101/11-08-006-03W2/00 78C001 595.9 -941 -943.6 -945.5 -946.3 --- -947.3 -948.6 -951.4

141/01-03-006-05W2/00 96G140 598.1 -1044.6 -1046.9 -1047.8 -1049.6 --- -1051.6 -1059 -1062.9

131/05-03-006-05W2/00 02K307 598.3 -1035.7 -1037.7 -1038.4 -1040 --- -1042.6 -1050.9 -1055

192/02-09-006-05W2/00 97G321 599.2 -1028.4 -1031.1 -1032 -1033.4 --- -1035.5 -1044.3 -1049.2

101/10-10-006-05W2/00 95A121 597.3 -1024.9 -1027.5 -1028.5 -1030.6 --- -1032.8 -1039.9 -1044.5

111/06-17-006-05W2/00 00A001 600.9 -1025.5 -1028.3 -1029.3 -1030.7 --- -1031.9 -1042.1 -1046.3

141/02-18-006-05W2/00 06G090 602 -1025 -1028 -1029.1 -1030.5 --- -1031.9 -1042 -1047

111/01-04-006-06W2/00 08A019 598.3 -1082.5 -1086.3 -1087.5 -1088.7 -1090.7 -1090.7 -1100.3 -1105.3

101/03-06-006-06W2/00 88D019 600.6 -1104.4 -1106.7 -1107.7 -1108.9 --- -1111.5 -1120 -1124.2

111/14-06-006-06W2/00 98A228 599.3 -1092.7 -1095.1 -1096.1 -1096.9 --- -1099.9 -1108.7 -1113.1

101/10-10-006-06W2/00 88I271 602.5 -1044.8 -1047.7 -1048.8 -1050 --- -1051.3 -1060.9 -1065.7  
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131/15-13-006-06W2/00 96J221 599.3 -1024.9 -1027.8 -1029 -1030.2 --- -1031.7 -1041.5 -1046.6

141/08-14-006-06W2/00 --- 601.2 -1032.4 -1035.8 -1037 -1038 --- -1039.1 -1048.9 -1053.4

111/12-18-006-06W2/00 90C044 600.8 -1064.2 -1066.9 -1067.9 -1069.2 -1069.9 -1071.5 -1081 -1085.2

131/10-20-006-06W2/00 97F404 603.9 -1034.6 -1037.7 -1038.7 -1039.6 --- -1041.3 -1050.5 -1054.7

111/09-29-006-06W2/00 87G102 603.9 -1010.9 -1013.9 -1015.3 -1016.3 --- -1018.2 -1027.5 -1032

111/15-29-006-06W2/00 87L059 603.2 -1010.8 -1014.7 -1015.8 -1016.8 --- -1018.2 -1027.8 -1033.1

131/15-30-006-06W2/00 97F371 604.7 -1019.7 -1023 -1023.8 -1024.9 --- -1026.6 -1036.8 -1041.3

121/15-10-006-07W2/00 08J452 602.2 -1078.9 -1082.3 -1083.2 -1084.2 --- -1085.8 -1096.6 -1100.9

141/12-16-006-07W2/00 92C014 601 -1084.4 -1086.3 -1087.8 -1088.5 --- -1090 -1101.6 -1106.4

131/09-32-006-07W2/00 88B257 609 -1043.5 -1045.6 -1046.4 -1047.3 --- -1048.6 -1060 -1064

111/16-33-006-07W2/00 07J054 609.9 -1036.9 -1039.9 -1040.9 -1041.7 --- -1042.3 -1052.9 -1057.2

131/06-04-006-08W2/00 91H094 601.8 -1132.7 -1134.4 --- -1134.9 -1135.9 -1138.4 -1149.2 -1154.4

121/16-05-006-08W2/00 90G070 601 -1129 -1131.2 -1132 --- -1132.4 -1134.9 -1145.6 -1150.9

111/03-09-006-08W2/00 92H071 599.5 -1122.5 -1124.5 -1124.9 -1125.1 -1125.6 -1127.6 -1139 -1144

131/09-09-006-08W2/00 90H060 599.6 -1110.4 -1112.5 -1113 -1113.6 --- -1115.4 -1126.4 -1131.4

111/14-09-006-08W2/00 91A038 600.6 -1110.9 -1112.7 -1113.5 -1113.9 --- -1115.3 -1126.7 -1131.6

141/07-10-006-08W2/00 92A001 600.9 -1122.2 -1124.2 --- -1124.9 -1125.1 -1126.8 -1138.7 -1143.2

121/10-23-006-08W2/00 98B033 600.5 -1082.5 -1084.5 -1085.9 -1086.3 --- -1087.1 -1099.1 -1103.5

141/16-01-006-09W2/00 07H429 599.4 -1125.1 -1127.2 --- -1128.6 -1130.1 -1130.8 -1141.4 -1147.9

111/08-19-006-10W2/00 07H309 610.6 -1125.8 -1128.3 -1128.9 -1129.4 -1131.4 -1132.5 -1142.2 -1150.2

101/09-01-006-11W2/00 97B104 596.5 -1165.3 -1166.8 -1167.8 -1168.2 -1169 -1171.9 -1182.3 -1188.5

121/03-13-006-11W2/00 96L021 604.5 -1142 -1143.5 -1144.7 --- -1145.4 -1148.7 -1158.6 -1164.1

131/03-14-006-11W2/00 98B196 601.3 -1145.4 -1147.8 -1148.4 -1148.8 -1150 -1152.3 -1161.9 -1168.2

131/07-15-006-11W2/00 --- 597.3 -1142.4 -1143.7 -1144.6 -1144.8 -1146 -1148.1 -1158.9 -1165.4

131/12-15-006-11W2/00 96I151 595.6 -1138.6 -1140.6 -1142 -1142.6 -1143.1 -1145 -1154.4 -1159.4

192/08-16-006-11W2/00 --- 594.6 -1145 -1147.2 -1147.7 -1148.5 -1149.3 -1150.8 -1160.6 -1166.5

121/10-16-006-11W2/00 99B087 595.6 -1142.9 -1145.2 -1146.4 -1147.1 -1147.4 -1149.6 -1159 -1168.2

141/11-16-006-11W2/00 96I050 597.5 -1145.9 -1148.1 -1149.1 -1150.3 -1151 -1152.5 -1161.7 -1168.6

111/16-20-006-11W2/00 98C294 600.7 -1129.3 -1131.3 -1132.4 -1133.1 -1134.1 -1136.2 -1145.3 -1151.9

121/13-21-006-11W2/00 --- 602 -1126.7 -1128.9 -1130 -1131.1 -1131.7 -1133.2 -1142 -1148.2

131/13-23-006-11W2/00 96I115 608.2 -1115.3 -1117.5 --- -1118.9 -1119.2 -1121.3 -1132.3 -1138.1

111/08-26-006-11W2/00 96K170 611.9 -1112.4 -1114.5 -1115.2 -1116.1 -1116.5 -1118.5 -1128.1 -1136

111/14-26-006-11W2/00 96H261 608.8 -1103.5 -1105.5 -1106.7 -1107.4 -1108.1 -1110.1 -1118.7 -1124.6

111/08-27-006-11W2/00 96L022 609.3 -1111.8 -1113.9 -1114.7 -1115.4 -1116.1 -1117.9 -1127.8 -1133.3

121/04-28-006-11W2/00 96L313 604.5 -1126.5 -1128.7 -1129.9 -1130.4 -1131.5 -1132.6 -1142 -1148

111/09-28-006-11W2/00 96L309 608.7 -1116.3 -1117.9 -1118.9 -1119.7 -1120.4 -1122 -1131 -1137

131/01-29-006-11W2/00 96G281 605 -1123.5 -1125.2 -1125.7 -1126.6 -1127.6 -1129.1 -1138.6 -1145.3

121/07-29-006-11W2/00 96J008 604.6 -1123.9 -1125.6 -1127.5 -1128.2 -1128.5 -1130.8 -1139 -1144.8

141/10-29-006-11W2/00 96I131 605.7 -1120.8 -1123.2 -1124 -1124.6 -1125.4 -1127.5 -1135.8 -1141.6

132/11-32-006-11W2/00 97C300 607.6 -1117.5 -1119.9 -1120.6 -1121.6 -1122 -1123.5 -1132.7 -1140.1  
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132/11-32-006-11W2/00 97C300 607.6 -1117.9 -1119.9 -1120.5 -1121.8 --- -1123.5 -1133 -1139

111/12-33-006-11W2/00 96J176 612.6 -1110.9 -1113.2 -1114.8 -1115.4 --- -1116.4 -1125.7 -1130.9

141/07-34-006-11W2/00 97G415 611.5 -1102 -1103.5 -1104.8 -1105.4 -1106.6 -1107.6 -1116.9 -1122.3

131/08-34-006-11W2/00 97F120 610.4 -1104.4 -1106.5 -1107.3 -1108.7 --- -1110.1 -1119.9 -1125.9

131/11-34-006-11W2/00 96I068 614.7 -1098.9 -1101.6 -1102.1 -1103.9 --- -1105.3 -1114.3 -1121.8

141/13-34-006-11W2/00 97G417 614 -1097.9 -1100.5 -1101 -1102.6 --- -1103.7 -1113.4 -1121.5

111/15-34-006-11W2/00 --- 612 -1094.8 -1096.5 -1097.3 -1098.8 --- -1100.1 -1110 -1115.8

141/04-35-006-11W2/00 96B159 609.2 -1100.5 -1103 -1103.6 -1105.6 --- -1106.6 -1114.9 -1122.8

141/04-35-006-11W2/00 96B159 609.2 -1100.6 -1102.5 -1103.8 -1105.4 --- -1106.4 -1115.3 -1121.1

111/06-35-006-11W2/00 97C072 608.4 -1097.2 -1099.5 -1100.6 -1101.4 -1101.9 -1102.9 -1111.8 -1119.4

111/06-35-006-11W2/00 97C072 608.4 -1096.9 -1099 -1099.6 -1100.6 --- -1102.9 -1111.8 -1117.9

131/11-35-006-11W2/00 96G312 609.2 -1097.1 -1099.3 -1100.1 -1102.3 --- -1104.3 -1111.8 -1118.1

141/04-16-006-13W2/00 97G483 580.8 -1183.4 -1185.8 -1186.9 -1188.7 -1189.9 -1192.2 -1204.7 -1214

121/06-20-006-13W2/00 97H012 582.7 -1165.5 -1166.8 -1167.5 --- -1169.4 -1173.3 -1183.1 -1189.3

111/10-20-006-13W2/00 92C017 580 -1160.2 -1161.1 -1161.9 -1163.4 -1164.5 -1167.1 -1177.8 -1183.8

101/16-35-006-14W2/00 84I243 580.9 -1123.6 -1125.8 -1126.5 -1127.9 -1129.6 -1131.9 -1140.4 -1145.9

101/07-07-006-15W2/00 78H078 623.9 -1204 -1206.4 -1207.6 -1209.2 -1210.7 -1213.5 -1218.5 -1226.9

131/05-30-006-15W2/00 91B120 612.1 -1156.4 -1158.8 -1160.4 -1162.5 -1163.5 -1165.4 -1171.9 -1181.2

111/08-02-006-16W2/00 78H158 626.1 -1208.7 -1211.4 -1212.5 -1214 -1216 -1217.3 -1224 -1232.8

121/03-20-006-16W2/00 84I124 632.5 -1185.5 -1187.5 -1188.9 -1190.5 -1192.6 -1195 -1199.5 -1207.1

141/13-23-006-16W2/00 84K223 622.1 -1165.3 -1168 -1169 -1170.1 -1171.2 -1171.9 -1177.9 -1185.9

141/13-23-006-16W2/00 84K223 622.1 -1165.2 -1167.9 -1169.4 -1170.7 -1171.7 -1173 -1178 -1186.9

141/13-24-006-16W2/00 84K221 621.2 -1166.8 -1168.8 -1169.9 -1171.2 -1171.9 -1176.6 -1181.8 -1189.6

141/13-24-006-16W2/00 84K221 621.2 -1166.5 -1168.7 -1170.4 -1171.7 -1172.4 -1176.3 -1181.7 -1190.8

131/15-24-006-16W2/00 84K222 619.3 -1161.7 -1163.8 -1164.6 -1165.9 -1168.2 -1171.3 -1177.1 -1184.7

101/03-25-006-16W2/00 84G025 618.4 -1157.9 -1160.3 -1161.1 -1163.6 -1165.5 -1167.4 -1172.8 -1180.3

101/05-25-006-16W2/00 84K105 617.8 -1159.2 -1161.3 -1162.3 -1163.7 -1165.6 -1168.7 -1174.1 -1183

101/05-25-006-16W2/00 84K105 617.8 -1159.2 -1161.2 -1162.3 -1163.5 -1165.6 -1169 -1174.1 -1183

101/11-25-006-16W2/00 85G214 616.6 -1155.4 -1157.9 -1159 -1160.6 -1162.3 -1165.3 -1169.9 -1176.7

121/03-26-006-16W2/00 84F209 623 -1160.7 -1163 -1165 -1166.2 --- -1167.1 -1173.6 -1181

141/05-26-006-16W2/00 84K247 624.8 -1162.5 -1164.9 -1165.9 -1167.6 -1168.7 -1169 -1175 -1183.6

101/07-26-006-16W2/00 84L058 623.3 -1161.6 -1164 -1165.5 -1167.1 -1168.8 -1170.9 -1175.9 -1184.8

101/15-36-006-16W2/00 08K104 601.3 -1143.1 -1145.5 -1146.7 -1148.3 --- -1150.6 -1156.5 -1164.7

101/07-21-006-17W2/00 84L085 638.6 -1297.2 -1299.1 -1300.8 -1302.5 -1303.9 -1304.8 -1310.1 -1318

121/01-02-006-18W2/00 09H039 656.7 -1224.4 -1226.6 -1228.4 -1230.2 -1231.5 -1233.2 -1239 -1247.7

101/13-04-006-18W2/00 68G101 666.3 -1211.6 -1214.1 -1215.1 -1217.4 -1218.5 -1219.8 -1224.4 -1233.8

111/15-05-006-18W2/00 07L073 669.9 -1204 -1205.7 -1207.5 -1209.2 -1211.4 -1213.4 -1217.4 -1226.1

121/13-06-006-18W2/00 08F284 674.7 -1206.3 -1207.8 -1209.6 -1211.4 -1212 -1213.5 -1219.1 -1227.3

121/15-15-007-30W1/00 --- 553.3 -530.5 -531.2 --- -532.2 --- --- -532.8 -533.7

111/04-17-007-30W1/00 06I090 558.4 -563.8 -564.7 --- -566 --- --- --- -567.2  
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111/09-29-007-30W1/00 06H495 569.5 -527.4 -528.6 -529.4 --- -530.6 -532 -542.3 -543.5

131/16-34-007-30W1/00 06K339 560.3 -500.7 -502.5 -503.3 --- -505.5 -507.6 --- -512.5

101/13-08-007-31W1/00 08K267 584.6 -609.5 -611.2 --- -612.2 --- --- --- -613

141/14-28-007-31W1/00 05L107 592.3 -467.7 -469.3 --- -469.7 --- --- --- -470.2

131/05-35-007-31W1/00 06C235 578.3 -544.1 -546 -546.8 -547.8 --- --- --- -549.2

141/02-14-007-32W1/00 86H077 597.3 -628.8 -631.4 -632.2 -632.9 --- --- --- -633.6

101/10-14-007-03W2/00 86G069 608.8 -831.7 -833.7 -835.1 -836.6 --- -837.3 -839.7 -841.2

131/11-12-007-04W2/00 --- 608.9 -888.3 -890.8 -891.9 -894.8 --- -896.2 -899.6 -903.2

131/11-12-007-04W2/00 --- 608.9 -888.3 -890.9 -891.9 -892.9 -894.5 -895.3 -899.6 -903.2

101/12-22-007-04W2/00 08F025 608.4 -865.3 -867.7 -868.7 --- -869.6 -871 -876.1 -879.6

121/07-14-007-05W2/00 06J186 611.4 -914.4 -916.4 -917.7 -918.8 --- -920.4 -927.6 -931.6

111/01-25-007-05W2/00 93H053 613.4 -879.6 -882.2 -883.3 -884.2 --- -885.4 -891.1 -894.4

101/12-33-007-05W2/00 84L013 604.1 -879.9 -882.8 -884.1 -885 --- -885.8 -893.9 -897.9

141/04-35-007-05W2/00 97G432 604.2 -869.3 -871.2 -872.2 -873.2 --- -874 -881.6 -885.7

111/16-14-007-06W2/00 07C172 611.8 -941.2 -944.3 -945.6 -946.7 --- -949.5 -956.9 -961.5

111/16-20-007-06W2/00 06C245 610.9 -946.3 -949.3 -950.6 -952.7 --- -953.7 -962.1 -965.4

111/12-27-007-06W2/00 00I348 614.1 -927.9 -931.1 -932.5 -933.4 --- -934.6 -943.7 -947.8

131/05-30-007-06W2/00 99K247 612.1 -941.9 -945.1 -946 -947.8 --- -948.7 -956.9 -961.5

101/09-32-007-06W2/00 --- 616.7 -919.3 -922.3 -923.2 -924.7 --- -925.8 -934 -938.1

121/08-11-007-07W2/00 91J060 604.3 -1005.7 -1008.3 -1009.6 -1010.5 --- -1012.3 -1021.2 -1025.9

111/11-16-007-07W2/00 --- 610.5 -1000.5 -1003.2 -1004 -1005.1 --- -1006.2 -1014.5 -1019

121/03-24-007-07W2/00 99I286 607.8 -975.3 -978.4 -979.7 -980.6 --- -982.2 -990.4 -995.1

111/07-17-007-08W2/00 79G061 612 -1026.9 -1029.5 -1030.8 -1031.4 --- -1032.4 -1041.1 -1047

141/14-19-007-08W2/00 06A263 617.8 -1003.2 -1005.4 -1006.4 -1007.3 --- -1008.2 -1017.4 -1022.2

111/01-22-007-08W2/00 91H054 611.5 -1012.5 -1014.2 -1015.2 -1015.6 --- -1017 -1027.2 -1031.5

111/06-24-007-08W2/00 --- 612.5 -1006.9 -1009.2 -1010.3 -1010.8 --- -1011.6 -1021.5 -1025.6

131/10-28-007-08W2/00 85H164 617.2 -984.8 -986.9 -988.2 -988.8 --- -989.8 -999.8 -1003.8

101/04-29-007-08W2/01 05I047 608.8 -999.3 -1001.7 -1002.3 -1003.4 --- -1004.3 -1014.7 -1019

101/09-29-007-08W2/00 00G220 613.3 -1032.5 -1034.3 -1035.2 -1036.6 --- -1038.3 -1045.9 -1050.5

121/06-33-007-08W2/00 85G136 615.7 -973.5 -975.7 -977.2 -978 --- -978.7 -988.8 -993.7

121/03-06-007-09W2/00 --- 603.7 -1084.3 -1086.4 -1087.4 -1088.4 --- -1089.1 -1100.1 -1104.7

131/15-15-007-09W2/00 --- 613.6 -1022.5 -1024.2 -1025.9 --- --- -1026.5 -1037.2 -1042.1

111/15-04-007-10W2/00 97L361 608.5 -1082.5 -1084.5 -1085.1 -1086.4 --- -1087.7 -1097.5 -1102.5

121/12-05-007-10W2/00 04L102 606.1 -1081.3 -1082.6 -1083.6 --- --- -1085 -1095.9 -1103.3

131/11-14-007-10W2/00 00C037 603.4 -1046.4 -1048.6 -1049.4 -1050.3 --- -1050.9 -1060.6 -1065.6

111/04-02-007-11W2/00 95K100 615.1 -1086.4 -1088.3 -1091.2 -1091.9 --- -1092.9 -1101.4 -1107.4

121/07-02-007-11W2/00 96J367 609.4 -1093.6 -1095.9 -1096.5 -1097.8 --- -1099.6 -1109.4 -1117.3

101/12-02-007-11W2/00 96F283 612.2 -1081.8 -1084 -1084.9 -1085.4 --- -1086.8 -1096.8 -1102.8

141/13-02-007-11W2/00 97H209 610.9 -1080.3 -1082.5 -1083.3 -1084.7 --- -1085.9 -1095.2 -1103.8

141/13-02-007-11W2/00 97H209 610.9 -1080.6 -1082.4 -1083.7 -1084.6 --- -1085.9 -1095.5 -1101.3  
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142/13-02-007-11W2/00 97J138 611.1 -1083.4 -1085.1 -1086.2 -1087.2 --- -1088.4 -1098 -1104

111/07-03-007-11W2/00 96I227 611.5 -1084.4 -1086.4 -1087.4 -1088.9 --- -1089.7 -1099.3 -1105.3

101/08-03-007-11W2/00 97G199 614.5 -1083.7 -1085.6 -1086.4 -1087.1 --- -1088.3 -1098.5 -1104

121/09-03-007-11W2/00 --- 614.5 -1083.3 -1085.6 -1085.9 -1086.9 --- -1087.9 -1097.8 -1103.5

111/01-09-007-11W2/00 08B076 615.1 -1089.1 -1090.9 -1091.8 -1093.2 --- -1095.7 -1103.8 -1109.7

121/16-09-007-11W2/00 97I354 613.7 -1085.2 -1087.8 -1089 -1090.4 --- -1091.4 -1100.1 -1108.4

141/02-10-007-11W2/00 96K164 609.5 -1084.8 -1087.1 -1088.9 -1089.8 --- -1090.6 -1099.7 -1105.5

121/03-11-007-11W2/00 97K183 610.3 -1084.7 -1086.8 -1087.9 -1088.5 --- -1089.3 -1099.7 -1105.5

131/11-12-007-11W2/00 07B143 607.1 -1066.1 -1068.5 -1070 -1071.9 --- -1072.6 -1081 -1085.4

141/15-12-007-11W2/00 03F509 609.9 -1064.1 -1066.6 -1067.5 -1068.4 --- -1069.3 -1078.8 -1083.9

121/14-14-007-11W2/00 96L002 609.5 -1065 -1066.9 -1067.9 -1068.9 --- -1070.5 -1078.7 -1084.3

101/14-16-007-11W2/00 97G315 614.7 -1070.8 -1073 -1073.5 -1074.4 --- -1076.6 -1084.9 -1090.3

131/08-18-007-11W2/00 97B230 617.6 -1073 -1074.9 -1077.1 --- --- -1078.7 -1086.9 -1093.9

131/08-18-007-11W2/00 97B230 617.6 -1073.4 -1074.8 -1077.2 -1078.1 --- -1079.1 -1086.9 -1091.9

111/09-18-007-11W2/00 97B227 617.6 -1074.3 -1076.6 -1077.3 -1079.3 --- -1080.6 -1088.3 -1094.2

111/15-20-007-11W2/00 96L066 615.2 -1058.6 -1060.8 -1061.8 -1062.7 --- -1064.4 -1072.4 -1078.6

111/12-21-007-11W2/00 --- 614.5 -1059.8 -1062.5 -1063.5 -1064.2 --- -1065.6 -1073.7 -1079.3

101/01-22-007-11W2/00 97L046 610.4 -1057.9 -1059.2 -1060.6 -1061.3 --- -1062.3 -1071.7 -1077.5

141/07-30-007-11W2/00 05A027 615.7 -1054.7 -1056.4 -1058.7 -1059.5 --- -1060.6 -1068.3 -1076.6

121/14-36-007-11W2/00 03G044 605.9 -1015.1 -1017.2 -1018.5 -1020.5 --- -1022.2 -1029.3 -1034.5

131/01-29-007-12W2/00 97D219 603.4 -1072.3 -1074.4 -1075.9 -1076.8 -1077.3 -1079.4 -1085.9 -1091.6

121/10-02-007-13W2/00 98B169 578.9 -1123.1 -1125 -1126.4 -1127.4 -1128.5 -1130.6 -1139.9 -1146.1

101/06-09-007-13W2/00 85A089 562.6 -1111.6 -1113.7 -1114.5 --- -1116.8 -1118.7 -1127.7 -1133.4

101/14-11-007-13W2/00 85D008 580.4 -1099.1 -1100.8 -1103.5 -1104.5 -1104.9 -1106.6 -1115.1 -1122.2

111/01-18-007-13W2/00 09L006 565.3 -1095 -1096.8 -1098.2 --- -1100.7 -1104.7 -1111.8 -1117

121/08-06-007-15W2/00 00J298 594.5 -1129.5 -1136.7 -1137.6 -1138.9 -1141.4 -1143.4 -1148.9 -1157.1

111/04-27-007-15W2/00 02G395 583.3 -1098.4 -1100 -1101.1 --- -1105.1 -1106.6 -1113.6 -1121.7

101/15-29-007-15W2/00 67J061 581.9 -1117.1 -1120.9 -1122.7 --- -1126.8 -1128.1 -1140.5 -1153

101/07-11-007-16W2/00 85D004 603.2 -1142.4 -1144.7 -1145.8 -1146.8 -1149.1 -1151.1 -1156.5 -1163.8

131/15-17-007-16W2/00 03L284 617.2 -1137.3 -1139.3 -1140.9 -1141.9 -1144 -1144.9 -1150 -1159.7

111/04-24-007-17W2/00 98C155 637.3 -1201.9 -1204.1 -1205.4 -1206.7 --- -1209.2 -1214.6 -1223

121/08-01-008-30W1/00 06B079 545 -480 -481.6 --- -482.7 -483.9 --- -484.6 -489

141/14-01-008-30W1/00 06B107 549 -476 -477.9 --- -478.5 -479.5 -481.2 --- -485.1

101/16-01-008-30W1/00 06A010 544.6 -472.7 -474.8 --- -476.4 -479.4 --- -480.9 -487.3

141/12-02-008-30W1/00 02G378 551.8 -491.1 -492.9 -493.9 --- -496.1 -498.1 -504.5 -505.4

111/14-03-008-30W1/00 05I202 565.6 -488.2 -489.8 -490.8 -491.8 -492.5 -493.9 --- -497.7

101/03-04-008-30W1/00 84L016 570.9 -515.9 -516.5 -518.3 -518.8 --- -519.5 -523 -524.5

101/07-10-008-30W1/00 05I078 561.9 -483.8 -485.2 -486.3 --- -486.8 -488.1 --- -496

131/13-10-008-30W1/00 85H271 569.5 -483.1 -484.6 --- -484.8 -485.1 -487 -493.4 -488

111/16-11-008-30W1/00 05J208 553.6 -465.6 -467.3 -468.1 --- -468.8 -470.3 --- -473  
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121/02-12-008-30W1/00 06A011 546.7 -472.3 -473.6 --- -474.6 -475.7 -477 --- -483.3

101/04-12-008-30W1/00 06H503 548.5 -476.7 -478.6 --- -479.5 -480.4 -484.6 --- -487.5

101/14-12-008-30W1/00 06B006 547.9 -464.6 -466.1 -466.8 -468.7 --- -470.3 --- -476.9

101/16-12-008-30W1/00 --- 540.1 -461.9 -464.1 --- -464.6 -465.4 -467.4 --- -474.3

111/03-13-008-30W1/00 05L007 546.6 -461.2 -463.2 --- --- -463.6 -464.8 --- -468.4

121/08-13-008-30W1/00 --- 538 -458.6 -461.2 -462.4 --- -463.3 -465 --- -466.8

121/08-16-008-30W1/00 96C061 570.7 -483.5 -485 --- -486.3 -490.4 -491.6 -493.2 -495.4

121/14-16-008-30W1/00 05J050 573.8 -474 -475.5 --- --- -476.6 -477.9 --- -478.7

111/04-21-008-30W1/00 06B144 576.4 -483.6 -484.7 --- -485.7 -487.7 -488.6 --- -488.6

101/06-21-008-30W1/00 07B192 575.5 -477.3 -479.3 --- -480 -481.1 -482.1 --- -486.3

101/07-21-008-30W1/00 07B191 575 -474.9 -476.5 -477.3 --- -477.7 -478.5 --- -482.1

101/09-25-008-30W1/00 06H319 551.9 -443.9 -445.2 --- -445.9 --- --- --- -448.4

101/08-26-008-30W1/00 06I122 559.4 -453.8 -457.3 --- -458.4 -460 --- --- -461

121/06-27-008-30W1/00 96B171 567.8 -469.2 -471.7 --- --- -472.3 --- --- -473.6

101/11-32-008-30W1/00 05L168 579.3 -454.4 -456.3 --- -459.3 --- -462.2 --- -465.8

121/13-34-008-30W1/00 06A226 571.1 -448.1 -449.8 --- -451.5 -453.6 -455.5 --- -458.9

101/09-35-008-30W1/00 06F419 557.9 -436.3 -438.5 --- -439.9 --- --- --- -440.5

111/06-11-008-31W1/00 87K159 579.6 -526.8 -528.7 -529.3 -529.7 --- --- --- -530.7

131/16-12-008-31W1/00 06F315 573.1 -502.1 -503.9 --- -504.7 --- --- --- -505.3

121/03-14-008-31W1/00 06F464 580 -514.3 -516.2 --- -516.9 --- --- --- -517.9

101/04-20-008-31W1/00 06G207 600.5 -532 -533.4 --- -534.7 --- --- --- -538.2

101/04-24-008-31W1/00 06C171 573.9 -498.3 -500 --- -500.6 --- --- --- -501.7

101/10-24-008-31W1/00 06C170 574.6 -502.6 -504 --- -505.2 --- --- --- -506.5

101/09-29-008-31W1/00 --- 593.1 -510.5 -512 -513.2 --- --- --- --- -514

121/15-31-008-31W1/00 07A314 599.3 -509.7 -511.2 --- -511.9 -512.5 -513.6 --- -516.9

101/16-32-008-31W1/00 06F356 592.6 -497.4 -499.3 -499.9 --- -500.6 --- --- -501.2

121/02-19-008-32W1/00 06H069 642.2 -574.1 -577 -578.4 -579.6 --- --- --- -584.7

101/03-27-008-32W1/00 06H198 610.5 -547.4 -549.4 -550.6 -551 --- --- --- -552.4

121/05-28-008-32W1/00 97L152 617.1 -554 -556.3 -557.6 -559.1 -560 -560 --- -560

101/01-31-008-32W1/00 06H080 636.9 -563.3 -566.2 -567.6 -569.5 --- --- --- -573.1

101/10-23-008-34W1/00 86B209 661.4 -641.7 -644.4 -645.4 -646 --- --- --- -647.1

191/11-06-008-01W2/00 04L128 637.2 -719.8 -721.8 -723.1 -724.1 --- -725.6 --- -727.6

191/11-06-008-01W2/00 04L128 637.2 -719.8 -722.5 -723.3 -724.2 --- -725.6 --- -727.6

111/13-27-008-02W2/00 92A046 677.6 -706 -708.2 -709.7 -711.5 -712.5 -713.3 -714.6 -716.2

141/11-19-008-03W2/00 94G155 636.4 -769.6 -770.8 -772.1 -772.8 -774.1 -774.8 -777.8 -780.6

101/02-27-008-03W2/00 85K107 649.7 -747.1 -749.1 -750.9 -751.2 -751.7 -753.1 -754.9 -757.6

111/10-21-008-04W2/00 93L205 625.2 -786.8 -788.3 -789.5 -790.3 --- -791.4 -794.9 -797.8

121/10-03-008-05W2/00 98C057 603.9 -860.2 -862.7 -863.7 -864.9 --- -865.9 -872.7 -876.5

141/11-06-008-06W2/00 91B024 618.2 -923 -926.2 -927.4 -928.3 --- -929.1 -937.8 -942.3

111/01-17-008-06W2/00 08B385 613.6 -880.7 -882.8 -884.2 -885.3 -886.3 -887.7 -895.3 -899.8  
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131/16-24-008-07W2/00 93K149 608.8 -883.2 -885.6 -886.8 -888.1 --- -889.4 -896.3 -900.6

111/16-28-008-07W2/00 07A091 614.3 -880 -883.5 -884.6 -886.2 --- -887.1 -895 -898.9

141/03-14-008-08W2/00 97H007 618.5 -940.2 -943.1 -944.3 -945.2 --- -945.9 -954.8 -959.3

131/15-20-008-08W2/00 07L021 621.7 -927.5 -929.8 -931.1 -932.3 --- -933.4 -942.1 -948.3

131/15-20-008-08W2/00 07L021 621.7 -927.5 -930.1 -931.3 -932.1 --- -933.3 -942.1 -948.3

121/05-05-008-09W2/00 06G152 617.1 -998.6 -1000.9 -1002.3 -1003.2 --- -1004.7 -1013.5 -1018.5

141/07-24-008-09W2/00 99F392 617 -945.3 -947.7 -948.4 -949.5 --- -950.7 -958.3 -963

131/16-20-008-10W2/00 80F138 614.5 -968.7 -970.8 -972.5 -973.3 --- -974.6 -981.5 -986.5

141/09-23-008-10W2/00 97L311 615.2 -955.5 -957 -958.4 --- --- -959.9 -969.1 -974.6

101/01-28-008-10W2/00 97K205 615.9 -948.9 -951.1 -952.2 -953.3 --- -954.2 -961.9 -966.9

111/15-30-008-10W2/00 97L007 613.9 -946.6 -948.8 -949.9 -950.7 --- -952.6 -959.8 -964.3

192/02-32-008-10W2/00 97L002 615 -935.1 -937.2 -938.9 -939.7 --- -940.8 -948 -953.4

191/03-32-008-10W2/00 97J039 615 -938.6 -940.5 -940.8 -941.8 --- -944.7 -950.6 -957.9

131/15-36-008-11W2/00 07D048 612.7 -941.1 -943.6 -944.2 -946.6 -947.9 -948.5 -953.8 -958.2

111/14-12-008-13W2/00 93L047 608.8 -1028.9 -1031.1 -1032.4 -1034.4 -1035.3 -1037 -1042.9 -1048.2

131/09-22-008-13W2/00 93B028 603.1 -1000.9 -1003.5 -1005.4 -1006.3 -1007.6 -1009.9 -1014.4 -1019.2

191/09-26-008-13W2/00 97B178 608.3 -987.5 -989.9 -991.7 -992.9 -994.5 -996.2 -1001.8 -1007.9

111/16-33-008-13W2/00 99G151 603.6 -965.1 -967.3 -969.1 -970.1 -971 -972.9 -978.7 -984.1

141/13-34-008-13W2/00 98A096 604.4 -966.5 -968.6 -969.8 -971.2 -972.7 -974.2 -979.9 -985.6

101/14-36-008-13W2/00 98B170 615.3 -968.5 -970.8 -972.1 -973 -975.4 -977.2 -983.2 -989.7

101/14-36-008-13W2/00 98B170 615.3 -968.4 -970.8 -971.3 -972.8 -975.2 -977.3 -983.1 -992.6

101/08-04-008-16W2/00 85K292 591.3 -1082.3 -1084.4 -1085.5 --- -1089.1 -1091.2 -1095.2 -1101.2

111/12-25-008-18W2/00 00C051 623.5 -1129.9 -1131.4 -1132.8 -1134.2 -1135.6 -1138.2 -1142 -1148.5

121/07-04-009-30W1/00 07A047 573.2 -443.8 -446.2 --- -446.6 -448.1 --- --- -450.1

121/13-05-009-30W1/00 84F225 579.7 -449.8 -451.7 --- --- --- -452.4 --- -453.7

131/16-05-009-30W1/00 04K140 577.1 -436.9 -439.5 -440.2 --- -441.4 -443.4 --- -460.4

121/03-06-009-30W1/00 05K163 578.1 -457.1 -458.7 --- -459.7 -460.7 -465.3 --- -467.9

101/01-07-009-30W1/00 93I091 580.3 -443 -445.2 -446.1 --- --- --- --- -446.8

131/12-08-009-30W1/00 84J294 580.3 -454 -455.6 -456.4 --- --- --- --- -458.1

141/13-19-009-30W1/00 04K152 582.3 -425.4 -427.9 --- --- -428.6 -430.7 --- -432.4

101/03-23-009-30W1/00 08A041 570.6 -399.5 -403.5 --- -405 -406.4 -406.5 --- -407.6

141/11-01-009-31W1/00 05L171 577.7 -459.8 -461.8 -462.7 -463.6 -464.5 -466.5 --- -471.9

141/01-02-009-31W1/00 06H323 579.9 -468.2 -470.1 -471.1 --- -472.7 -474.4 --- -477.8

101/08-02-009-31W1/00 06H554 580.3 -468.7 -470.7 --- -471.6 --- --- --- -473.4

121/09-02-009-31W1/00 06H553 581.2 -466.2 -467.7 --- -468.8 --- --- --- -471.1

101/13-02-009-31W1/00 06H431 581 -471.9 -473.3 --- -473.6 --- --- --- -474.6

101/14-02-009-31W1/00 06H552 580.9 -469.1 -471 --- -472.7 --- --- --- -473.1

121/15-02-009-31W1/00 06H551 580.9 -468.5 -470.3 --- -470.8 --- --- --- -474

121/16-02-009-31W1/00 06H432 579.8 -464.4 -466.2 --- -467.7 --- --- --- -469.6

101/04-06-009-31W1/00 --- 594.2 -513.6 -515.6 -516.3 -517.1 -517.5 -519.8 -525.3 -529  
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131/02-08-009-31W1/00 99K246 593.3 -492.1 -493.3 --- -494.2 -495.2 --- --- -496.3

101/04-10-009-31W1/00 06F341 587.4 -479.5 -481.3 -482.3 -484 -485.1 -489.3 --- -493.8

141/15-11-009-31W1/00 06D194 580.8 -453.2 -455.1 --- -455.8 -456.4 -457.9 --- -462

131/04-13-009-31W1/00 06F434 580.9 -448.2 -450.8 -452.1 -453.2 -453.9 -456.1 --- -457.6

101/04-14-009-31W1/00 06F349 582.2 -458.8 -460.5 --- -461 -461.7 -463.9 --- -467.6

121/02-15-009-31W1/00 06F300 584.2 -463.8 -465 --- -465.5 --- --- --- -466.4

131/16-17-009-31W1/00 08J375 593.9 -477.4 -478.8 -479.9 --- -481 -482.4 -486.9 -490.4

131/16-20-009-31W1/00 06H322 593.2 -486.2 -487.8 -489.5 --- -491.5 -492.9 --- -495.2

101/01-21-009-31W1/00 06A133 586.8 -462 -463.4 -464.8 --- -467 -470.9 --- -473.9

131/15-29-009-31W1/00 85D078 591.9 -513.3 -514.6 -516.5 --- -517.8 -519 -520.2 -521.2

101/06-01-009-32W1/00 07C122 606.8 -511.9 -513.5 -515 --- --- --- --- -515.4

141/07-01-009-34W1/00 97C251 660.1 -593.1 -596.7 --- -597.4 --- --- --- -599.7

141/03-07-009-01W2/00 98A073 687.1 -639 -641.5 -642.6 -643.4 --- --- -639.1 -646.5

101/15-24-009-02W2/00 98A081 723 -620.3 -623 -624 --- -624.9 -625.6 -627.3 -629.5

191/06-04-009-04W2/00 93J279 717.8 -761.5 -763.4 -765 -766.4 --- -768 -770.2 -773.3

101/13-07-009-05W2/00 06A078 654.1 -787.2 -790.2 -791.7 -793.1 --- -793.9 -800.4 -803.2

101/03-19-009-05W2/00 --- 730 -766.8 -769.4 -770.5 -771.8 --- -773 -778.5 -782.3

121/15-19-009-05W2/00 93K049 755.2 -756.8 -759.3 -760.7 -761.9 --- -763.3 -769.5 -772.5

121/03-20-009-05W2/00 94C097 749.4 -763.6 -765.9 -767.3 -768.5 --- -770.3 -775.9 -779.5

101/01-28-009-05W2/00 93K093 773 -744 -746.2 -746.9 -748.5 --- -749.8 -756.2 -760

131/06-18-009-06W2/00 02K232 626.8 -816.4 -819.6 -820.4 -822 --- -823.7 -830.9 -835.2

121/09-24-009-06W2/00 97L278 739.3 -767.1 -769.8 -770.8 -772.3 --- -773.5 -779.9 -783.7

131/13-21-009-07W2/00 05I223 617.2 -809.4 -812.4 -813.5 -815.2 --- -816.5 -824.2 -827.7

121/04-05-009-08W2/00 98A247 628.4 -896.1 -898.8 -899.8 -901.1 --- -902.4 -911.6 -917.6

141/16-17-009-08W2/00 10B262 632.1 -857.8 -859.8 -861.2 -862.6 --- -863.4 -872.9 -876.8

111/04-18-009-09W2/00 07H173 613.7 -896.8 -899.4 -900.8 -901.8 --- -903.1 -910.2 -914.8

141/14-32-009-09W2/00 98A149 633.6 -840.7 -842.8 -843.5 -845.2 --- -846.5 -854.4 -858.4

141/14-32-009-09W2/00 98A149 633.6 -840.1 -842.3 -843.6 -845.1 --- -846.2 -853.8 -858.9

132/13-36-009-09W2/00 98B210 625.8 -835.8 -837.8 -839 -840.2 --- -842 -848.8 -854.2

191/05-16-009-10W2/00 97J331 618.5 -889.7 -891.9 -892.9 -894 --- -894.9 -902.3 -906.9

141/08-17-009-10W2/00 98A033 616.2 -891.3 -893.2 -894.6 -895.7 --- -896.9 -904.3 -908.8

142/11-24-009-10W2/00 02A161 615.2 -882.3 -884.5 -886 -887.1 --- -888.7 -894.5 -898.3

121/10-14-009-11W2/00 --- 612.7 -916.8 -918.8 -919.9 -920.9 --- -922.3 -929.1 -933.6

111/12-07-009-12W2/00 92K006 618 -957.5 -959.8 -961.4 -962 -963.9 -966 -971.2 -977

111/12-07-009-12W2/01 94G166 618 -957.2 -959.9 -961.3 --- -962 -966.1 -971 -980

141/10-12-009-12W2/00 97I050 610.6 -939.5 -941.3 -942.6 -943.6 -943.8 -945.2 -951.6 -959.7

141/10-12-009-12W2/00 97I050 610.6 -939.5 -941.3 -942.5 -943.7 --- -946.2 -951.6 -959.7

121/12-22-009-12W2/00 97L011 609.8 -921 -922.7 -924.1 -925.5 -926.6 -927.8 -933.8 -939.5

131/04-01-009-13W2/00 97L095 614.8 -966.9 -969.3 -970.5 -971.7 -973.5 -976 -981.7 -989.2

141/07-02-009-13W2/00 97L298 612.6 -963.4 -965.2 -966.5 -967 -968.6 -971 -977.4 -983.4  
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111/11-02-009-13W2/00 99A081 613.5 -963 -964.2 -965.8 -966.8 -967.7 -970.1 -976.7 -982.8

111/03-03-009-13W2/00 98L058 605.7 -961.1 -963.1 -964.6 -965.6 -966.7 -968.6 -974.5 -980.8

141/08-03-009-13W2/00 98C042 611 -962.2 -963.3 -964.9 -965.8 -967 -968.8 -975.2 -981

191/08-03-009-13W2/00 01J054 606 -964.3 -966.4 -967.9 -968.6 -969.8 -971.9 -977.9 -983.8

121/08-04-009-13W2/00 99C042 604.8 -964 -966.1 -967.3 -968.7 -969.8 -972 -977 -983.2

111/12-28-009-13W2/00 92G023 618.3 -923.5 -925.7 -927.2 --- -929.8 -931.7 -936.5 -941.1

121/04-01-009-14W2/00 87G026 594.1 -974.9 -977.1 -979 --- -981.5 -982.7 -988.9 -993.7

111/08-09-010-30W1/00 85L054 575.8 -371.3 -375.2 --- --- -375.7 -377.5 --- -379.9

141/04-13-010-30W1/00 06H321 556.3 -359.1 -362.8 -364.5 --- -365.4 -366.7 --- -369.5

101/15-15-010-30W1/00 85A217 570.3 -354.5 -358.7 -359.5 -360 -361.4 --- --- -362.7

141/01-18-010-30W1/00 88H099 577.9 -399.3 -403.1 -404.1 -405.1 --- --- --- -406.3

141/15-18-010-30W1/00 93J091 581.6 -460.7 -463.9 --- --- -464.5 -465.3 --- -468.2

101/12-35-010-30W1/00 85K244 553.8 -338.1 -341.8 -342.9 --- -343.6 -344.8 --- -348.6

111/09-18-010-31W1/00 05K389 592.4 -421.6 -422.9 --- -425.5 --- -427.4 --- -432

101/12-19-010-31W1/00 05I219 594.2 -427.8 -429.3 --- -432.3 --- -435 --- -438.3

121/04-23-010-31W1/00 04J236 587.8 -397.2 -400.3 -401.9 --- -403.5 -405.2 --- -408.4

141/15-32-010-31W1/00 05K160 593.1 -389.3 -391.3 -393.1 -394.2 -395.7 -397.4 --- -402.5

141/04-03-010-32W1/00 06F113 608.1 -465.8 -467.1 -469 -470.4 -472.6 -473.7 -474.9 -477.5

111/10-18-010-32W1/00 92H052 611.5 -454.6 -456.3 -457.5 -458.4 --- -460.1 --- -464

101/06-27-010-32W1/00 85A241 605.3 -438 -439.9 -440.3 -441 -441.9 -442.6 --- -444.9

101/16-30-010-32W1/00 85A182 610.8 -430.5 -432.6 --- -435.5 --- -437.7 --- -439.6

121/07-32-010-32W1/00 96H304 607.6 -426.1 -428.4 --- -431.4 --- -432.9 --- -434

141/08-32-010-32W1/00 85A181 608.3 -423.4 -425.8 --- -427.5 --- -430.7 --- -432.3

131/02-33-010-32W1/00 97K056 602.7 -423.3 -425 --- -426 -427.2 -428.3 -423.4 -432

111/05-33-010-32W1/00 84K046 605.9 -421.9 -423.6 -424.3 --- -425.1 -426 --- -430.2

101/04-22-010-33W1/00 66J002 637.6 -494.3 -497 --- -497.7 --- -500.9 --- -503.4

101/02-31-010-01W2/00 08A286 679.9 -534.8 -536.3 -537.5 -538.9 -539.6 -541.1 -542.4 -543.5

131/06-05-010-02W2/00 95G236 750.3 -614.7 -617.9 -620.7 --- --- -622.3 -623.5 -627.4

111/03-16-010-02W2/00 85H341 756.8 -590.1 -593.8 -596.2 -597.4 --- -598.7 -600.8 -603.3

101/06-26-010-02W2/00 65G100 702 -554.1 -557.1 -559 --- -560.7 -564.1 -564.1 -565.8

141/03-33-010-04W2/00 08H106 782.9 -626.3 -627.8 -630 -631.2 --- -632.9 -637 -640.4

111/13-36-010-05W2/00 94B107 780.2 -643.7 -646.6 -647.6 -649.7 --- -650.8 -653.8 -657.8

101/01-09-010-06W2/00 01J122 739.4 -742.9 -746.6 -747.7 -749.4 --- -751.2 -758.1 -761.9

131/11-11-010-08W2/00 94L078 640.1 -793.5 -796.1 -797.1 -798.7 --- -799.9 -807.1 -810.6

111/04-16-010-08W2/00 --- 627.5 -792.4 -795 -795.9 -797.3 --- -798.6 -806.9 -812.2

142/12-01-010-09W2/00 --- 628.9 -823.8 -826.2 -827 -828.6 --- -830 -837.9 -842.1

132/07-02-010-09W2/00 98C138 628.5 -829.2 -831.7 -832.8 -834 --- -835.8 -842.6 -846.6

132/07-02-010-09W2/00 98C138 628.5 -829.4 -832.2 -832.8 -833.9 --- -836.5 -842.4 -846.8

111/01-08-010-10W2/00 10K285 617.4 -836.6 -838.8 -840.3 -842 --- -842.8 -849.9 -856

131/08-16-010-10W2/00 92L062 620.5 -822.3 -824.5 -826.2 -828.3 --- -829 -836 -840  
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141/07-28-010-10W2/00 99K019 629.1 -801.2 -802.3 -803.7 -805.5 --- -806.9 -813.5 -818.9

121/09-04-010-11W2/00 07I073 616 -870 -873.1 -873.9 -875 --- -876.6 -884.2 -890.7

121/05-29-010-11W2/00 05L113 610.9 -823.5 -824.7 -826.1 -827.9 --- -828.8 -837.3 -845.9

191/08-06-010-15W2/00 00B100 574.9 -925.2 -927.4 -929 -930 -931.6 -932.3 -937 -941.8

141/03-11-010-16W2/00 01A024 575 -963 -963.8 -964.9 -966.2 -968.3 -971.2 -975.5 -981.2

111/10-13-010-17W2/00 98A225 582.7 -1071.5 -1072.1 --- -1072.8 --- -1073.9 -1075.8 -1079.8

101/16-14-010-17W2/00 93K129 584.2 -1041.7 -1042.9 -1044.6 -1046.1 -1047.5 -1048.6 -1050.8 -1055.4

101/03-18-011-30W1/00 85L146 587 -350.3 -353.5 -355.4 -357.7 --- --- --- -359.1

141/09-28-011-30W1/00 85J232 570.8 -307.5 -311.3 -314.6 -316.7 --- --- --- -318.6

101/01-10-011-31W1/00 05I238 592.3 -368.9 -370.8 --- -372.4 -375.4 --- --- -376.5

111/10-26-011-31W1/00 06H519 589.7 -340.9 -343.1 --- -345.4 -348.1 --- --- -349.1

101/03-10-011-33W1/00 10H250 640.1 -449.8 -451.3 --- -452 --- -453.9 --- -461

131/13-30-011-33W1/00 10L105 654.1 -439.4 -441.2 --- -442 --- -443.6 --- -446.2

131/05-21-011-03W2/00 --- 717.1 -552 -555.8 -557.7 --- -559.5 -560.4 -562.9 -565.7

141/06-21-011-04W2/00 08I092 741 -586.6 -589.8 -593 -594.4 --- -595.3 -597.7 -599.7

121/12-05-011-05W2/00 --- 751.4 -660.8 -665.5 -666.8 -668.2 -669.6 -670.8 -674.3 -678

111/04-14-011-05W2/00 98C263 755.5 -639.5 -642.6 -644.6 -646.7 --- -648.1 -654.9 -660.7

111/04-08-011-07W2/00 06B109 685.5 -716.1 -719 -720.2 -722 --- -722.9 -730.7 -734.5

111/04-08-011-07W2/00 06B109 685.5 -716.1 -718.8 -720 -721.9 --- -723.2 -730.7 -734.5

101/09-28-011-07W2/00 84K047 704.1 -673.9 -677 -678.4 -680 --- -680.9 -687.9 -690.9

101/04-27-011-08W2/00 --- 652.6 -698.1 -701.2 -702.3 -703.8 --- -705 -710.7 -714.3

131/07-04-011-09W2/00 00D072 648.6 -752.6 -754.6 -756.2 -757.9 --- -759.3 -765.6 -770.4

101/03-27-011-09W2/00 98G108 633.1 -712.5 -714.5 -715.6 -717.5 --- -719.6 -723.4 -726.9

111/12-25-011-10W2/00 --- 657.8 -726.7 -728.4 -730.4 -731.3 --- -733.2 -737.5 -741.6

141/16-25-011-10W2/00 93J259 651.3 -720.7 -722.7 -724.8 -725.7 --- -727.4 -732.1 -734.6

121/16-32-011-10W2/00 98G075 679.1 -709.4 -711.1 -712.3 -713.9 --- -715.4 -720.3 -724.4

111/05-28-011-11W2/00 92L064 626.8 -755.5 -757 -758.7 -760 --- -761 -766.9 -771.4

131/01-27-011-14W2/00 --- 605.7 -780.2 -781.7 -783.8 --- -785.8 -788.2 -791.3 -797.5

101/08-20-011-17W2/00 93D103 577.3 -984.1 -986.2 -987.2 --- -990.7 -991.5 -997.8 -1006.3

111/10-16-012-30W1/00 81B068 564.2 -280.7 -283.5 --- -285.3 -286.9 -287.9 -291.3 -293.3

101/10-24-012-30W1/00 82F003 543.2 -269.8 -272.2 --- -274.4 --- -275.8 -284.9 -278.6

121/01-25-012-30W1/00 02C017 540 -271.2 -273.3 --- -275.8 --- --- --- -277.6

111/08-25-012-30W1/00 86A020 544.8 -267.1 -269.6 --- -272 --- --- --- -274.2

101/03-27-012-30W1/00 81G052 557.8 -273.9 -277.1 --- --- --- -278.4 --- -279.2

121/16-27-012-30W1/00 06B105 553.1 -263.8 -266.5 --- -267.6 --- --- --- -269.1

121/12-13-012-31W1/00 85B130 578.5 -302.5 -304.9 --- -308.5 --- -310 -313.2 -316

131/05-15-012-31W1/00 84H064 582.5 -307.4 -309.5 -311.9 -312.9 --- -313.5 --- -315.9

131/02-08-012-04W2/00 --- 719.9 -552.2 -555.3 -558.8 --- -560 -561.2 -562.8 -565.1

131/02-08-012-04W2/00 --- 719.9 -552.2 -555.6 -558.8 -560 --- -561.2 -562.8 -565.1

141/02-10-012-04W2/00 04H135 713.9 -575.1 -577.5 -581.1 --- -582.3 -583.3 -585.1 -586.9  
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141/02-10-012-04W2/00 04H135 713.9 -575.1 -577.7 -581.6 --- -582.3 -583.4 -585.1 -586.9

141/10-05-012-05W2/00 08I091 781 -580.4 -584.6 -585.2 -587.9 -588.9 -590.4 -592.3 -595.3

141/08-27-012-06W2/00 09I113 703.8 -562.3 -566.8 -567.6 -569.9 -571.3 -572.4 -574.3 -576.2

111/04-12-012-07W2/00 10A035 710.9 -626.6 --- --- --- --- --- -639.8 -643

111/04-04-012-08W2/00 98B015 659.5 -678.8 -681.5 -683.7 -684.5 -686.6 -687.4 -690.7 -694.3

111/04-04-012-08W2/00 98B015 659.5 -679.1 -681.5 -682.5 -684.4 --- -686.9 -690.7 -694

121/04-15-012-08W2/00 99K055 669.1 -658.4 -661 -662.4 -663.9 --- -666.7 -669.2 -673.1

121/01-17-012-08W2/00 88H196 671.6 -670.9 -672.8 -675 -678.1 --- -679.4 -682.4 -685.9

121/04-26-012-08W2/00 71C024 669.6 -634.9 -637.7 -639.2 -640 --- -641.3 -645.9 -650.1

131/05-34-012-08W2/00 97I117 664.8 -617.6 -619.7 -620.6 -622.1 --- -623.3 -628.4 -631.8

141/05-34-012-08W2/00 97F195 668 -611.2 -613.3 -614.6 -616.2 --- -617.9 -622.5 -625

121/07-34-012-08W2/00 97J292 671.6 -612 -614.9 -616.4 -618 --- -619.3 -623.6 -627.3

121/07-34-012-08W2/00 97J292 671.6 -612.2 -614.9 -616.5 -617.5 --- -618.6 -623.5 -629.2

132/01-05-012-09W2/00 01G312 637.2 -735.8 -738.4 -739.9 -741.6 --- -742.7 -746.8 -749.8

121/02-15-012-10W2/00 --- 645.3 -693.6 -695.3 -697.5 -698.5 --- -700.2 -704.7 -708.7

121/01-19-012-10W2/00 98G073 651.3 -687.2 -689.2 -689.9 -692 --- -693.9 -697.5 -702.7

131/13-01-012-11W2/00 01B106 670.3 -715.7 -717.4 -718.4 -720.3 --- -721.5 -725.9 -731.7

101/04-03-012-11W2/00 --- 648.6 -727.7 -729.4 -730.9 -732.3 --- -733.4 -739 -743.9

121/06-36-012-15W2/00 --- 609.9 -736.1 -737.6 -739.3 -740 -742.3 -742.8 -744.5 -753.6

121/06-36-012-15W2/00 --- 609.9 -736.1 -737.5 -741.1 --- -742.3 -742.8 -744.8 -749.4

141/06-18-013-30W1/00 85F290 561.7 -242 -244 -245.8 -247.1 --- -248.2 --- -251.5

101/11-22-013-30W1/00 88A084 536.3 -228.4 -229.9 --- -233.7 --- -236.1 --- -236.8

141/10-25-013-30W1/00 85F291 519.7 -200.8 -203.4 --- -205.6 --- --- --- -207.6

111/07-27-013-30W1/00 09L121 531.7 -218.4 -220.7 --- --- -224.4 -225.6 --- -228.3

101/05-28-013-31W1/00 87K204 576.8 -258 -260.2 --- -261.8 --- --- -267 -270.1

111/16-34-013-31W1/00 09B030 563.2 -229.6 -232.5 --- -234.9 -237.4 -240.1 -241.2 -244.3

111/04-36-013-31W1/00 93A033 558.1 -236.7 -238.2 --- -240.5 --- -241.8 -245.8 -248.7

121/11-08-013-32W1/00 88C060 587.1 -319.7 -322.1 -324.1 -326.3 --- -327.1 --- -329.4

141/04-17-013-32W1/00 07K330 590 -308.1 -310.5 -315.1 -317.1 --- -317.9 --- -323.6

111/16-18-013-32W1/00 90C006 583.1 -301.2 -303.1 -305.5 -307.2 --- -309 -311.9 -309.2

121/03-20-013-32W1/00 08J329 586.5 -298.6 -300.6 -302.4 -303 --- -304.1 --- -306.3

111/05-29-013-32W1/00 93J202 584.1 -293.2 -296.5 --- --- --- -298.5 --- -301.2

191/05-31-013-32W1/00 --- 556.8 -309.4 -311.8 --- -314 --- -316.6 -321.3 -325.9

101/11-32-013-32W1/00 91L023 553.7 -276.1 -278.8 --- -280.9 --- -282.3 -284.7 -285.5

131/16-33-013-32W1/00 84I076 579.7 -265.3 -267.3 --- --- -268.3 -269.6 --- -272.2

101/16-15-013-33W1/00 84K116 587.3 -320.7 -323.1 --- -325.7 --- -326.4 --- -327.5

101/16-24-013-33W1/00 07L095 590.2 -296.8 -298.7 --- -301.4 --- -302.3 --- -304.9

121/16-14-013-02W2/00 02F226 672.2 -394.2 -397.3 --- -398.7 --- --- -402.7 -406.5

141/08-11-013-03W2/00 07L169 670.7 -444 -447.9 -451.4 -452.3 --- --- -454.1 -457.7

111/01-04-013-08W2/00 97I380 672.2 -611.5 -613.6 -614.8 -616.2 --- -617.1 -622.6 -628.3  
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111/05-25-013-10W2/00 92L063 669.5 -600.8 -603.5 -604.7 --- -606.8 -609.8 -611.8 -614

111/06-10-013-11W2/00 98D040 657.4 -642.6 -643.9 -645.6 -646.7 -647.8 -649.3 -652.8 -656.4

101/08-24-013-11W2/00 67I041 657.8 -613.2 -614.4 -616 -618.8 -618.8 -621.5 -627.1 -632.4

121/06-28-013-11W2/00 98D039 665.6 -610.8 -612.3 -613.9 -615.6 -616.9 -618 -622.1 -625.6

121/08-17-013-13W2/00 98J030 619.1 -649.4 -651 -652.1 --- -654 -654.9 -659.1 -663.8

111/10-17-013-13W2/00 98J080 620.9 -647.4 -649 -650.8 --- -652 -653.1 -657.3 -661.9

131/09-20-013-13W2/00 98J031 631.6 -635.6 -637.4 -638.8 -641.3 --- -642.8 -644.6 -649.4

111/02-29-013-13W2/00 99A011 629.6 -630.4 -631.7 -632.5 -635.3 --- -636.1 -639 -642.8

141/08-15-014-30W1/00 11G096 519.8 -177.5 -178.5 --- -179.7 --- -181.4 -182.7 -184.5

111/06-18-014-30W1/00 88A118 535.9 -193.9 -195.9 --- -196.8 --- --- -198.8 -201

141/03-31-014-30W1/00 88B210 527.2 -175.4 -177.3 --- -180.6 -181.8 --- --- -183.2

131/01-32-014-30W1/00 91J004 521.6 -170.9 -172.8 --- -175 -177 --- --- -177.8

101/15-32-014-30W1/00 91J007 520.7 -169.9 -171.6 --- --- -173.7 --- -174.7 -176.8

101/16-32-014-30W1/00 91J008 520.8 -165.4 -167.4 --- -168.4 -169.7 --- --- -171.4

141/08-20-014-31W1/00 97I106 560.6 -215.3 -217 -218.1 --- -218.8 -219.5 -215.2 -222.8

101/08-21-014-31W1/00 84B213 552 -211.2 -213 --- -216.4 --- -217 --- -218.4

121/01-26-014-31W1/00 08J118 539.6 -188.5 -190.7 --- -195.6 -196.8 -199.2 --- -210.8

111/08-28-014-31W1/00 84G159 549.2 -199.2 -200.7 --- -203 -203.5 -204.2 --- -206.2

111/01-29-014-31W1/00 83K133 559.6 -201.6 -203.5 --- -204.5 --- --- --- -208.4

111/06-33-014-31W1/00 --- 550.7 -197.3 -199.5 --- -201.1 -202.1 -203.4 --- -205.7

131/10-34-014-31W1/00 97H364 540.3 -183.7 -186.3 --- -192.2 -192.8 --- -196.4 -199.7

121/05-04-014-32W1/00 84B096 583.7 -270 -272.2 --- -274.3 --- --- --- -277.8

111/09-04-014-32W1/00 08I283 582.1 -260.9 -262.7 --- -263.9 --- -264.8 --- -267.3

111/01-09-014-32W1/00 85F056 586.8 -257.4 -260.1 --- -260.8 --- -261.8 --- -265.4

101/06-24-014-32W1/00 --- 577.9 -222.1 -223.4 --- --- -224.7 -226.5 --- -229.5

111/08-27-014-32W1/00 06H518 586.1 -220.1 -222.4 -225.9 --- -227 -228.3 --- -234.4

121/07-34-014-32W1/00 84F057 580.9 -216.9 -219.6 --- -220.3 --- --- --- -222.3

112/01-15-014-33W1/00 97G444 589.8 -279.8 -282.2 -284 -285.5 --- -287.4 -288.3 -289.8

131/15-24-014-33W1/00 --- 587.3 -252.2 -253.9 -257.2 --- --- -259.3 -260.6 -262.5

141/08-30-014-33W1/00 93L213 592 -275.9 -277.9 -279.9 -281 --- -282.3 -283.7 -285

121/02-06-014-01W2/00 10A057 638.8 -356.5 -358.7 -361.3 --- -363 -363.7 -365.3 -367.3

131/07-15-014-01W2/00 96L239 604.5 -322.9 -324.5 -326.1 --- -328 -329.5 -330.6 -332.2

131/07-15-014-01W2/00 96L239 604.5 -321.9 -324.6 -326.2 -327.8 -328.3 -329.5 -330.7 -331.5

121/15-34-014-01W2/00 96A071 598.5 -294.2 -296.1 -297.8 -299 -299.9 --- -302.2 -303.9

121/07-35-014-01W2/00 --- 599 -297.4 -299.6 -300.8 -302.1 --- --- -306.4 -308.9

121/07-35-014-01W2/00 --- 599 -297.3 -299.9 -301 -302.5 -303.3 -304.7 -307 -308.9

121/15-05-014-02W2/00 --- 658.9 -386 -387.9 -389 --- -390.6 -392.2 -395.2 -397.2

141/06-27-014-02W2/00 97F174 615.6 -370.4 -373.6 -374.7 -377.5 -378.8 -379.8 -384.2 -392.7

141/05-30-014-03W2/00 07A368 624 -391.7 -394.4 -397 -398.3 --- --- -400.5 -403.2

141/14-14-014-10W2/00 97B184 679.2 -549.3 -551.2 -553.4 --- -554.6 -555.3 -557.3 -559.9  
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141/10-22-014-10W2/00 98H008 693.1 -618.5 -620.2 -621.4 -623.5 -625.4 -626.6 -630.3 -633.1

131/16-14-014-12W2/00 98J089 667.4 -563.6 -565.1 -566.6 -568.1 -569.9 -571 -574.8 -577.5

101/04-20-014-12W2/00 70F064 662.9 -577 -578.7 -579.6 -582 -584 -585.1 -587.4 -591

141/01-27-014-12W2/00 98L083 667.5 -565 -567.2 -568.9 -570.6 -571.3 -573.7 -575.8 -578.5

131/01-33-014-12W2/00 01A123 664 -557.4 -559.3 -561.2 --- -563 -565.2 -567.3 -569.4

191/07-33-014-12W2/00 05J257 662.9 -554.7 -556.7 -559 --- -560.1 -562.5 -564.4 -571.8

111/06-34-014-12W2/00 01H294 665.8 -552.6 -554.5 -556.2 --- -558.3 -560.3 -563 -565.1

111/05-04-015-30W1/00 08G486 524.7 -166.2 -168.3 --- -172.2 -175.4 -176.7 --- -182.2

141/07-11-015-30W1/00 09J069 519.2 -140.3 -143.9 --- -144.7 -145.9 -145.9 --- -149

101/10-19-015-30W1/00 97C030 524.4 -141.1 -144.5 -146.3 -147.1 --- --- --- -148.7

131/16-20-015-30W1/00 96H061 518.2 -134.1 -137.5 -139 -141 --- -143.5 -147.6 -152

121/03-21-015-30W1/00 96G163 517.6 -138.3 -140.4 --- -141.6 --- --- --- -144.7

121/05-23-015-30W1/00 86B069 513.8 -133.5 -136.1 --- -137.6 --- --- --- -139.1

111/08-23-015-30W1/00 96I217 514.1 -136.7 -139.2 --- -140.8 --- --- --- -142.9

102/02-29-015-30W1/00 92G011 519.1 -134.5 -137.7 --- -139.2 --- --- --- -142.3

131/05-31-015-30W1/00 84H279 523 -128.8 -131 -132.8 -134.9 --- -136.6 -139.9 -138.8

121/10-31-015-30W1/00 95J140 521.3 -126.1 -129.8 --- --- -131.3 -132.5 --- -134.9

121/04-01-015-31W1/00 97J312 537.5 -179.3 -182.3 --- -183.2 -186.3 -187.3 -191.2 -194.2

131/11-03-015-31W1/00 96A110 545.7 -184 -187.3 --- --- -187.9 --- --- -190.8

141/12-03-015-31W1/00 89I096 548.1 -183.3 -186 --- --- -186.5 --- --- -190

121/04-05-015-31W1/00 01K123 562.1 -199.8 -202.2 --- -203.7 --- -205.7 --- -208

131/11-05-015-31W1/00 10J213 558.3 -197.6 -200.1 --- -201.5 --- -203.6 -206 -208

121/05-08-015-31W1/00 83L007 560.2 -193.7 -197 --- -198.5 --- --- -203 -203.4

101/01-09-015-31W1/00 98I033 547.1 -179.1 -182 --- --- -182.7 -185.1 -185.9 -190.6

131/08-09-015-31W1/00 98G147 545.1 -179 -182.2 --- -183.1 --- -186.4 -188.5 -191.4

141/16-09-015-31W1/00 85K255 543.4 -176.7 -178.8 --- -179.9 -184.9 --- -186.7 -188.6

121/06-10-015-31W1/00 85K276 546.1 -179.5 -182.1 --- --- -182.5 -185.4 -189 -191.3

141/06-11-015-31W1/00 93A092 536.5 -172 -174.4 --- -175.6 -178.5 -179.8 -183.1 -185.7

101/01-16-015-31W1/00 85F292 543.1 -171.9 -175.1 --- -175.8 -180.2 --- -182.4 -182.4

111/06-16-015-31W1/00 86B011 547.7 -173.9 -177.8 --- -179.1 --- --- --- -183.3

112/08-16-015-31W1/00 95J074 542.2 -171.3 -174.2 --- -175.8 -180.4 -181.2 --- -182.1

101/14-17-015-31W1/00 72I001 549.9 -175.6 -179.4 -183.7 -185.2 --- --- --- -186.7

111/16-18-015-31W1/00 95J056 555.7 -180.5 -185 -189.2 -190.8 --- --- --- -192.4

101/14-24-015-31W1/00 97I358 527 -144.6 -146.9 -148.6 --- -150.6 -152.5 --- -155.5

121/16-24-015-31W1/00 96F084 525.1 -148.7 -152.8 --- -157.1 -161.5 --- -165.4 -169

121/14-25-015-31W1/00 96G164 524.6 -139.1 -142.1 --- -143.4 -147.8 --- -150.5 -151.8

141/16-26-015-31W1/00 95J118 528.3 -137.3 -140.2 -141.4 --- -145.2 --- --- -146.8

111/01-29-015-31W1/00 --- 542.5 -163.5 -166.3 --- -168 --- -171.7 -174.5 -176.8

111/12-29-015-31W1/00 --- 545.6 -164.8 -169.4 -173 -174.5 --- --- --- -177.1

121/11-30-015-31W1/00 96F158 554.2 -172.7 -176.1 -179.9 -180 -180.8 -182.7 -185.9 -188.5  
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Appendix E: Thin Section Descriptions 

 

Appendix F: Cross Sections – CD 
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