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Fracture patterns can provide insight into the strain history and stress evolution of deformed strata. In southern Alaska’s Cook Inlet forearc basin, hydrocarbon traps are typically fault-cored anticlines, where fractures likely aid in the migration of hydrocarbons from lower Jurassic marine strata into Cenozoic non-marine deposits. Consequently, understanding the distribution and orientation of fracture sets with regards to these structures is necessary to improving our understanding of one of Alaska’s largest petroleum provinces. Furthermore, recent refinements in understanding southern Alaska’s diverse Cenozoic tectonic evolution allow us to interpret fractures in a regional tectonic context. Despite the important role fractures likely play in the Cook Inlet petroleum system, limited work exists linking fractures to regional tectonic events and structures.
 
The objective of chapter one is to characterize the orientations, distributions, and relative ages of several regionally prominent fracture sets from field and remote sensing observations. Field observations focus on the area of the western Cook Inlet near Augustine Volcano, north to Tuxedni Bay. Remote sensing observations expand the study area from the Alaska Peninsula in the south to the Matanuska Valley in the north. Field work identified four fracture sets—with common orientations, opening modes, and relative ages—within the sedimentary sequence that spans early Jurassic to Oligocene time in the Cook Inlet forearc basin. Within the field area, these sets fall into two structural domains: 1) the Iniskin Peninsula, site of an anticline–syncline pair and reverse slip on the SW-striking Bruin Bay fault; and 2) north of Chinitna Bay, where the Bruin Bay fault strikes ~N–S and preserves primarily sinistral displacement.
 
Chapter two is aimed at quantifying the fracture intensity of the four regional fracture sets defined in Chapter 1, which are hosted in deformed forearc basin strata of Jurassic age in the Iniskin–Tuxedni region of the lower Cook Inlet, Alaska (c.f. Rosenthal and others, 2015a, b; fig. 1). Field results document how fracture intensity changes between the four regionally identified fracture sets of chapter one. Analysis of fracture intensity results documents how changes in fracture intensity are guided by formation and grain size. I also measured fractures at the thin-section scale, via back-scattered electron microscopy, to test the feasibility of using microfracture analysis to estimate macrofracture abundance.
I conclude by discussing how natural fractures may serve as fluid migration pathways that could enhance subsurface permeability for the lower Cook Inlet hydrocarbon province; and serve as migration pathways in the upper Cook Inlet petroleum system. 
The main objective of this thesis is to examine how fractures can record the forearc basin response to subduction at a convergent margin. I use fracture analysis to establish a sequential deformation history in the region through a detailed analysis of the relative chronology of widespread brittle deformation. We interpret this deformation in the context of major tectonic events that could have deformed the southern Alaska margin and forearc basin. Spatial analysis of the regionally pervasive fracture sets suggests that most fractures formed early during the onset of folding and were subsequently tilted and rotated around deformed strata of southern Alaska during progressive arc slip. In chapter two, I report that fracture intensity does not vary with grain size, fractures scale across five orders of magnitude in size, and fracture intensity does not appear to vary significantly by set. 	Comment by Bob: Should flesh out conclusions of chapter 2 to the same degree as for chapter 1. A sentence stating what it means for the O&G system would be sufficient, even if you simply say that the 310 set is normal to the current principal stress direction.
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Fractures control the movement of basinal fluids and serve as a secondary source of permeability in reservoir rocks where primary porosity and permeability have been lost due to diagenesis (e.g. Engelder et al., 2009; Lianbo et al., 2009; Ortega et al., 2010). On Alaska’s Iniskin Peninsula and surrounding areas within the Upper Cook Inlet forearc basin, such fractures control the locations of oil shows and seeps, as well as the migration of hydrocarbons (Lepain et al., 2013; AOGCC, 2015; Detterman and Hardstock, 1966). Understanding complex relationships between fracture sets and regional structures can allow for placement of well bores that more effectively exploit fracture networks (e.g. Engelder, 2009), and potentially bring economic potential to low primary porosity and primary permeability reservoirs (i.e. the Mesozoic rocks of the Cook Inlet). Therefore, understanding the fracture types, orientations, and controls on fracture density is critical to further regional petroleum exploration and production. 	Comment by Bob: In tight rocks.
Fracture intensity (the number of fractures per unit length), the relationship of fractures to local anticlinal traps, and the orientations of regional fracture sets are important parameters involved in the characterization of fractured reservoirs. The normalized fracture intensity (the number of fractures of a given size or larger per unit length) is a scale-independent quantity that I can use to predict the density and size distributions of a fracture set.  Therefore, normalized fracture intensity can be used to evaluate how properties such as grain-size, facies, or structural position control the density of a fracture set (e.g. Ortega, 2010). Because large fractures control the migration of fluids in basins with low-porosity rocks (e.g. Laubach, 1997), understanding the parameters that control size-normalized fracture intensity is crucial to characterizing fluid flow in reservoirs with poor primary porosity and permeability.

Previous workers have outlined that the primary controls on fracture intensity are stratigraphic and structural position, rock type, and rock texture (e.g. Ortega et al., 2010; Narr, 1996; Nelson 2001). Fracture intensity seems to correlate well with grain size (Lianbo et al., 2009; Sinclair, 1980). Lianbo et al. (2009) demonstrated that fractures in immature clastic rocks correlate strongest with grain size, and that despite heavy diagenetic alteration, such rocks can serve as good fractured reservoirs. Despite the rarity of forearc petroleum systems (Dickinson, 1995), I seek to establish if additional compositional controls (such as grain size) correlate with observed fracture intensity at outcrop scale in the arc-derived immature clastic rocks of the Lower Cook Inlet. With further refinement of factors leading to fracture formation, I can better constrain which formations would be suitable for further exploration. Therefore using a size-normalized approach for modeling fracture intensity following methods after Ortega et al. (2006), this study will determine the controls of fracture intensity throughout the field area. This size-normalized approach allows for objective comparison between lithologies, structural and stratigraphic position, and texture of rocks in various locations.	Comment by Bob: textural
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In addition to enhancing permeability, fractures record ancient stresses (e.g. Engelder, 1987) and combined with relative timing, fractures can divulge the tectonic development of a given region (e.g. Pollard and Aydin, 1988; Branellec et al., 2015; Lacombe et al., 2011). Fractures—expressed as mode I, II, or III—preserve the stress history of the hosting rock body at the time of deformation (e.g. Hancock, 1985). Furthermore, these fractures create mechanical anisotropies (gaps) within the hosting rock body (e.g. Hancock, 1985) that leads to fracture abutment, or the prevention of subsequent tensile brittle deformation (fractures) from propagating across the gaps. Abutting relationships preserve the sequential development of the stress field within the host rock. Additionally, because fractures can be folded, tilted, and/or reactivated, relative ages between fractures and major deformation such as faulting and folding can be established. I can connect local stress histories determined from observed fracture abutting relationships and relative ages to published regional tectonic interpretations, and can potentially better refine the tectonic history of the region (e.g. Lacombe et al., 2011). 
Fractured reservoirs associated with folding in collisional environments can create large oil fields (Lacombe et al., 2011; Stephenson et al., 2007). Fault-cored folds of the Upper Cook Inlet form hydrocarbon reservoirs (e.g. Kirschner and Lyon, 1973, Bruhn and Hauessler, 2006; Stanley et al., 2011). Because fractures can enhance permeability in folds, and because folds can serve as significant hydrocarbon traps, many studies have addressed the relationship of timing, predicted orientations, and predicted types of fractures relative to folding (e.g. Lacombe et al., 2011; Bellahasen et al., 2006; Branellec et al., 2015; Amahdahdi et al., 2007; Price, 1966; Hancock, 1985).

Fracture patterns with regional trends can provide insight into regional stress fields prior to or at the onset of folding (Engelder and Geiser, 1980; Engelder et al., 2009; Ahmadhadi et al., 2008; Lacombe et al., 2011; Branellec et al., 2015; Weil and Yonkee, 2010). Conceptual and actual fold-related fractures have been modeled by numerous authors to predict or understand the orientation of fractures with regard to folds (e.g. Price 1966; Friedman, 1969; Hancock, 1985, e.g. Guiton et al., 2003; Amrouch et al., 2010; Ahmadhadi et al., 2007; Bellhasen et al., 2006; Lacombe et al., 2011; Branelle et al., 2015). Conceptual models predict that four fracture sets will occur: a tensile set perpendicular to the fold axis, a conjugate set that shares the same shortening direction as the first tensile set, and a final tensile set that opens parallel to the fold axis as a result of flexure in the outer layers (e.g. Price 1966; Friedman, 1969; Hancock, 1985). However, the predicted model fails to explain the orientations or opening modes of fracture sets measured in the field (e.g. Bergbauer & Pollard, 2004; Guiton et al., 2003; Amrouch et al., 2010; Ahmadhadi et al., 2007; Bellhasen et al., 2006; Lacombe et al., 2011; Branelle et al., 2015). Bergbauer and Pollard (2004) explain this incongruity with the suggestion that fractures that pre-date folding create significant mechanical anisotropies that influence the orientation and type of subsequent fracture sets. Therefore, when trying to predict the orientations and densities of fractures sets with respect to folds, knowing the sequential development of these fractures is vital. My study aims to establish timing relationships between major regional structures and fractures within the Lower Cook Inlet.	Comment by Bob: This would benefit from a figure. Basically, anytime you describe something spatial in a text, it almost always requires a figure. There are several such published figures that you can insert and maybe annotate. You’ll just have to reference them correctly.
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This study had three primary questions:
1. What controls fracture intensity within the fractured Mesozoic section of Cook Inlet?
2. What was the timeline of deformation in the Cook Inlet, and what were the major tectonic driver(s) for the deformation?	Comment by Bob: Seems like these should be swapped. It’s more natural to go from smaller picture to bigger picture than vice versa.
3. What role do fractures play in the unconventional fractured resource potential of the region?

I address these questions in the following two manuscripts. The first manuscript addresses the orientations, spatial distribution, and tectonic history of several fracture sets in the region. This manuscript will be submitted for publication in Tectonics. The second manuscript regarding how we determined fracture intensity in the region, and what factors we attempted to correlate with spatial changes in fracture density will be published as a report of investigations at the Division of Geological and Geophysical Surveys.  
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Southern Alaska is composed of an amalgamation of allochthonous terranes, sedimentary basins, magmatic belts, and subduction complex material that were accreted onto the North American margin during Mesozoic and Cenozoic time (e.g., Plafker et al., 1989; Plafker and Berg, 1994; Trop and Ridgeway, 2007). The present day configuration of the Cook Inlet forearc basin arose from several geological events, including: 1) the collision of Wrangellia with the North American continental margin spanning Jurassic to Cretaceous time (Trop and Ridgeway, 2007); 2) the migration and subduction of Kula – Resurrection spreading ridge during Paleocene – Eocene time (Bradley et al., 2003; Hauessler et al., 2003); 3) the changes in plate convergence trajectory in Eocene time of the Pacific plate (Hauessler et al., 2003); and 4) the collision of the Yakutat microplate during Oligocene time (Ridgeway et al., 1996). Of these four events, two represent significant growth events of southern Alaska: the Mesozoic docking of Wrangellia and the Cenozoic Collision of Yakutat.	Comment by Bob: This requires a figure showing the three terranes you discuss in more detail below. It’s really difficult to follow (and pretty annoying, really) to read about spatial topics without a figure to look at for reference.	Comment by Bob: You need to define the basin before you begin discussing geologic events that shaped it. How old, that it is composed of two distinct intervals, their thicknesses, that it began as an island arc forearc basin with entirely marine deposition, there is a prominent regional unconformity that separates the two deposition intervals, resumed subsidence as an entirely terrestrial depocenter. Also need to describe the forearc as a system- periods of arc magmatism (and hiati), and development of the accretionary wedge, especially its enormous subaerial size. These are the basic observations about the basin. Tectonic interpretations, like you list in this paragraph, always come after the observations.
	Comment by Bob: Modified by	Comment by Bob: Sp. Search and replace all with “Haeussler”	Comment by Bob: Addition of continental crustal material to the…	Comment by Bob: Subduction and collision
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The Wrangellia composite terrane is composed of three allochthonous terranes: the Wrangellia terrane, Peninsular terrane, and Alexander terrane (Plafker and Berg, 1994; Nokleberg et al., 2000). The Wrangellia Terrane is made of Cambrian metasedimentary schist, and Permian – Tertiary volcanics and volcanogenic sedimentary rocks (Nokleberg et al., 1994). The Alexander Terrane is composed primarily of Paleozoic metamorphic rocks, Permian and Jurassic aged plutonic rocks, and Tertiary volcanics (Nokleberg et al., 1994). The Peninsular Terrane consists of the Early Jurassic Talkeetna Arc, Mesozoic sedimentary rocks representing the erosion of this arc, and Cenozoic sedimentary rocks (Plafker et al., 1994; Nokleberg et al., 1994). 	Comment by Bob: This is probably too much detail, since it doesn’t really bear on your work. Can streamline it to say Principally Cz igneous rocks overlying and intruding Pz metamorphic basement.	Comment by Bob: The Peninsular terrane is the terrane upon which the forearc is built, correcto? You need to let the reader know that. Plus, the Cz rocks really shouldn’t be included in the terrane, since it had collided and became part of North America before the Cz rocks were deposited (plus your paragraph header implies only Mz rocks are discussed in this paragraph).
The Alexander and Wrangellia terranes were combined by Pennsylvanian time, as shown from pluton stitching (Gardner et al., 1988) and from sedimentary overlaps (Plafker and Berg, 1994) and were 20-30 degrees south of the current latitude as shown by paleomagnetic declinations (Plafker et al., 1989). The Talkeetna arc was either built upon the combined Wrangellia and Alexander terranes, or was accreted on to the margin of that composite terrane during later Jurassic time (Nokeberg et al., 2001; Trop et al., 2005; Rioux et al., 2005; Clift et al., 2005). The Wrangellia composite terrane then collided with the North American margin during latest Jurassic – Early Cretaceous time (Trop and Ridgeway, 2007). Suturing of the Wrangellia composite terrane was complete by latest Cretaceous (80-60 Ma) as shown by late Cretaceous continental margin arc rocks that stitch the accreted terranes with the former continental margin (Plafker et al., 1989; Moll-Stallcup, 1994, Trop and Ridgeway, 2007). Since at least Eocene time, all terranes in southern Alaska have been subject to the deformation associated with Pacific margin subduction (Plafker et al., 1989; Plafker et al., 1994). 	Comment by Bob: So potentially a fifth tectonic event to consider?	Comment by Bob: Sp. Search and replace all with “Ridgway”
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Growth and deformation of southern Alaska during Cenozoic time was the result of the Paleocene collision and subduction of the Kula – Resurrection spreading ridge (Bradley et al., 2003; Hauessler et al., 2003) and the arrival and gradual collision of the Yakutat Terrane (e.g., Ridgeway et al., 1996; Benowitz et al., 2014). During Eocene time, the subduction of the actively spreading Kula – Resurrection spreading ridge is credited with considerable uplift leading to buckling in the upper crust and significant deformation of the Mesozoic strata of the Cook Inlet (Lepain et al., 2013). Deformation from the 16-10 Ma arrival of the Yakutat terrane to the southeast continues today (Ridgeway et al., 1996). Within the Cook Inlet, deformation related to the arrival of the Yakutat Block was manifest in a series of transpressional fault-cored anticlines and significant uplift and exposure of Cenozoic and perhaps Mesozoic forearc sedimentary rocks (Haeussler et al., 2000; Trop and Ridgeway, 2007). Away from the Cook Inlet and elsewhere in Alaska, the collision of Yakutat has resulted in modern seismicity on the Denali Fault, renewed uplift in the Alaska Range, and the creation of one of the largest coastal ranges on Earth in the Saint Elias Mountains (e.g., Trop and Ridgeway, 2007; Benowitz et al., 2014).	Comment by Bob: Not entirely. In terms of growth, the Border Ranges fault may have been transporting the prism along the margin until Eocene time, which is unrelated to either event. And accretionary prisms generally are constructed because sediment supply exceeds the capacity for it to be subducted- so again, not necessarily related to either event. Subduction of the spreading ridge probably deformed the prism, but might not have contributed to additional mass. Has Yakutat added mass, or simply deforming it further?

What evidence is there of the ridge deforming anything but the prism? Not much. And Yakutat? It’s definitely deforming the prism and the Wrangell-St. Elias area, but where else? In other words, stating that the two events are responsible for deforming all of southern Alaska is too broad of a statement.	Comment by Bob: These guys didn’t come up with the idea, just refined and further constrained it. Always go to original sources- Moore et al., 1983 (Tectonics) Paleogene evolution of the southern Kodiak islands, AK: Consequences of ridge-trench interaction in a more southerly latitude.	Comment by Bob: Because of slow convergence rate? This probably isn’t the right word.	Comment by Bob: Terrane isn’t a proper name, and I’m pretty sure that it shouldn’t be capitalized.	Comment by Bob: You spend so much time on trying to cast your results in the light of ridge subduction that it deserves a paragraph explaining what it is, how it is proposed to work, and what the expected upper-crustal responses to it are.	Comment by Bob: Where is it buckled, and who’s study determined that it was caused by ridge subduction. If it is speculation, you should be a little more cautious in your wording. Don’t repeat it because Dave said so. He doesn’t know.	Comment by Bob: This was a great body of work, but Dave isn’t the authority on deformation of Cook Inlet. Find studies that actually addressed the deformation and conclude this. Is it well constrained, or speculative? If it is well constrained, is it locally or regionally so? If I cite your papers in the future and say definitively that your interpretations are correct because you said so, does that make them true?	Comment by Bob: This seems pretty young. I bet if you read more on it you’ll find that most people think it began at about 25 Ma. And there is even someone who believes it started colliding as early as Eocene time. So don’t just rely on an overview paper for most of your regional geologic understanding. 	Comment by Bob: How well do we know this? It makes sense, in upper Cook Inlet, but do we really know the age of when folding began? I look at the isopach maps and it appears that some folds are growing as early as Eocene time. Haeussler only looked at a couple of lines made sweeping statements about timing of deformation. And what about lower Cook Inlet? Cz strata is folded there, too, but the folds are oriented differently, and it’s a long way away from the collision zone. Are they related too? And do you know if they are fault cored and transpressional? I don’t think they are either based on the seismic lines I’ve looked at and their orientations. Where have Mz rocks been significantly uplifted (except for maybe the prism) demonstrably during Miocene time? You shouldn’t be this explicit. Also, look for better references. Bruhn and Haeussler’s paper directly addresses the fold geometries and deformation style. Trop and Ridgeway know nothing about Cook Inlet structure other than what they have read. They are not the authorities. Critical thinking, man. Don’t just regurgitate what others have written. Dig deeper and draw your own conclusions if the body of evidence supports them.	Comment by Bob: Not capitalized.	Comment by Bob: Avoid overview papers as you primary references and sources of information. They had to read other’s work to get to their level of understanding. You should, too. Otherwise you are just dumbing down science another degree. If they are synthesizing something new, that’s fine (provided it’s supported by the original work).
[bookmark: _Toc449267508][bookmark: _Toc449267621][bookmark: _Toc449268390][bookmark: _Toc449268450][bookmark: _Toc449290568][bookmark: _Toc449526184][bookmark: _Toc449616194][bookmark: _Toc449692366][bookmark: _Toc449692434][bookmark: _Toc449692800][bookmark: _Toc450044422]Cook Inlet and Southern Alaska
The Cook Inlet basin is a northeast-trending collisional forearc basin located between the Jurassic Talkeetna arc and modern Aleutian Arc to the northwest—representing relatively continuous arc magmatism since Mesozoic time—and the Aleutian trench and accretionary prism to the southeast. This study focuses on the southern portion of the Upper Cook Inlet as defined by Lepain et al. (2013). This basin is filled with 60,000 feet of sedimentary rocks spanning Mesozoic–Early Cenozoic time (Kirschner and Lyon, 1973).	Comment by Bob: Don’t wait until your 4th section to introduce the Cook Inlet basin. It is the focus of your work. By that time the reader is wondering where the heck you are going with all of this. Introduce it first, THEN describe how it relates to terranes of S. AK and tectonic events that have modified it. Plus this is way too short to be the focus of your work. What’s its thickness? What defines the subsidence and deposition cycles? Unconformities? How big is it? Where is it located (location map, dude).
[bookmark: _Toc449267509][bookmark: _Toc449268451][bookmark: _Toc449290569][bookmark: _Toc449692435]Iniskin Peninsula	Comment by Bob: You worked more areas than the IP, why limit your description of your study area to it? You need a study area map, or at least need to cite it.
The Iniskin Peninsula and Lake Clark National Park, within the Lower Cook Inlet, contain Triassic–Jurassic strata deformed into an anticline–syncline pair (Fitz Creek Anticline and Tonnie Syncline) bounded on the northwestern side by the NE-striking, westward-dipping Bruin Bay Fault. 35,000 feet of Mesozoic clastic sedimentary rocks in this NE-trending basin record forearc subsidence and sedimentation at a convergent margin since the early Jurassic, and contain the source rocks for the highly petroliferous Upper Cook Inlet petroleum system (e.g. Kirschner and Lyon, 1973; Nokleberg et al., 1994; Trop et al, 2007; Magoon, 1994; Lillis and Stanley, 2011). These immature arkosic, lithic, and volcanoclastic arc-derived sandstones, siltstones, and shales represent gradual exhumation of the Mesozoic arc located to the northwest of the basin (e.g. Plafker et al., 1989; Nokleberg et al., 1994; Trop et al., 2007). 	Comment by Bob: “Lower” shouldn’t be capitalized.	Comment by Bob: “Fault” shouldn’t be capitalized.	Comment by Bob: Compared to what?	Comment by Bob: “Upper” shouldn’t be capitalized.
[bookmark: _Toc449267510][bookmark: _Toc449268452][bookmark: _Toc449290570][bookmark: _Toc449692436]Petroleum
Conventional reservoir potential in these rocks is poor; their primary porosity has been all but eliminated through diagenetic alteration (Helmold et al., 2013). However, these rocks are pervasively fractured and oil seeps that occur along faults and fractures were first drilled on the Iniskin Peninsula from 1900–1906. The last well drilled on the Iniskin Peninsula was in 1959 and economical production was never realized (Blasko, 1976). One well offshore has successfully exploited a fractured Jurassic reservoir in the Upper Cook inlet. This fractured Jurassic reservoir has been responsible for 180,000 barrels of oil production (Lepain et al, 2013 and references therein).  Understanding complex fracture orientation relationships can allow for placement of well bores that more effectively exploit fracture networks (e.g. Engelder, 2009), and could therefore bring economic potential to these low-porosity reservoirs.
[bookmark: _Toc449267511][bookmark: _Toc449268453][bookmark: _Toc449290571][bookmark: _Toc449692437]Structural Geology
Detterman and Hardstock (1966) first mapped the Lower Cook Inlet and laid the framework for modern structural interpretations in the area. They ascribe multiple phases of regional deformation to the westward-dipping Bruin Bay Fault system and regional folds. They mapped 20 km of sinistral slip, with up to 3,000 meters of thrust on the Bruin Bay Fault System. Additionally, they mapped two principal joint sets, one striking 305˚ and the other striking roughly orthogonally at 225˚, and associated these fractures with folds in the region. 
Using sedimentological constraints, others have proposed that active arc uplift and slip on the Bruin Bay Fault began in the middle Jurassic (e.g. Wartes et al., 2011; Trop and Ridgeway, 2007). They interpret that coarse-grained arkosic lithologies and tilted contacts of the Mesozoic stratigraphy adjacent to the trace of the Bruin Bay Fault resulted from Jurassic uplift and exhumation of the arc in the hanging wall of the Bruin Bay Fault. 
Recent studies have identified a more complex, polyphase, deformational history along the Bruin Bay Fault, with evidence of dextral, sinistral, and thrust fault kinematics (e.g. Betka and Gillis, 2014; Gillis et al., 2013; Gillis et al., 2011). Betka and Gillis (2014) determined two major shortening events in their kinematic analysis of the region: a principal SSE–NNW shortening direction and a subsidiary E–W shortening.  Based on the sparsely populated paleomagnetic data of Coe and Others (1985), and modern convergence directions (Ruppert et al., 2013), they interpreted the deformation as resulting primarily from oroclinal bending during the Paleogene.	Comment by Bob: How does this differ from D&H, 1966 “multiple phases”?	Comment by Bob: That’s a safe way to cite work that isn’t bullet-proof, instead of unqualifyingly stating that the two shortening directions reflect oroclinal bending, because they say so. Good job.

[bookmark: _Toc449208672][bookmark: _Toc449208862][bookmark: _Toc449208926][bookmark: _Toc449267512][bookmark: _Toc449267622][bookmark: _Toc449268391][bookmark: _Toc449268454][bookmark: _Toc449290572][bookmark: _Toc449526185][bookmark: _Toc449616195][bookmark: _Toc449692367][bookmark: _Toc449692438][bookmark: _Toc449692801][bookmark: _Toc450044423]Chapter 1
[bookmark: _Toc449208673][bookmark: _Toc449208863][bookmark: _Toc449208927][bookmark: _Toc449267513][bookmark: _Toc449267623][bookmark: _Toc449268392][bookmark: _Toc449268455][bookmark: _Toc449290573][bookmark: _Toc449526186][bookmark: _Toc449616196][bookmark: _Toc449692368][bookmark: _Toc449692439][bookmark: _Toc449692802][bookmark: _Toc450044424]Introduction
In Alaska’s Cook Inlet forearc basin (Figure 1.1), fractures control the locations of oil shows and seeps, and the migration of hydrocarbons (Lepain et al., 2013; AOGCC, 2015; Detterman and Hardstock, 1966). Consequently, an understanding of the distribution and orientation of several well developed fracture sets, in a tectonic context, is necessary to improving our understanding of one of Alaska’s largest petroleum provinces.  	Comment by Bob: Sp. “Hartsock”. Search and replace all.
In the Cook Inlet, hydrocarbon traps are typically fault cored anticlines (e.g., Kirschner and Lyon, 1973; Bruhn and Hauessler, 2006) where fractures presumably aid in the migration of hydrocarbons from lower Jurassic marine strata into Cenozoic non-marine deposits. Despite the important role fractures likely play in the Cook Inlet petroleum system, no detailed fracture study has been published. Early mapping campaigns on the Iniskin Peninsula noted the presence of two master joint sets (Detterman and Hardstork, 1966). However, only limited work has been done to understand the role of these fractures in a tectonic context (Detterman and Hardstock, 1966; Rosenthal et al., 2015a; 2015b; 2016). 	Comment by Bob: upper	Comment by Bob: Mapping campaigns can’t note, only people can note.
[bookmark: _Toc449208674][bookmark: _Toc449208864][bookmark: _Toc449208928][bookmark: _Toc449267514][bookmark: _Toc449267624][bookmark: _Toc449268393][bookmark: _Toc449268456][bookmark: _Toc449290574][bookmark: _Toc449526187][bookmark: _Toc449616197][bookmark: _Toc449692369][bookmark: _Toc449692440][bookmark: _Toc449692803][bookmark: _Toc450044425]Interpreting Fractures
Fractures open in response to stress at the time of deformation, and thus their orientations can be used to interpret strain orientations at the time of failure (e.g., Engelder and Geiser, 1980; Hancock, 1985; Engleder, 1987). In addition, relative ages of fractures can be determined through cross cutting and abutting relationships. The mechanical discontinuity that a fracture creates should inhibit subsequent fracture propagation, causing younger fractures to terminate in unambiguous intersections with older fractures (Hancock, 1985). Thus, the sequential strain history of the hosting rock body can be understood by combining observations of the finite strain imparted on the rock body and the evolution of fractures’ orientations during deformation (e.g., Berbauer and Pollard, 2004; Ahmadhadi et al., 2008; Weil and Yonkee; 2010; Galan et al., 2011; Lacombe et al., 2011). Because fractures can record stress and strain, it stands to reason that fracture patterns with regional trends can provide insight into regional stress fields and regional strain (Engelder and Geiser, 1980; Engelder et al., 2009; Ahmadhadi et al., 2008; Lacombe et al., 2011; Branellec et al., 2015; Weil and Yonkee, 2012). Therefore, we use consistent stress and strain signatures of regionally mapped fracture sets to make tectonic interpretations of the Cook Inlet forearc basin. 
[bookmark: _Toc449208675][bookmark: _Toc449208865][bookmark: _Toc449208929][bookmark: _Toc449267515][bookmark: _Toc449267625][bookmark: _Toc449268394][bookmark: _Toc449268457][bookmark: _Toc449290575][bookmark: _Toc449526188][bookmark: _Toc449616198][bookmark: _Toc449692370][bookmark: _Toc449692441][bookmark: _Toc449692804][bookmark: _Toc450044426]Summary
In this study we present field and remote sensing based observations characterizing the orientations, distributions, and relative ages of several regionally prominent fracture sets. Field observations focus on the area of the western Cook Inlet from Ursus Head near Augustine Volcano, north to Tuxedni Bay, just south of Redoubt Volcano (Figure 1.1). Remote sensing observations stretch the study area from the Alaska Peninsula near Katmai National Park in the south to Matanuska Valley in the north. This study focuses on the sedimentary sequence that spans early Jurassic – Oligocene time of the Cook Inlet forearc basin.  	Comment by Bob: Ursus Head really isn’t that close to Augustine.	Comment by Bob: This is probably really Miocene time, but look it up for yourself.
Our data allows interpretation of forearc basin response to subduction at a convergent margin; including the effects of Eocene ridge subduction, and the collision of Yakutat in Oligocene time. We seek to establish the sequential fracture development of the region in an attempt to unravel where, how, and in what order the regionally present fractures have formed. The results of our analyses are synthesized in a conceptual model for the sequential tectonic development of the region in which most fractures formed early during the onset of deformation and were subsequently tilted and then rotated around the orogen during a single episode of progressive deformation. 	Comment by Bob: Add “potential”	Comment by Bob: Rotated around what orogen? The Aleutian-Alaska Range? Wouldn’t it be more accurate to say “locally rotated”?
[bookmark: _Toc449208676][bookmark: _Toc449208866][bookmark: _Toc449208930][bookmark: _Toc449267516][bookmark: _Toc449267626][bookmark: _Toc449268395][bookmark: _Toc449268458][bookmark: _Toc449290576][bookmark: _Toc449526189][bookmark: _Toc449616199][bookmark: _Toc449692371][bookmark: _Toc449692442][bookmark: _Toc449692805][bookmark: _Toc450044427]Background
[bookmark: _Toc449208677][bookmark: _Toc449208867][bookmark: _Toc449208931][bookmark: _Toc449267517][bookmark: _Toc449267627][bookmark: _Toc449268396][bookmark: _Toc449268459][bookmark: _Toc449290577][bookmark: _Toc449526190][bookmark: _Toc449616200][bookmark: _Toc449692372][bookmark: _Toc449692443][bookmark: _Toc449692806][bookmark: _Toc450044428]General Geology
The Cook Inlet basin is a northeast-trending forearc basin located in southern Alaska. It is bound by the Jurassic Talkeetna Arc (an ancient volcanic island arc sutured to the southern Alaska margin) and modern Aleutian Arc to the northwest and the Aleutian trench (the modern subduction zone trench) and Mesozoic accretionary prism (Chugach Terrane) to the southeast (See Lepain et al., 2013; Figure 1.1). These elements together are the result of intermittent subduction and terrane accretion on the southern Alaska margin since Jurassic time (Nokleberg et al., 1994). This study focuses on the lower portion of the Upper Cook Inlet Basin as defined by Lepain et al., 2013 (Figure 1.1). 60,000 feet of Mesozoic – Early Cenozoic sedimentary rock fills the Cook Inlet Basin and record roughly 200 million years of tectonic activity on the southern Alaska margin (Kirschner and Lyon, 1973). 	Comment by Bob: LePain co-opted this figure from Winkler, 2000(?). If you created a nice figure, you’d want to be cited for it later, instead of some other bastard that used it in their paper, no? Plus, you should cite the original, anyway.	Comment by Bob: In the intro to the thesis, you use a different definition (lower Cook Inlet). Why change now?
Specifically, sediments of the Cook Inlet forearc basin record the Mesozoic docking of the Wrangellia composite terrane (Trop et al., 2005; Trop and Ridgeway, 2007), the early Paleogene episode of Kula - Ressurection Ridge subduction (Bradley et al., 2003; Haeussler et al., 2003), plausible Paleocene[image: ]	Comment by Bob: Do the forearc strata really record all of this? How do the strata record something “plausible”. It either does or doesn’t. You use “specifically” at the beginning of this sentence as if this is factual. But you are really just speculating that the forearc might or should contain a faithful record of all tectonic events that have affected it. That is very different from saying that it has recorded all of the events you list. Because in order to say that, you need to be able to come up with citations of studies that recognize them in the stratigraphic record. This entire paragraph is misleading because you use citations incorrectly to support your claim of the forearc recording these events. No Bueno.	Comment by Bob: Do they really? The Kahiltna Fm. in the back arc seems to do a pretty good job of that, but I haven’t seen a study that relates deposition in the forearc specifically to suturing of Wrangellia.	Comment by Bob: So they know that basin subsidence and unroofing of the arc was driven by the Wrangellia collision? Based on what? I KNOW that we don’t know Paleogene subsidence and sedimentation was driven by ridge subduction or oroclinal bending. Oligocene time was actually pretty unremarkable in terms of sediment volume into the basin, and many people believe that the sediment was sourced from the Yukon-Tanana terrane (therefore no Alaska Range yet), so even though Yakutat may have begun colliding at that time, to say the basin records it is inaccurate. Be careful what you say. 	Comment by Bob: Sp.	Comment by Bob: These guys aren’t stratigraphers, so how did they determine that the forearc sediments record ridge subduction? I don’t think they ever mention it. This is an example of miss-citing reference.

[bookmark: _Toc449277139][bookmark: _Toc449277162][bookmark: _Toc449290646][bookmark: _Toc449463288][bookmark: _Toc449525012]Figure 1.1 Simplified Geologic Map of the southern Cook Inlet region
Caption: Simplified geologic map of the Southern Cook Inlet region, lower Cook Inlet, Alaska, showing the trace of the Bruin Bay fault and distribution of Mesozoic–Cenozoic sedimentary rocks in the Cook Inlet forearc basin, volcanic and plutonic rocks of the Talkeetna arc and Alaska–Aleutian Range batholith, and Permian–Triassic metamorphic basement. Modified from Wilson and others (2012).	Comment by Bob: You call this lower upper Cook inlet in the paragraph above.

oroclinal bending (Glen, 2004), Oligocene collision of Yakutat (Benowitz et al., 2014), and modern deformation related to Pacific Plate subduction beneath the North American lithosphere (Plafker et al., 1989; Plafker and Berg, 1994). While the major tectonic events have been outlined for southern Alaska the detailed deformation patterns of the forearc strata in the southern Cook Inlet are poorly constrained (Wartes et al., 2013; Betka and Gills, 2013; 2014). This study is one of few that attempts to understand the brittle deformation mechanisms in forearc basin strata (e.g., Corrigan et al., 1990).	Comment by Bob: What about the P-mag guys that determined rotation in the first place? You can use Glen, but he isn’t the originator of the idea. Always cite the most relevant references.	Comment by Bob: You use Miocene as the age initiation of collision in your thesis intro. Which do you prefer (you should have a reason, even if you don’t state it here)?	Comment by Bob: Yakutat microplate. Just Yakutat” doesn’t mean anything.	Comment by Bob: Benowitz didn’t constrain the timing of Yakutat collision. Use a more appropriate reference.	Comment by Bob: Replace with several. You suggest that they all have. But if one hasn’t been identified yet, then how would you know?	Comment by Bob: Aren’t the tectonic events the mechanisms, and the brittle deformation the result? And really, few people have studied forearc deformation?
[bookmark: _Toc449208678][bookmark: _Toc449208868][bookmark: _Toc449208932][bookmark: _Toc449267518][bookmark: _Toc449267628][bookmark: _Toc449268397][bookmark: _Toc449268460][bookmark: _Toc449290578][bookmark: _Toc449526191][bookmark: _Toc449616201][bookmark: _Toc449692373][bookmark: _Toc449692444][bookmark: _Toc449692807][bookmark: _Toc450044429]Sedimentary Section
The 35,000 foot Mesozoic section records the birth, death, and gradual exhumation of an oceanic island arc (Figure 1.2) (Talkeetna, Tuxedni, Chinitna, and Naknek Formations). The Paleocene section consists of 25,000 feet of sediment associated with subsidence after  rapid forearc basin uplift induced by the subduction of buoyant crust during the passing of the Kula – Resurrection Ridge; deformation of these sediments has been driven by the collision of the Yakutat Terrane to the southeast (Figure 1.2) (Nokleberg et al., 1994; Lepain et al., 2013). 	Comment by Bob: Construction might be a better word choice. We don’t really know what the birth and the death look like in the sed record. Even as the Talkeetna Formation transitions into the Red Glacier Fm, the plutons have still yet to be intruded. So there is a complex relationship between construction of the arc edifice, its erosion and deposition of its detritus, and pluton emplacement (which overlaps with deposition of the Tuxedni Gp.)	Comment by Bob: I trust you mean Cenozoic?	Comment by Bob: It has been proposed, but we don’t really know that. It could have been that increased coupling caused shortening, or that the thermal anomaly made the upper crust more buoyant. And Paleocene seds occur in the Su basin and reportedly at depth in the CI, so how’s that happen as the ridge is passing underneath at that time and uplifting the forearc? It’s a nice theory, but that’s about it. But you can say it has been proposed to happen, and cite the reference, then all is good.	Comment by Bob: Certainly in part, but did Yakutat deform lower CI folds? No one has gone that far on a limb. Is it possible that changes of obliquity or rate of subduction, slab angle, or the ridge has contributed to the deformation also? If so, then it is inaccurate to say that it was driven by Yakutat alone.
[bookmark: _Toc449208869][bookmark: _Toc449208933][bookmark: _Toc449267519][bookmark: _Toc449268461][bookmark: _Toc449290579][bookmark: _Toc449692445]Jurassic
The early Jurassic Talkeetna formation, composed primarily of lava flows, volcanic breccias, agglomerates, tuffs, conglomerates, sandstones and shales represents the carapace of the south facing Jurassic Talkeetna oceanic arc (Clift et al., 2005a; Lepain et al., 2013). These rocks are commonly exposed in the footwall of the Bruin Bay fault and are often deformed. 	Comment by Bob: Modern-day or Jurassic reference frame? If current, wouldn’t that be SE-facing?	Comment by Bob: Cite Detterman and Hartsock in here as well, since you are listing unit descriptions that they came up with.	Comment by Bob: Sometimes in the footwall, but mostly in the hangingwall.
The Tuxedni Group is composed primarily of volcanolithic shales, siltstones, sandstones and occasional conglomerates (Detterman and Hardstock, 1966; Lepain et al., 2013). The Tuxedni group can be further divided by two unconformity bound sequences: the upper and lower Tuxedni (Lepain et al., 2011). A the base of the Tuxedni is the Red Glacier Formation, a several hundred feet thick, deep marine organic rich shale that is the likely source rock for the Cook Inlet Petroleum system (Magoon and Claypool, 1981; Lepain et al., 2013). Above the Red Glacier the Gaikema Sandstone, Fitz Creek Siltstone, and Cynthia Falls Sandstones that represent two transgressive – regressive cycles (Lepain et al., 2011; 2013). In the upper sections of the Tuxedni group are the Bowser and Twist Creek Siltstone Formations, which are composed primarily of fossiliferous sandstone and siltstone, respectively (Detterman and Hardstock, 1966; Lepain et al., 2013). These two units variably were deposited into the previously incised Cynthia Falls Sandstone across the study area (Detterman and Hardstock, 1966; Lepain et al., 2011). These lower 	Comment by Bob: Some people have a real issue with using time words when referring to spatial occurrences. They are technically right. It’s better to use “some”, “fewer”, “rare”, or “subordinate”, depending on the relative amounts. I used to get hammered on this by my advisor.	Comment by Bob: Insert “Formation are the”, or something similar	Comment by Bob: Add “marine”	Comment by Bob: On top of, or over, onto.
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[bookmark: _Toc449277140][bookmark: _Toc449277163][bookmark: _Toc449290647][bookmark: _Toc449463289][bookmark: _Toc449525013]Figure 1.2 Simplified Representative Stratigraphic Column of the Southern Cook Inlet	Comment by Bob: Nice figure. You might want to increase the text size a little, especially the formation names.	Comment by Bob: You use lower Cook Inlet, lower upper Cook Inlet, and southern Cook Inlet throughout the text. Settle on one and stick with it.
Caption: Stratigraphic thicknesses after Detterman and Hardstock (1966). Formations are drawn with typical lithologic packages and stratigraphic stacking patterns after Detterman and Hardstock (1966) and Lepain et al. (2013). Numbers beneath formation names represent station numbers for sites visited in each formation in the field. Bold italic characters represent stations in the Iniskin Peninsula Domain of the study area and stations in non-italic font represent stations in the Iliamna portion of the study area.		Comment by Bob: Sp. search and replace “Hardsock” with “Hartsock”	Comment by Bob: Lower case



to middle Jurassic sedimentary rocks record the gradual uplift, exhumation, and erosion of the Talkeetna arc carapace (Detterman and Hardstock, 1966; Plafker et al., 1989; Trop et al., 2005).	Comment by Bob: See the rapid exhumation comment below.
The middle Jurassic Chinitna formation is composed of two siltstone units with minor sandstone; the Tonnie Siltsone and the Paveloff Siltstone. These two units uncomformably overlie the top of the Tuxedni group rocks and are uncomformably overlain by the Naknek formation (Detterman and Hardstock, 1966). They represent a predominantly continental shelf setting and a deepening of the forearc (Lepain et al., 2013). 	Comment by Bob: You say above that the Red Glacier Fm. was deep water (which is right). Somewhere along the line things had to shallow before deepening again. You describe the units above and below it in terms of depth. You should probably stay consistent with the Chinitna. 
The overlying Upper Jurassic Naknek formation is a thick unit representing the rapid exhumation and unroofing of the Jurassic Talkeetna arc plutonic roots after the arc carapace had been largely eroded (Detterman and Hardstock, 1966; Trop et al., 2005; Wartes et al., 2011). The basal member, the Chisik conglomerate, is primarily conglomerates and coarse sandstones composed of dioritic and granodioritic detritus and fills incisions into the underlying Chinitna Formation (Detterman and Hardstock, 1966; Wartes et al., 2011). The overlying Snug Harbor siltstone is primarily composed of thin-bedded, fossiliferous, fine-very fine grained, interbedded sandstone and siltstone (Wartes et al., 2013). This unit represents a transgressive succession and subsidence of the forearc in late Jurassic time (Detterman and Hardstock, 1966; Wartes et al., 2013). The top member of the Naknek is the Pomeroy Arkose member, a thick dominantly arkosic sandstone with minor conglomerate and siltstone (Detterman and Hardstock, 1966; Wartes et al., 2013; 2014). This unit likely represents basin floor and slope deposits (Lepain et al., 2013; Wartes et al., 2013). 	Comment by Bob: According to your figure, the Tuxedni Gp is composed of ~2km of sediment deposited over about 8 Ma, which equates to about three times the long term deposition rate of the Naknek (~1.2 km over 16 Ma). Yet the Tuxedni records gradual unroofing and the Naknek rapid? I don’t get it.
[bookmark: _Toc449208870][bookmark: _Toc449208934][bookmark: _Toc449267520][bookmark: _Toc449268462][bookmark: _Toc449290580][bookmark: _Toc449692446]Cretaceous
The latest Cretaceous Saddle Mountain formation unconformably overlies the Naknek formation in two observed localities in the study area (Magoon et al., 1980). This formation is composed of fluvial sandstones, conglomerates and some minor coals and again represents erosion of the arc batholith (Magoon et al., 1980). 	Comment by Bob: Three, if you consider Gillis, 2015.	Comment by Bob: And also dramatic shoaling of the basin. The basin goes from deep water to terrestrial across the unconformity. The last time we see terrestrial rocks is in the middle Jurassic (Horn Mtn Fm.).
[bookmark: _Toc449208871][bookmark: _Toc449208935][bookmark: _Toc449267521][bookmark: _Toc449268463][bookmark: _Toc449290581][bookmark: _Toc449692447]Cenozoic
The early Paleogene – Eocene (?) West Foreland formation on the western shores of the Lower Cook Inlet is predominantly a coarse conglomerate that unconformably overlies the Pomeroy Member of the Naknek formation or the Saddle Mountain formation when it is present. The unit age constraints are poor, but the lower West Foreland is likely Eocene, and is associated with major uplift and high sediment flux as a result of spreading ridge subduction during Eocene time (Lepain et al., 2013). 	Comment by Bob: And subordinate sandstone in which you measured fractures.	Comment by Bob: “Where”, not “when”. One of those time-space word mis-uses.	Comment by Bob: Good use of “likely”. In this case it might be even better to say “elsewhere it has been dated as Eocene”, or something along those lines. It doesn’t have the characteristic Eocene intercalated volcanics or volcaniclastics, and therefore could predate (or post-date that episode of volcanism). 	Comment by Bob: Yikes. I don’t think you can come out and say this, even if Dave did. There is no connection between Eocene deposition and subduction of a ridge. In fact, the only well-dated West Foreland strata are about 10-20 Ma too young to directly result from passing of the ridge. Even more compelling is that the dated volcanics in the West Foreland are likely arc related, which means the ridge has long passed and normal subduction has resumed by this time. This is why getting all of your background information from survey papers is risky. If you publish this, then there’s a good chance someone else not doing thorough background reading is going to say it because you did (and Dave did), and thus propagates the myth.	Comment by Bob: I went back and re-read Dave’s comment on this…  “possibly related to ridge subduction
(Bradley et al., 2003)” By taking out the “possibly” and his citation, you changed the meaning and certainty of his comment. You can’t do that man. You can’t change something from “might be” to “is” because it’s easier to write or makes your story sound better. That’s just bad science. And that’s how shit gets unjustifiably entrenched in the literature, because the uncertainty of the original statement is eroded until it is accepted as fact (and that’s why it’s also important to refer to the original work, to avoid getting caught in the trap). This occurs throughout your manuscript. You should go back and re-evaluate all of your statements that imply something did happen and consider softening the pitch to may have, believed to have, etc.
[bookmark: _Toc449208679][bookmark: _Toc449208872][bookmark: _Toc449208936][bookmark: _Toc449267522][bookmark: _Toc449267629][bookmark: _Toc449268398][bookmark: _Toc449268464][bookmark: _Toc449290582][bookmark: _Toc449526192][bookmark: _Toc449616202][bookmark: _Toc449692374][bookmark: _Toc449692448][bookmark: _Toc449692808][bookmark: _Toc450044430]Major Structures	Comment by Elisabeth Nadin: This I copied verbatim into your intro (previous chapter) – I wonder at the merit of having it in there at all, since readers will likely be annoyed at having to read it 2x	Comment by jlrosenthal: I figured it was more along the lines of slightly different, but because it’s a “stand alone” manuscript it would have to be in here…
Detterman and Hardstock (1966) first mapped the western margins of the Lower Cook Inlet and laid the framework for modern structural interpretations in the area. Triassic–Latest Jurassic strata are deformed into an anticline–syncline pair (Fitz Creek Anticline and Tonnie Syncline) on the Iniskin Peninsula. North of the Iniskin Peninsula Triassic (?) to Eocene strata are tilted toward the southeast. The Bruin Bay fault bounds CIB to the northwest throughout the study area. This fault separates the Jurassic aged batholith and portions of the Jurassic Talkeetna arc carapace from the immature arkosic, lithic, and volcanoclastic arc-derived sandstones, siltstones, and shales of the Cook Inlet forearc basin (Detterman and Hardstock, 1966; Detterman and Reed, 1980; Gillis et al., 2014). 	Comment by Bob: Lower upper? Southern? Lower?	Comment by Bob: Did you run across any SE-tilted Triassic? If not, it’s safer to say Early Jurassic.	Comment by Bob: You have to define an abbreviation first before using it.	Comment by Bob: In most places. As you get up toward Tuxedni Bay, it places arc against arc.
Detterman and Hardstock (1966) interpret multiple deformation events spanning Jurassic-Cretaceous time on the basis of regional and local unconformities (Figure 1.2). The majority of the deformation is interpreted to be of late Cretaceous to Paleogene time on the basis of un-deformed Tertiary (?) volcanic rocks on the western flanks of the Bruin Bay Fault. On the Bruin Bay Fault Detterman and Hardstock (1966) mapped 20km  of sinistral slip on the basis of displaced tracts of Talkeetna Formation and interpret up to 3,000 meters of stratigraphic throw. Additionally, they interpret two fault related principal joint sets, one striking 305˚ and the other striking roughly orthogonally at 225˚.	Comment by Bob:  Their age span was pre-Early Jurassic until present.	Comment by Bob: These turned out to be Jurassic as well. Bummer.	Comment by Bob: They didn’t calculate this correctly, because stratigraphic separation is meaningless between rocks that strike differently, which their examples do. So this is probably much less.
Using sedimentological constraints additional later workers maintain that active arc uplift and slip on the Bruin Bay Fault began in the middle Jurassic (e.g., Detterman et al., 1996; Trop et al., 2005; Trop and Ridgeway, 2007; Wartes et al., 2011; Gillis et al., 2011). They interpret that coarse-grained lithologies, tilted Mesozoic stratigraphy, and angular unconformities within the Mesozoic stratigraphic section result from Jurassic uplift and exhumation of the arc in the hanging wall of the Bruin Bay Fault. This uplift resulted from the collision of either the Peninsular Terrane with the combined Wrangellia and Alexander Terranes, or the Wrangellia Composite Terrane with North America (Trop et al., 2005). Younger activity on the Bruin Bay fault, and deformation within the study area likely results from the subduction of the Kula – Resurrection spreading ridge during Eocene time (Lepain et al., 2013; this study) and potentially the arrival of Yakutat during Oligocene time (this study). 	Comment by Bob: Add “might have”. They state it like this “We interpret the regional nature of Late Jurassic crustal-scale deformation and synorogenic sedimentation as reflecting initial accretion of the composite terrane”. That is different than saying “it resulted from”. Can you see that? One reflects uncertainty- there can be multiple interpretations. Yours states it as fact. It changes the meaning, and that’s bad.
Recent studies have identified a complex, polyphase, deformational history along the Bruin Bay Fault, with evidence of dextral, sinistral, and thrust faulting (e.g. Gillis et al., 2013a; 2013b; Betka and Gillis, 2014; 2015; 2016). Two major shortening events include a principal SSE–NNW shortening event and a subsidiary E–W shortening event (Betka and Gillis, 2014).  	Comment by Bob: You might want to stress that the relative timing is unknown.
[bookmark: _Toc449208680][bookmark: _Toc449208873][bookmark: _Toc449208937][bookmark: _Toc449267523][bookmark: _Toc449267630][bookmark: _Toc449268399][bookmark: _Toc449268465][bookmark: _Toc449290583][bookmark: _Toc449526193][bookmark: _Toc449616203][bookmark: _Toc449692375][bookmark: _Toc449692449][bookmark: _Toc449692809][bookmark: _Toc450044431]Methods
[bookmark: _Toc449208681][bookmark: _Toc449208874][bookmark: _Toc449208938][bookmark: _Toc449267524][bookmark: _Toc449267631][bookmark: _Toc449268400][bookmark: _Toc449268466][bookmark: _Toc449290584][bookmark: _Toc449526194][bookmark: _Toc449616204][bookmark: _Toc449692376][bookmark: _Toc449692450][bookmark: _Toc449692810][bookmark: _Toc450044432]Introduction to Methods
Special attention in this study has been focused on the relative timing of fracturing, folding, and possible vertical axis rotation. We restore fractures orientations by unfolding bedding to establish relative ages of fractures and folding (Hancock, 1985). Following Yonkee and Weil (2010) we use a strike test to evaluate the presence of vertical axis rotation and determine potential deformation mechanisms in the study area. We establish relative chronologies of fractures by using abutting and cross cutting relationships established in the field after Branellec et al. (2015). We attribute regional deformation to regional tectonic events by using several 40Ar/39Ar ages from igneous intrusions in the field area that provide timing constraints on brittle deformation in the region.	Comment by Bob: local	Comment by Bob: ?	Comment by Bob: This is plural- got more than one?	Comment by Bob: Same.
In order to understand the genetic relationship of fractures with regionally prominent deformation, folding, and tilting we mapped fracture orientations, fracture type, and relative fracture ages encompassing all potential structural domains across the study area (e.g., Ahmadhadi et al., 2008; Branellec et al., 2015; Galan et al., 2011). It was necessary for us to measure fractures in areas where the rocks are folded and faulted to determine any effect of local structures on fracture formation (Bergbauer and Pollard, 2004; Ahmadhadi et al., 2008). Furthermore, to evaluate regional presence of fracture sets, we initiated a wide spread analysis of fracture character using satellite imagery (e.g., Mombasher and Babaie, 2008). The spatial variation of fracture sets, and their apparent relationships with local structures were used to evaluate the relative timing between fracturing, folding, and tilting (e.g., Ahmadhadi, 2008; Branellec et al., 2015; Berbauer and Pollard, 2004; Lacombe et al, 2011; Engelder et al, 2009). The regional presence of a fracture set allows us to discriminate the presence of any structure specific fracture sets that may be related to local folds and faults (e.g., Mombasher and Babaie, 2008; Ahmadhadi et al., 2008). Fracture abutting relationships were quantified and used to attempt to understand the relative timing of fracture set formation (e.g., Hancock, 1985) however, abutting relationships are notoriously difficult to interpret (e.g. Pollard and Aydin, 1988; Kulander et al., 1979; Aydin and Degraff, 1988; Rives et al., 1994). A strike test was used to ascertain the presence of vertical axis rotation (e.g. Yonkee and Weil, 2010). 	Comment by Bob: Repetitive word used twice in same sentence.	Comment by Bob: You really need to qualify this as systematic, regional VAR vs. asystematic, local VAR. Maybe not here, but in your interpretation and discussion of your data where you identify the presence of rotation. I’ll beat on this later, but when you are casting your results in the light of regional structure and plate margin tectonics, VAR to me, and to most of your readers will mean basin-scale, systematic rotations, which these are not. They are local structural rotations that are systematically meaningless (in space), except that some of the fracture deformation was concurrent with local fold growth.
[bookmark: _Toc449208875][bookmark: _Toc449208939][bookmark: _Toc449267525][bookmark: _Toc449268467][bookmark: _Toc449290585][bookmark: _Toc449692451]Orientation Data: 
A minimum of twenty fracture strike and dip measurements were made at each station (Engelder and Geiser, 1980). Next, we would measure the strike and dip of bedding multiple times at each station and average those numbers to get a reliable strike and dip of bedding. Once we established bedding, we rotate our fracture data by restoring bedding to zero and thus evaluate if the observed fracture sets were pre folding or tilting (Hancock, 1985). Resistant beds were sampled most often, as they were the most likely to preserve fracture character; however, our sampling strategy reflects our effort to sample beds in less resistant formations to eliminate bias. We plotted the measurements for each site on a Schmidt lower hemisphere stereographic projection in Stereonet© (Allmendinger et al., 2012; Cardozo and Almendinger 2013). We identified clearly formed fracture sets at most sites. Commonly fractures measured at each field location form well defined sets, and as such they were easily identified by well-defined clusters on pole to plane stereographic projections.	Comment by Bob: Un-necessary to put a time sequence to this. It is irrelevant to the method. You could have just as easily measured the bedding orientation first, and gotten the same result.	Comment by Bob: “were” as a verb doesn’t work here. Use “developed”, or something similar.	Comment by Bob: Is “sampled” the right word to use? When you sample something, you take something from it that makes it less than what it originally was. If you determine a distance or direction, that is a measurement.	Comment by Bob: Measure fractures is a more concise, accurate way to phrase this.
To determine the relative timing of intersecting fractures sets we recording abutting relationships by noting the number of times a specific set either abutted, or cross-cut an adjacent set. To objectively collect observations we noted abutting/cross cutting relationships along scan-lines set parallel to each set in several locations and tabulated the data (Figure 1.3).	Comment by Bob: Verb tense- “recorded”	Comment by Bob: You use “set” twice in the same sentence, but with two different meanings. Confusing.
[bookmark: _Toc449208876][bookmark: _Toc449208940][bookmark: _Toc449267526][bookmark: _Toc449268468][bookmark: _Toc449290586][bookmark: _Toc449692452]Strike Test: 	Comment by Bob: You need to describe a strike test more thoroughly, instead of making the reader refer to Y&W. If they want a more detailed understanding, they will know where to go. What is its principal function and what are the fundamental relationships that it is comparing? You go into a little detail about the end members, but nowhere is there any background about what the ratios actually represent. How do you adapt their technique to your application? You say that you do, but don’t say how. I know from talking with you that you determine a reference strike, but how do you determine how much to rotate the fracture sets to achieve that reference strike? Certainly you rotate the measured strike of the bedding to the reference strike, but you don’t say that anywhere. Is this done individually for each set at each station? These details are important, because for someone to critically evaluate your methods to assure themselves that you knew what you were doing, they need to be able to work through the logic themselves, and repeat it if they so choose. And you’ll see a figure I made below that demonstrates that vertical axis rotation is not an intrinsic property of folding that produces a change in strike, so the expectation of vertical axis rotation is an assumption you need to state and defend up front in your methods.
We used a strike test to evaluate the correlation between regional structural trend and local changes in fracture set strike (e.g., Yonkee and Weil, 2010). We adapt the technique to test whether vertical axis rotations of fracture sets occurred during the formation of regional folds in the study area following the methodology as Yonkee and Weil (2010) to discriminate between their four models (see Yonkee and Weil, 2010). 	Comment by Bob: How?	Comment by Bob: You cite identifying local changes in strike, so these vertical axis rotations would also be of local significance.
There are four possible end members of the strike test: 1) Primary arc-Uniform Slip where the resulting slope of the strike test is zero suggesting there was no vertical axis rotation and thrust was uniform against a previously curved margin 2) Primary arc-Radial Slip where there resulting slope of the strike test is one as fractures formed in various directions normal to a previously curved margin during radial thrust slip 3) Progressive arc-curved slip where fractures form early during the formation of a bent orogen and continue to be rotated as deformation progresses yielding a strike test slope less than one and greater than zero and 4) Secondary orocline bending where fractures form in an uncurved orogen that is subsequently rotated during a separate deformation event yielding a strike test slope of one (Yonkee and Weil, 2010). Statistical methods of significance follow Yonkee and Weil (2010). 	Comment by Bob: This is a mountain belt-scale (orogenic) feature, but your application is sub-orogenic. You should scale your terminology according to your usage, or use Y & W’s terminology to define the methodology, but clearly state that you adapted it to assess sub-orogenic curvature.	Comment by Bob: So see my attached example farther down in the text for some background on why you should evaluate your assumptions on this, but if you were to INTRODUCE scatter into your data by rotating them about a vertical axis to the regional structural trend, would it by necessity produce a plot with a slope between 1 and 0?	Comment by Bob: Same here- mountain belt-scale terminology.
Orogen strike was determined on the basis of kilometer scale map patterns and a pi diagram representing the poles to planes for all bedding measurements in the field. Average fracture set 	Comment by Bob: Really, the strike of the orogen is probably best defined by the high topography composing the Aleutian Mountains, or the axis of the basin, if one believes that the orogenic load is in part creating accommodation in the basin. Because they after all, are the first order orogenic features, not the smaller-scale footwall structures in basin. But since you are not working with orogenic-scale structures, then you should probably use scale-appropriate terminology.	Comment by Bob: Orogens are generally many 10’s and more often hundreds of km-scale.
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[bookmark: _Toc449277141][bookmark: _Toc449277164][bookmark: _Toc449290648][bookmark: _Toc449463290][bookmark: _Toc449525014]Figure 1.3 Sample Station JR065
Fracture sets are labeled and color coded. Histograms on the left represent the relative ages of the fracture sets. The bar graphs are read as follows: the title is the reference fracture set and the x-axis represents the two fracture sets being compared against the reference set. If the light blue bar is larger, than the compared fracture set is younger than the reference fracture set. If the dark blue bar is larger, the reference fracture set is younger. So, for the 210’s vs plot, the 310’s are younger, and the 360’s are older



orientations were determined from Fischer mean vectors calculated for each individual set at each outcrop. 
Error associated with bedding was determined on the basis of steeper beds having considerably less error in measurement of strike than more shallowly dipping beds. As such, errors in bedding were assigned on the steepness of bedding with shallowly dipping beds receiving a greater error and steeply dipping beds a smaller error (Table 1.1). We determined error in the strike of fractures sets by using the 95% confidence interval from Fischer mean vectors for each fracture set.
[bookmark: _Toc449208877][bookmark: _Toc449208941][bookmark: _Toc449267527][bookmark: _Toc449268469][bookmark: _Toc449290587][bookmark: _Toc449692453]Fractures from Satellite Imagery
To determine the distribution and orientations of large fractures across the study area (>5m) we used satellite imagery to map fracture lineaments. We imported and mosaicked SPOT (Satellite Pour L’Observation de la Terre) 2.5-meter-resolution images using the ESRI ArcMap 10.2tm geospatial information system (GIS). We then traced all visible lineaments to map macroscopic fractures and faults. When drawing lineaments in GIS we preferentially mapped clear lineaments that cut across bedding or were clearly controls on landscape development. We used a simple python script to calculate the orientation of our traced lineaments:	Comment by Bob: Sp.
Orientation = 180+math.atan2(( !Shape.firstpoint.X! - !Shape.lastpoint.X! ),( !Shape.firstpoint.Y! - !Shape.lastpoint.Y! ) ) * (180 / math.pi )                                                                                                                (1)	Comment by Bob: These are special characters, I presume?
Because fractures measured in the field are commonly vertical to sub-vertical, and because fractures generally open normal to bedding surfaces (e.g. Hancock, 1985), we make the assumption that fractures drawn in GIS are vertical and therefore assign a dip value of 90 degrees to all drawn lineaments. These data are then exported to Stereonet© where they are evaluated using rose diagrams.
Aerial images taken from helicopter flyovers were also used for outcrop analysis of fracture distributions. A continuous series of photographs was taken over outcrops of exceptional exposure by flying over the outcrop at low altitude with a Garmin VIRBtm. Video stills were later cropped from the videos and mosaicked with Agisofttm. The resulting high resolution photo mosaic were then imported into ESRI ArcMap 10.2tm. Using field sketches, we oriented photos towards north, and traced fracture and fault lineaments remotely. We used equation 1 to calculate the orientation of the traced lineaments.
[bookmark: _Toc449208878][bookmark: _Toc449208942][bookmark: _Toc449267528][bookmark: _Toc449268470][image: ]
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[bookmark: _Toc449290797][bookmark: _Toc449515521][bookmark: _Toc449515934][bookmark: _Toc449525048][bookmark: _Toc449525141]Table 1.1: Fracture Data for Each Station
Data for each station. Age is in millions of years and is approximated from stratigraphic ages. 95% confidence intervals shown in parentheses for bedding and fractures. K parameter, and n value for each fracture set are also presented.


19


[bookmark: _Toc449290588][bookmark: _Toc449692454]K-Parameter Test
Fracture data at each station is rotated twice to restore fracture strike and dip to pre folding orientations. The first rotation restores bedding to horizontal by rotating the fractures about a horizontal axis parallel to the mean strike of bedding at each station. The degree of rotation is the mean dip at each station. Then, to restore the data to pre rotation orientations, we rotated the data about a vertical axis to the mean strike of bedding in the study area (40°). We then identified individual fracture sets on the basis of orientation and relative orientations between fractures sets. These individually identified fracture sets were then grouped and plotted in Stereonet tm to evaluate dispersion of the data as a whole. 	Comment by Bob: Seems like you need to explicitly state an assumption here that you expect vertical axis rotation to have occurred (and why). This is not an intrinsic property of folding. Consider the figure below as an example of how that might not be a valid assumption. This example applies best to a state of pure shear during detachment folding, but demonstrates that folding alone does not rotate material about a vertical axis or the fractures that deform it. Rather, it tilts material about different horizontal axes, and the fractures thus also tilt, but don’t rotate. I suspect that this is what Y&W are referring to with their statement “For complex structural settings (e.g.,
plunging and conical folds), incorrect restoration paths may introduce spurious components of apparent vertical axis rotation [Pueyo et al., 2003]”. To me, the Fitz Creek anticline looks like a doubly-plunging structure, and I’m not sure that the fold north of Chinitna Bay isn’t plunging either- so did you make any effort to evaluate this or correct for plunge? If not, then the analysis of your data may be flawed, and you’ll need to justify why it isn’t. We have good reason to believe that much of the Iniskin Peninsula folding is via a detachment above the Talkeetna Fm. after having a peek at the new seismic shot there. Many of the folds offshore in the inlet appear to fold similarly based on Diane Shellenbaum’s recent interpretation of the legacy USGS 2D data. Detachment folds are well-known for pronounced plunge (take a look at a satellite image of the Zagros fold-thrust belt, for an example).
	
[image: ]
[bookmark: _Toc449208879][bookmark: _Toc449208943][bookmark: _Toc449267529][bookmark: _Toc449268471][bookmark: _Toc449290589][bookmark: _Toc449692455]
Geochronology
For 40Ar/39Ar analysis, 1 rock sample was submitted to the Geochronology laboratory at UAF where it was crushed, sieved, washed and hand-picked for phenocryst free rock chips (1000 microns to 500 micron size fraction). The monitor mineral MMhb-1 (Samson and Alexander, 1987) with an age of 523.5 Ma (Renne et al., 1994) was used to monitor neutron flux (and calculate the irradiation parameter, J). The samples and standards were wrapped in aluminum foil and loaded into aluminum cans of 2.5 cm diameter and 6 cm height. The sample was irradiated in position 5c of the uranium enriched research reactor of McMaster University in Hamilton, Ontario, Canada for 20 megawatt-hours.  
Upon its return from the reactor, the sample and monitors were loaded into 2 mm diameter holes in a copper tray that was then loaded in an ultra-high vacuum extraction line.  The monitors were fused, and sample heated, using a 6-watt argon-ion laser following the technique described in York et al. (1981), Layer et al. (1987) and Benowitz et al., (2014). Argon purification was achieved using a liquid nitrogen cold trap and a SAES Zr-Al getter at 400C.  The sample was analyzed in a VG-3600 mass spectrometer at the Geophysical Institute, University of Alaska Fairbanks. The argon isotopes measured were corrected for system blank and mass discrimination, as well as calcium, potassium and chlorine interference reactions following procedures outlined in McDougall and Harrison (1999). Typical full-system 8 min laser blank values (in moles) were generally 2 × 10-16 mol 40Ar, 3 × 10218 mol 39Ar, 9 × 10-18 mol 38Ar and 2 × 10-18 mol 36Ar, which are 10–50 times smaller than the sample/standard volume fractions. Correction factors for nucleogenic interferences during irradiation were determined from irradiated CaF2 and K2SO4 as follows: (39Ar/37Ar)Ca = 7.06 × 10-4, (36Ar/37Ar)Ca = 2.79 × 10-4 and (40Ar/39Ar)K =  0.0297. Mass discrimination was monitored by running calibrated air shots. The mass discrimination during these experiments was 1.3% per mass unit. While doing our experiments, calibration measurements were made on a weekly– monthly basis to check for changes in mass discrimination with no significant variation seen during these intervals.
[bookmark: _Toc449208682][bookmark: _Toc449208880][bookmark: _Toc449208944][bookmark: _Toc449267530][bookmark: _Toc449267632][bookmark: _Toc449268401][bookmark: _Toc449268472][bookmark: _Toc449290590][bookmark: _Toc449526195][bookmark: _Toc449616205][bookmark: _Toc449692377][bookmark: _Toc449692456][bookmark: _Toc449692811][bookmark: _Toc450044433]Field Results
We identified four fracture sets with common orientations, opening modes, and relative ages across the study area. We visited 58 stations spanning 100 kilometers from the Iniskin Bay in the south to Tuxedni bay in the north (Figure 1.4, 1.5, 1.6). We measured fractures in strata ranging in age from Oligo-Miocene (West Foreland Formation) – latest Triassic (Kamishak Formation) (Figure 1.3, 1.7). 
The field study area is divided into two structural domains: 1) The Iniskin Peninsula, where an anticline – syncline pair are preserved and the predominant sense of slip on the southwest striking Bruin Bay Fault shows thrust kinematics; 2) the area north of Chinitna Bay where the Bruin Bay Fault strikes ~ North – South and preserves primarily sinistral displacement (Figure 1.1). We identify the average strike of each fracture set for each domain, document their relative ages, and discuss sampling strategy and distribution for each domain. 	Comment by Bob: Jacob, you are going to have to go into greater detail about how you chose to bin fractures into different sets because there is significant overlap between the sets that you have identified (see embedded figure below), yet they are the foundation by which you determine what is pre- or syn-deformational, and to what degree they unify or scatter when restored. Did you do a statistical analysis to identify populations that produced a standard deviation within which to define a set, or was it done qualitatively? If the latter, what was your justification for binning fractures with one strike in one set, and in other cases, binning the same fracture strike in another set? If you were to move like fracture orientations between fractures sets, would it introduce more scatter to your data or less after restoring vertical and horizontal rotations? Would it modify the slopes of the strike tests sufficiently to change the interpretations of them? Often times in studies you will see something like this to head off doubts before they arise… “Recognizing the potential for biasing our analysis based on our qualitative binning strategy, we re-binned…”, or “discarded overlapping data… to test the validity of our approach, and in all cases, the results did not significantly change”, or something along those lines. This also touches on the question Bernie had in your defense- your figure 1.17 really only shows one, and possibly two major distribution peaks within what is mostly a continuum of orientations. Whereas there is no doubt that individual stations exhibit defined fracture sets, if you lump all of the data together, All but the 310 set become ambiguous to non-existent. You might chalk it up to rock anisotropy or small variations in location stress fields. How does it change after restoring the fractures? However you decide to approach it, you are going to have to justify why you chose the route you did and why it is valid.
[image: C:\Users\Bob\Desktop\Rosenthal thesis review figs\Examples of overlapping fract set data.PNG]
[bookmark: _Toc449208683][bookmark: _Toc449208881][bookmark: _Toc449208945][bookmark: _Toc449267531][bookmark: _Toc449267633][bookmark: _Toc449268402][bookmark: _Toc449268473][bookmark: _Toc449290591][bookmark: _Toc449526196][bookmark: _Toc449616206][bookmark: _Toc449692378][bookmark: _Toc449692457][bookmark: _Toc449692812][bookmark: _Toc450044434]Regional Overview of Fracture Character
There are four fracture sets in the study area (Figure 1.6, 1.8). Commonly there were two dominant sets at each station: 1) the approximately orogen normal 310° fracture set that occurred at 53/ 56 stations and on average strikes 310° with a standard deviation of 13°; and 2) the approximately orogen parallel 210° fracture set that occurred at 30/ 56 stations and on average strikes 213° with a standard deviation of 10° (Figure 1.6a; 1.6b). Two subsets oblique to these fracture sets were more sparsely populated. These sub sets are: 1) the 250° fracture set which occurred at 28/56 stations, and was oriented ~ 60° counterclockwise of the 310° fracture set with and average strike of 250° with a standard deviation of 15°; and 2) the 360° fracture set which occurred at 28/56 stations, and was oriented ~ 60° clockwise of the orogen normal fracture set with and average strike of 357° with a standard deviation of 13° (Figure 1.6c, 1.6d).	Comment by Bob: structure-normal, instead?	Comment by Bob: structure-parallel, instead?
If the orogen normal fracture set (310°) was present, it was identified first at each station. It is the most frequent, generally dominant, and frequently cross cuts all other fracture sets (Figure 1.9). The 310° fracture set manifests commonly as calcite cemented (occasionally smectite and quartz filled) joints (veins) that are well developed and regularly spaced. Frequently, the 310° fracture set shows evidence of mode II opening or shear reactivation because it displaces other fracture sets, and preserves fault 	Comment by Bob: Scale thing, again.	Comment by Bob: What’s this mean- most obvious? It could mean that it was the first one you were looking for and identified- ambiguous.
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[bookmark: _Toc449277142][bookmark: _Toc449277165][bookmark: _Toc449290649][bookmark: _Toc449463291][bookmark: _Toc449525015]Figure 1.4 Simplified Geologic Map with Stations	Comment by Bob: Some of this text (lat/long grid, scale) is tiny. Probably the minimum you want to use is 8 pt., otherwise old farts won’t be able to read it, and you have to cater to the masses, especially publishing externally.
Caption: Simplified geologic map of the study area with stations where we measured orientations (yellow squares), where we measured orientations and made a figure (yellow square with thick black rim), and where we measured abutting relationships (blue cross). Modified from Betka and Gillis (2015). Domains separated by thin black line that transects Chinitna Bay. Figure references are shown spatially next to their corresponding thick rimmed yellow square.
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[bookmark: _Toc449290650][bookmark: _Toc449463292][bookmark: _Toc449525016]Figure 1.5 Stations with Fracture Orientations Depicted By Color Coded Rose Diagrams	Comment by Bob: Same with this- you definitely need to increase the font size for everything.
Caption: Stations with color coded rose diagrams representing the observed fracture sets. Red dots on map represent the GPS position of each station. White boxes next to red dots are the station names. These station names correspond to the rose diagrams which are grouped by geographic position in color coded boxes on the aerial images and on the sides of the figure. Rose diagrams are ordered numerically within each section for quick location of stations. Rose diagrams represent orientations of fractures after bedding was restored to horizontal. Stations labeled in green represent locations where more than 40 fractures were measured. Stations in black represent locations where in between 20 and 40 fractures were measured. Stations in blue represent locations where less than 20 fractures were measured. Rose diagrams go to 30 percent of data set except 31 and 89 which represent 40. Red pedals are part of the 310° fracture set, orange pedals represent the 210° fracture set, green pedals represent the 360° fracture set, and blue pedals represent the 250° fracture set. These colors are used throughout to represent the same fracture sets in later figures.	Comment by Bob: “go to” isn’t very scholarly. Try a different phrasing.	Comment by Bob: Add “stations” before “31”	Comment by Bob: Add “percent”	Comment by Bob: What about the gray pedals? You need to define them as well.
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[bookmark: _Toc449290651][bookmark: _Toc449463293][bookmark: _Toc449525017]Figure 1.6 Spatially Referenced Fracture Traces	Comment by Bob: Good example of legible fonts
Caption: Fracture traces from the field area. Fracture color coded and identified by set. Potential conjugate and orthogonal pairs shown with 310 + 360 and 310 + 210, respectively. 
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[bookmark: _Toc449290652][bookmark: _Toc449463294][bookmark: _Toc449525018]Figure 1.7 Stratigraphic Partitions of Fracture Sets	Comment by Bob: The ages you assigned are misleading in some cases. You should list the stratigraphic stage names first, then the age range in parentheses. For the West Foreland and Hemlock, those strata are not even dated (or well, anyway). Wolfe (1966) assigned (I believe both) as Seldovian age, which is ~latest Oligocene-Miocene (but look that up yourself). For numerical ages use a tilde (approximate) symbol. Magoon didn’t date either the West Foreland or Hemlock fms. and made the formation calls based on stratigraphic character alone, not the fossil age of Wolfe (Oligo-Miocene). The West Foreland that you measured doesn’t have the associated volcanics that define it in the upper Cook Inlet, so who knows, it could be older or younger.
Caption: Fracture stratigraphy of the study area. Planes measured at each station in each formation were grouped for the purpose of identifying older or younger fracture sets by a sets absence in younger formations. Rose diagrams are color coded after previous figures. Rose diagrams represent orientations of fractures after bedding was restored to horizontal.	Comment by Bob: Also mention that the rose diagrams appear in stratigraphic order younging from lower left to upper right.	Comment by Bob: Add station numbers to figure for easy cross reference with other figures and text.
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[bookmark: _Toc449290653][bookmark: _Toc449463295][bookmark: _Toc449525019]Figure 1.8 Annotated Field Photos Depicting Fracture Character
Caption: A) JR062 in the Pomeroy. Fractures of the 310° (red) and 360° (green) forming a conjugate relationship and cross cutting the 250° (blue) fracture set. B) JR010 in the Pomeroy. Fractures of the 310° (red) and 360° (green) fracture sets forming a conjugate pair. C) JR062 in the Pomeroy with fractures of the 310° (red) and 360° (green) fractures sets are offsetting fractures of the 210° (yellow) fracture set. D) JR009 in the Cynthia Falls formation. Yellow fractures of the 210° fracture set are off setting red fractures of the 310° fracture set. E) JR072 in the Red Glacier Formation. See blue box in figure 9b for location of photo in outcrop context. Three of the four common fracture sets shown (310° red, 210° yellow, and 250° blue). F) JR073 in the Pomeroy with the four fracture sets of the study area. Yellow lineament is approximately .5 meters in length.
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[bookmark: _Toc449290654][bookmark: _Toc449463296][bookmark: _Toc449525020]Figure 1.9 Abutting Relationships	Comment by Bob: Good font sizes.
Caption: Regional abutting relationships reflect ambiguous trends and patterns. If blue bar is larger, than the designated fracture set is older than the fracture set listed at the top of the graph. The reverse is true if the green bar is bigger. Results show frequent mutual cross cuttings between all four fracture sets and clear trends do no emerge. 


kinematic indicators  on exposed surfaces (Figure 1.8; 1.10; 1.11). This fracture set at several stations formed as a conjugate pair of fractures with the 360° fracture set (Figure 1.10; 1.11). 
The orogen parallel fracture set (210°) is the second most frequent. The 210° set is commonly orthogonal to sub-orthogonal to 310° set (Figure 1.8; 1.12; 1.13). This set commonly opens as well developed, calcite filled joints with minor quartz and smectite vein fill. The 210° fracture set commonly occurs with the 310° fracture set, and they often mutually cross cut suggesting a similar age (Figure 1.8).
The 250° fracture set commonly manifests as joints or veins that are variably filled with calcite and minor smectite and quartz. They are rarely well developed, have shorter average length, and typically only occur as a minor population of fractures at each outcrop (Figure 1.8; 1.12; 1.13). Abutting and cross cutting relationships for this fracture set are erratic; however, some stations with clear cross cutting relationships suggest an older age for this fracture set (Figure 1.11). At one station, this fracture set forms a clear conjugate pair with the 310° fracture set (Figure 1.10c). 	Comment by Bob: Older than what, all of the others? Some of the others? One of the others?	Comment by Bob: How can the 310 be conjugate to the 360 and the 210?
The 360° fracture set fracture set is generally represented by poorly developed shear fractures or veins which are variably filled with calcite depending on outcrop preservation. Frequent conjugate geometries, and in some instances antithetic shearing, between the 310° and 360° fracture set at some stations suggests a conjugate pair and coeval ages (Figure 1.10, 1.11).	Comment by Bob: Similar comment here. How can the 310, 210, and 360 all be coeval and conjugate?
[bookmark: _Toc449208684][bookmark: _Toc449208882][bookmark: _Toc449208946][bookmark: _Toc449267532][bookmark: _Toc449267634][bookmark: _Toc449268403][bookmark: _Toc449268474][bookmark: _Toc449290592][bookmark: _Toc449526197][bookmark: _Toc449616207][bookmark: _Toc449692379][bookmark: _Toc449692458][bookmark: _Toc449692813][bookmark: _Toc450044435]Field Results from Each Domain
[bookmark: _Toc449208883][bookmark: _Toc449208947][bookmark: _Toc449267533][bookmark: _Toc449268475][bookmark: _Toc449290593][bookmark: _Toc449692459]Iniskin Peninsula
The Iniskin Peninsula is located south of Chinitna Bay and North of Iniskin Bay on the western side of the Cook Inlet (Figure 1.2). We measured veins and fractures in 10 sites selected primarily in well exposed coastal pavements on the eastern flanks of the peninsula (n=6), but also in some well exposed vertical outcrops (n=4). Our sampling strategy focused on six stratigraphic intervals with 3 stations in the Pomeroy Arkose, 1 in the Paveloff Siltstone, 1 in the Kamishak Limestone, 1 in the Lower Sandstone, 1 in the Bowser formation, and 1 in the Naknek Formation (undifferentiated) (Figure 1.4, 1.5). Seven stations (JR006, JR010, JR013, JR018, JR062, JR064, and JR077) are located in the eastern limb (forelimb) of the Fitz Creek Anticline with one station in the western limb (backlimb) (JR081). Fracture patterns in the forelimb and backlimb were similar though a strong sampling bias exists in the forelimb (Figure 1.7). This was largely due to difficult outcrop accessibility, dense bear habitat, thick vegetation, and poor exposures further inland on the peninsula. One station is located in the hanging wall of the Bruin Bay 	Comment by Bob: Should list the formations below in stratigraphic order, not bounce from Naknek to Paveloff to Kamishak and back to Naknek	Comment by Bob: Pomeroy Arkose Member of the Naknek Formation	Comment by Bob: Lower Sandstone Member of the Naknek Formation
[image: ]
[bookmark: _Toc449290655][bookmark: _Toc449463297][bookmark: _Toc449525021]Figure 1.10 Conjugate Fractures at JR070 and JR027
Caption: A) View of the outcrop showing the two dominant fracture sets at this location. Note blue box for location of (B). B) Zoomed location of blue box in (A). Not conjugate angular relationship between the 310° and 360° fracture sets. Note slickenslides on fracture faces on the top right and top left with opposing senses of shear, further aiding interpretation as a conjugate pair in this location. C) Conjugate fractures of the 310° and 250° fracture sets at JR027 in the Chisik Conglomerate.
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[bookmark: _Toc449290656][bookmark: _Toc449463298][bookmark: _Toc449525022]Figure 1.11 Conjugate Fractures at JR084
Caption: A) Field measurements shown on top stereonet. Mean orientations of the three fracture sets interpreted from field measurements shown on bottom stereonet as color coded lines. B) Interpreted photo from A showing three major sets and their cross cutting relationships. Note opposing senses of shear and conjugate angular relationships between the 310° and 360° fracture sets.
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[bookmark: _Toc449290657][bookmark: _Toc449463299][bookmark: _Toc449525023]Figure 1.12 Aerial Photo Mosaics from the Iniskin Peninsula
Caption: All photos oriented with north at the top of the photo. Top stereonet depicts field measurements with the n value below. The color coded bottom strereonet represents the mean fracture set orientations for each observed fracture set. Lineaments drawn on images depict the identified fracture sets and color coding matches the bottom stereonet. Fracture lineaments drawn on photo mosaics may not be reflected in field measurements on the stereonet because of smaller sampling areas while measuring in the field. Inferred fracture measurements from aerial photos not shown on the stereonet are represented by dashed lines. A) JR062 in the Pomeroy. This coastal exposure displays the four common fracture sets in the Iniskin Peninsula domain. See 8a for detail of another nearby outcrop. B) JR006 in the Paveloff. This coastal exposure shows the four common fracture sets on the Iniskin Peninsula in different relative densities than (A) and (C). C) JR010 in the Pomeroy. This coastal exposure shows the four common fracture sets again on the Iniskin Peninsula with similar relative densities to (A). See 8b for detailed view of conjugate fractures at this location.
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[bookmark: _Toc449290658][bookmark: _Toc449463300][bookmark: _Toc449525024]Figure 1.13 Aerial Photo Mosaics from the Iliamna Region
Caption: All photos oriented with north at the top of the photo. Top stereonet depicts field measurements with the n value below. The color coded bottom strereonet represents the mean fracture set orientations for each observed fracture set. Lineaments drawn on images depict the identified fracture sets and color coding matches the bottom stereonet. Fracture lineaments drawn on photo mosaics may not be reflected in field measurements on the stereonet because of smaller sampling areas while measuring in the field. Inferred fracture measurements from aerial photos not shown on the stereonet are represented by dashed lines. A) JR027 in the Chisik Conglomerate on Chisik Island. Note dominance of 310° fracture set and minor presence of other fracture sets. B) JR072 in the Red Glacier formation. 310° and 210° fracture sets are dominant with a minor presence of the 250° fracture set. See figure 8e for detail. C) JR073 in the Pomeroy. Note presence of all four fracture sets in variable abundance. See figure 8f for detail.






Fault (JR026) and one last station is located in a footwall syncline of the Bruin Bay Fault (JR025). Abutting relationships were chronicled at three of the 11 stations.
All stations show similar fracture character with predominantly mode I fractures and veins filled with calcite. All fracture sets exhibited less frequent small shear displacements. Almost all observed fractures were normal to bedding, or sub-vertical when bedding was restored to horizontal. On the basis of consistent orientations and relative ages, our fracture data was divided into four fracture sets in this area: 1) the 310° fracture set present at 9/10 stations; 2) the 210° fracture set present at 4/10 stations; 3) the 250° fracture set present at 4/10 stations; and 4) the 360° present at 5/10 stations. 
The 310° set is present at 9/10 stations and has average strike of 319° with a standard deviation of 14° on the Iniskin Peninsula. This fracture set was commonly the most dominant, well developed, and longest of fracture sets at each location (3-5m) (Figure 1.12). The 310° fracture set was generally filled with calcite and minor quartz. These fractures are dominantly joints with mode I opening displacements as evidenced by abundant plumose structures and twist hackles. The 310° fracture set appears to have been sheared, or occasionally manifests as right lateral shear fractures as evidenced by right lateral displacements (JR010, JR062) (Figure 1.8a, 1.8b). This fracture set was present in all observed stratigraphic intervals. This fracture set mutually cross cuts with all present fracture sets, and therefore age is difficult to determine; however, on average this fracture set appears to be among the youngest (Figure 1.9).	Comment by Bob: Any exhibit the opposite? If so, the “evidenced by MAINLY or PRINCIPALLY right lateral displacements”.	Comment by Bob: Avoid redundant word usage.	Comment by Bob: “might be” is probably more appropriate, given that just a little over 50% of the time this seems be the case. But don’t just lean on the figure for justification, actually say it, too. That way the reader doesn’t have to thumb back to the figure to go “ah, got it.”	Comment by Bob: So if it is conjugate to and coeval with the 210 and 360 fracture sets as you state above, how can it be younger- earlier development followed by later reactivation?
The 210° fracture set was present at 4/10 stations and has an average strike of 219° with a standard deviation of 6°. This fracture set was also well developed when present, regularly spaced, and was frequently in between 2-4 meters in length. This fracture set is dominantly filled with calcite, with minor quartz and smectite. The 210° fractures were predominantly mode I, though some exhibited small sinistral shear displacements. These fractures were frequently cross cut by fractures of the 310° set but in some instances the fractures appear to be mutually crosscutting (Figure 1.8c, 1.8d). On average, on the Iniskin Peninsula, this fracture set appears to be among the youngest.	Comment by Bob: Any exhibit the opposite? Same comment as above, to be completely honest with the reader.	Comment by Bob: Same comment as for the previous paragraph. But don’t just duplicate the language verbatim. It’s kind of dull and unimaginative and makes the reader think that you don’t have a very wide vocabulary, or you are just lazy. You can just as easily say “As with the 310 set, this fracture set might be among the youngest expressed on the Iniskin Peninsula because of… (Figure 1.9)”, and it sounds way more interesting.
The 250° fracture set was present at 4/10 stations with an average strike of 258° with a standard deviation of 10°. This fracture set was typically poorly developed, and generally filled with calcite when fracture fill was preserved. The 250° fracture set had shorter fracture lengths on average than other fracture sets (1-2m), and was only dominant at one station (JR064). At this station, the 310° and 210° fracture sets were only in minor abundance, and typically abutted the 250° fracture set. On average, this fracture set in this area was among the older fracture sets (Figure 1.9).	Comment by Bob: You use “on average” a lot! Try mixing it up with other phrases or words for variety.
The 360° fracture set was present at 5/10 stations with an average strike of 360° and a standard deviation of 12°. This fracture set was often well developed. In most instances, the 360° fracture set appears to share a conjugate geometry with the 310° fracture set (Figure 1.8a; 1.8b). 
[bookmark: _Toc449208884][bookmark: _Toc449208948][bookmark: _Toc449267534][bookmark: _Toc449268476][bookmark: _Toc449290594][bookmark: _Toc449692460]North of Chinitna Bay 
In the area north of Chinitna Bay we visited 46 stations. 37 stations were well exposed vertical outcrops and 9 outcrops were pavement outcrops where we could establish relative ages (Figure 1.4). We visited eight stratigraphic intervals with 15 stations in the Pomeroy, 10 stations in the Talkeetna Formation, 6 stations in the Red Glacier Formation, 5 stations in the Paveloff Member, 4 stations in the West Foreland Formation, 2 stations each in the Cynthia Falls and Lower Sandstone Formations, and one station each in the Saddle Mountain and Chisik Conglomerate Formations (Figure 1.2; 1.4). 	Comment by Bob: Nice that these stations were there for you to visit. Who made them?	Comment by Bob: Never start a sentence with numerals.	Comment by Bob: stations	Comment by Bob: List these in stratigraphic order, not by number of stations. And if you are going to use stratigraphic names, use the entire thing- Paveloff Member of what? Don’t assume that the reader knows the regional geology- Pomeroy by itself means little. Plus Chisik Conglomerate and Lower Sandstone aren’t formations.
Abundant high country preserved exposures further inland in this region with limited vegetation and wildlife concerns. Due to alluvium, coastal pavements were often buried and poorly exposed making the collection of quality abutting relationship data difficult. There are no major folds in this portion of the study area and most strata dips east away from the orogen and the Bruin Bay Fault. Exposures in the Talkeetna formation, often in the footwall of the Bruin Bay Fault, provide an opportunity to assess the possibility of fault related fractures versus regional fracture sets.	Comment by Bob: Not a complete sentence, bro.	Comment by Bob: Move this entire paragraph to the first paragraph after “In the area north of Chinitna Bay”	Comment by Bob: In the intertidal zone, I don’t think this term flies.
Fracture character was similar at the 46 stations, with predominantly mode one fractures and veins which were variably filled with calcite and minor quartz. Fractures commonly restore to vertical when bedding is restored to horizontal. Thus, we interpret our fracture sets in the bedding horizontal state. Because of similar orientations and relative ages in this portion of the study area we use the same naming conventions as on the Iniskin Peninsula.  The 310° fracture set is present at 44/46 stations; 2) the 210° fracture set is present at 26/46 stations; 3) the 250° fracture set is present at 24/46 stations; and 4) the 360° fracture set is present at 23/46 stations (Figure 1.5, 1.6).
The 310° fracture set was had an average of 307° with a standard deviation of 12°. Abutting relationships again were ambiguous (Figure 1.9), but cross cutting relationships seem to indicate that this fracture set is younger than the 250° fracture set and coeval with the 360° and 210° fracture sets (Figure 1.8; 1.10; 1.11). This fracture set occasionally showed evidence of dextral shear, was commonly cemented with calcite and minor quartz, and was frequently dominant at stations where it was present (Figure 1.8; 1.10; 1.11; 1.13). This fracture set was present in all eight stratigraphic units, and was the youngest according to our fracture stratigraphy (Figure 1.7). At JR066 in the West Foreland, shear veins preserved calcite fill (JR066) (Figure 1.14a). Veins at one other station in the West Foreland were only filled with quartz, suggesting that the quartz is an Eocene aged vein fill material (JR076) (Figure 1.14b). There  are several stations where the 310° and 360° fracture sets appeared to be mutually crosscutting (JR084, JR082, JR090) (Figure 1.10; 1.11). This fracture set was also documented in Oligo – Miocene aged strata north of Tuxedni bay (Figure 1.6; 1.7). 	Comment by Bob: As you say, this is really ambiguous (like, maybe 55% are younger and 45% are older?) I don’t think the 5% tie breaker is all that compelling. This would be more accurately stated as “but in some cases, crosscutting relationships appear to suggest that…” Or better yet, you can just spell it out and say xx% of occurrences indicate that 310 is younger than everything else. Then it’s all on the table for people to decide for themselves.	Comment by Bob: Nine including Hemlock?	Comment by Bob: Isn’t the fracture stratigraphy based on facies and not unit?	Comment by Bob: Whoa. I don’t get this at all- better explain. And remember, The Eocene age call is a guess, so don’t start tying ages of occurrences and events to it without a lot of caution included in the statement.	Comment by Bob: Meaning what? Don’t just let statements hang, even if you feel the significance is obvious. Why not just lump this location with the rest of the “north of Chinitna Bay” stations? It’s kind of orphaned just tacked onto the end of this paragraph.	Comment by Bob: Bay
The 210° fracture set had an average trend of 213° with a standard deviation of 10°. The 210° fractures are well developed when present and second longest. They typically form orthogonal to the 310° fracture set (Figure 1.8e; 1.8f; 1.13). Abutting relationship analysis for this fracture set is ambiguous (Figure 1.9). However, at several stations, this fracture set appears to be mutually cross cutting with the 360° and 310° fracture set suggesting similar ages (Figure 1.8c; 1.8d). This fracture set is also present in the West Foreland formation and is therefore likely among the youngest fracture sets (Figure 1.7).	Comment by Bob: Good statement plus significance. That’s how many of your sentences should be constructed.	Comment by Bob: But you just stated above the 310 set was youngest. What gives?	Comment by Bob: But that’s only half of the justification. The other half is that others (potentially older) are not. You need to say that.
The 250° fracture set had an average trend of 249° and a standard deviation of 15°. This fracture set was generally poorly developed, filled when well preserved with calcite, and was primarily composed of joints and veins. Cross cutting relationships at several stations indicate that this fracture set is among the oldest, as it is frequently offset by younger fractures (Figure 1.8a, 1.10, 1.11).	Comment by Bob: Awkward
The 360° fracture set had an average trend of 356° with a standard deviation of 13°. This fracture set was generally well developed, occasionally filled when preserved, and appeared as shear fractures with small displacements (Figure 1.10; 1.11; 1.13). This fracture set had apparent conjugate geometries with the 310° fracture set, and often antithetic shearing (Figure 1.10; 1.11). This fracture set was mutually cross cutting with the 310° fracture set, and therefore of a similar age (Figure 1.10; 1.11). This fracture set was not measured in the West Foreland; however, because we only visited four stations in the younger formations it’s possible we simply under-sampled. 	Comment by Bob: When the fracture is preserved? If it is occasionally filled when the fill is preserved, then that means that it is sometimes not filled when the fill is preserved, which doesn’t make sense.	Comment by Bob: Redundant phrasing.	Comment by Bob: This kind of takes the wind out of the sails of your other comment, that the 210 is potentially younger because it occurs in West Foreland. As a matter of fact, all of your descriptions so far seem to suggest that the 310, 210, and 360 sets are coeval, so you really should expect to find them throughout the younger stratigraphy, no?.	Comment by Bob: “it’s possible that it was not recognized because of under-sampling.”
[bookmark: _Toc449208685][bookmark: _Toc449208885][bookmark: _Toc449208949][bookmark: _Toc449267535][bookmark: _Toc449267635][bookmark: _Toc449268404][bookmark: _Toc449268477][bookmark: _Toc449290595][bookmark: _Toc449526198][bookmark: _Toc449616208][bookmark: _Toc449692380][bookmark: _Toc449692461][bookmark: _Toc449692814][bookmark: _Toc450044436]Strike Test Results
Strike tests were performed using the refined weighted least squares method of Yonkee and Weil (2010) for the 310°, 210°, 250°, and 360° fracture set (Figure 1.15). For each fracture set we pooled all measurements from the entire stratigraphic section.	Comment by Bob: You should include a paragraph describing what the strike test is and why it’s important for understanding your data.  Probably in your methods.
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[bookmark: _Toc449290659][bookmark: _Toc449463301][bookmark: _Toc449525025]Figure 1.14 Filled Fractures in the West Foreland Formation
Caption: Top stereonet depicts field measurements with the n value below. The color coded bottom strereonet represents the mean fracture set orientations for each observed fracture set. A) Calcite filled vein of the 250° fracture set with the top of a notebook for scale. B) Quartz filled veins of the 310° fracture set with pencil for scale.















[image: ]

39






















[bookmark: _Toc449290660][bookmark: _Toc449463302][bookmark: _Toc449525026]Figure 1.15 Strike Test Results for the Four Regional Fracture Sets
Caption: Best fit slopes (m), 95 % confidence intervals, number of sites (n), total weighted misfit (X2), and goodness of fit (Q) listed. X axis in left plot represents deviation from structural trend, and Y axis represents the expected orientation of a fracture set given a certain structural trend. In top right plot, residuals are plotted versus the X value of the strike test plot. In bottom right, distribution of residual size and frequency of size is shown with standard deviation (Sr) A) Orientations of fractures of the 310° fracture set. Reference orogen strike is 40° and reference fractures strike is 310°. These fractures and their strike test define a slope of .44 (±0.08). B) Orientations of fractures of the 210° fracture set. Reference orogen strike is 35° and reference fracture strike is 215°. These fractures and their strike test define a slope of .34 (±0.10). C) Orientations of fractures of the 250° fracture set. Reference orogen strike is 40° and reference fracture strike is 260°. These fractures and their strike test define a slope of .55 (±0.10). D) Orientations of fractures of the 360° fracture set. Reference orogen strike is 40° and reference fracture strike is 360°. These fractures and their strike test define a slope of .75 (±0.26).






The strike test for 310° fracture set of .69 (±0.07) [n=53] (Figure 1.15). The slope for the strike test for the 210° fracture set is 0.45 (±0.09) [n=30] (Figure 1.15). The strike test for the 250° fracture set yielded a slope of 0.73 (±0.08) [n=28] (Figure 1.15). The strike test for the 360° fracture set yielded a slope of 0.9 (±0.12) [n=28] (Figure 1.15).
All strike test slopes for all fracture sets demonstrate moderate correlation between the strike of bedding and the orientation of local fracture strike suggesting progressive arc slip (Yonkee and Weil, 2010). 
[bookmark: _Toc449208686][bookmark: _Toc449208886][bookmark: _Toc449208950][bookmark: _Toc449267536][bookmark: _Toc449267636][bookmark: _Toc449268405][bookmark: _Toc449268478][bookmark: _Toc449290596][bookmark: _Toc449526199][bookmark: _Toc449616209][bookmark: _Toc449692381][bookmark: _Toc449692462][bookmark: _Toc449692815][bookmark: _Toc450044437]GIS Results Overview
8339 lineaments were traced on 5m resolution SPOT Satellite images with 2695 drawn in the immediate study area, 1022 drawn to the south of our study area, and 4097 drawn to the north of our study area (Figure 1.16). All regions showed the presence of the 310° fracture set. Subsidiary fracture sets in each domain varied in relative density, though it appears that fractures of all sets were likely present in each domain. Fractures measured in GIS reflect similar relative densities and fracture set orientations to measured field data and as such we use the same naming conventions when identifying fracture sets (Figure 1.17).	Comment by Bob: Never start a sentence with numerals. It’s going to suck spelling that whole thing out, though. Might considering rephrasing.	Comment by Bob: Likely? Are you any less certain than with your outcrop data?	Comment by Bob: them.
[bookmark: _Toc449208887][bookmark: _Toc449208951][bookmark: _Toc449267537][bookmark: _Toc449268479][bookmark: _Toc449290597][bookmark: _Toc449692463]Domains
[bookmark: _Toc449208888][bookmark: _Toc449208952][bookmark: _Toc449267538][bookmark: _Toc449268480][bookmark: _Toc449290598][bookmark: _Toc449692464]Katmai (Red)
In the Katmai domain we measured 1022 lineaments. The 310° and 360° fracture sets showed the strongest signatures with peak strike frequency at 310° and 360°. The 210° set was present and shows a small peak at 211°. The 250° fracture set appears to have been absent or under sampled. The 310° and 360° fracture set showed equal frequency in this area (Figure 1.16).	Comment by Bob: How do reconcile this with the comment above that they are all likely present?	Comment by Bob: If you didn’t sample any, then under sampled probably isn’t the right term, which implies that some sampling of the set was done.
[bookmark: _Toc449208889][bookmark: _Toc449208953][bookmark: _Toc449267539][bookmark: _Toc449268481][bookmark: _Toc449290599][bookmark: _Toc449692465]Iniskin Peninsula (Yellow)
Moving north to the Iniskin Peninsula, there are two clear fracture sets present from 1297 lineaments: 1) the 310° fracture set and 2) the 210° fracture set. The 310° fracture shows peak strike frequency at 305° and the 210° fracture set shows peak strike frequency at 212°. The 310° fracture set showed a significantly stronger signature than the other present fracture sets. The other fracture sets, while sampled in the field did not show a strong presence in the satellite imagery (Figure 1.16).	Comment by Bob: northeast
[bookmark: _Toc449208890][bookmark: _Toc449208954][bookmark: _Toc449267540][bookmark: _Toc449268482][bookmark: _Toc449290600][bookmark: _Toc449692466]Iliamna Area (Blue)
North of Chinitna Bay and south of Tuxedni Bay we measured 1396 lineaments. Three fracture sets were present from the satellite imagery: 1) the 310° fracture set, 2) the 210° fracture set, and 3) the 250° fracture set. The 310° fracture shows peak strike frequency 300°, the 210° fracture set shows peak strike frequency at 218°, and the 250° fracture set shows peak strike frequency at 245°. The 310° fracture set is again reflected the most strongly, however the 210° and 250° fracture sets show stronger signatures than further south. Again, while other fracture sets were sampled they are not strongly reflected in the resulting rose diagram of the area (Figure 1.16). 	Comment by Bob: They rotated in opposite directions from the “mean”- interesting. Kind of like what you’d expect from pure shear deformation.
[bookmark: _Toc449208891][bookmark: _Toc449208955][bookmark: _Toc449267541][bookmark: _Toc449268483][bookmark: _Toc449290601][bookmark: _Toc449692467]Redoubt Area (Purple)
North of Tuxedni Bay in the Redoubt area we measured 2018 lineaments There are four fracture sets present: 1) the 310° fracture set, 2) the 210° fracture set, 3) the 250° fracture set, and 4) the previously un sampled E-W fracture set that bisects the 310° and 250° fracture sets. The 310° fracture set strikes 295°, the 210° fracture set strikes 210°, the 60 L fracture set strikes 240°, and the E-W striking fracture set strikes 270°. While the 310° set shows the strongest signature, the relative densities between sets have changed. The 210° set has a much smaller relative frequency, and the E-W set and 250° set shows a strong signature, almost equal to that of the 310° fracture set (Figure 1.16).	Comment by Bob: ?
[bookmark: _Toc449208892][bookmark: _Toc449208956][bookmark: _Toc449267542][bookmark: _Toc449268484][bookmark: _Toc449290602][bookmark: _Toc449692468]North of Redoubt, south of Matanuska Valley (Green)	Comment by Bob: Only very distantly (and to its SW)
North of Redoubt and south of Matanuska Valley, we measured 1531 lineaments and we see the same four fracture sets as the Redoubt area. The 310° fracture set strikes 310°, the 210° strikes 218°, the 250° strikes 245°, and the E-W striking fracture set strikes at 270°.  Relative proportions between the four fracture sets were different than in the Redoubt area. The E-W fracture set clearly shows the strongest signature, followed by equal proportions of the 310° and 210° fracture sets, and lastly the 250° fracture set with a small signature (Figure 1.16).
[bookmark: _Toc449208893][bookmark: _Toc449208957][bookmark: _Toc449267543][bookmark: _Toc449268485][bookmark: _Toc449290603][bookmark: _Toc449692469]Matanuska Valley (Orange)	Comment by Bob: Dude, this isn’t even close to Matanuska Valley. Also, you are missing the boat big time on a bunch of map-scale fractures due west of the Susitna basin, and all of the structures in our Tyonek map area that you can test your GIS results against (because we know what they are and their sense of motion in Eocene time and later. 
In the Matanuska valley we measured 1075 lineaments and see the same four fracture sets as in the previous two domains further south. The 310° fracture set strikes 302°, the 210° strikes 213°, the 250° fracture set strikes 245°, and the E-W striking fracture set strikes 269°. There is a small peak at what would correspond to the 360 fracture set but it’s likely a small outlier of the 210° fracture set. Again, the relative proportions have changed. The 310° and 210° fracture sets show the strongest signatures followed by the E-W fracture set and the 250° fracture set. (Figure 1.16).
[bookmark: _Toc449208687][bookmark: _Toc449208894][bookmark: _Toc449208958][bookmark: _Toc449267544][bookmark: _Toc449267637][bookmark: _Toc449268406][bookmark: _Toc449268486][bookmark: _Toc449290604][bookmark: _Toc449526200][bookmark: _Toc449616210][bookmark: _Toc449692382][bookmark: _Toc449692470][bookmark: _Toc449692816][bookmark: _Toc450044438]K-Parameter Test	Comment by Bob: Add “results” 
We performed the K-parameter test on our four regionally prominent fracture sets (Figure 1.18). Fractures from the 250°, 310°, and 360° fractures sets demonstrate decreased dispersion as they are first rotated to restore bedding to horizontal, and then rotated about a vertical axis to restore bedding 	Comment by Bob: Restore bedding to what? Once you restore to horizontal, then bedding has no strike. So how do you rotate bedding to a reference strike about a vertical axis if it has no strike at that point? You need to address this in your methods. 
[image: ]
[bookmark: _Toc449290661][bookmark: _Toc449463303][bookmark: _Toc449525027]Figure 1.16 Spatial Distribution of Lineaments Drawn on Satellite Imagery
Caption: Rose diagrams are color coded to reflect their corresponding geographic location boxes. See text for discussion.
[image: ]

[bookmark: _Toc449290662][bookmark: _Toc449463304][bookmark: _Toc449525028]Figure 1.17 Orientations of Field vs. GIS Measurements	Comment by Bob: Add histograms to this plot. It seems like you’d be able to pick out gaps in orientations easier that way. Right now it kind of looks like a continuum of orientations between the 210 and 290.
Caption: Frequency of fractures of a given orientation per n measurements. Orange line reflects measurements made with a Brunton compass in the field, while the blue curve reflects orientations garnered from satellite images. Note very similar profiles establishing the idea that the deformation reflected in the field area could reflect deformation for the majority of the Cook Inlet forearc basin and establishes the idea that these observed fractures are regional features.	Comment by Bob: Only the margin, really. The structures in the upper CI basin proper are dominated by NNE-SSW orientations, and if you infer development of tensile fractures normal to the principal fault orientation, they would be WNW-ESE. In lower Cook inlet, the structural tend is NE-SW, so it’s difficult to assign a regional structural trend to the basin. What’s that mean for your regional fracture sets?	Comment by Bob: Repeating yourself. Choose different verbiage.
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[bookmark: _Toc449290663][bookmark: _Toc449463305][bookmark: _Toc449525029]Figure 1.18 K-Parameter Test with Contoured Poles to Planes for Each Set	Comment by Bob: The fonts in your k-parameter test plot need to be bigger.
Caption: Poles to planes clusters for our four fracture sets at the three stages of restoration. Note tighter clustering for all three sets after restoring bedding to horizontal in the middle stereonets. Note tighter clustering for the 310°, 250°, and 360° fracture sets after vertical axis rotation in the right column of stereonets. A higher K value represents less dispersion. K-Paramter test at right shows decreased dispersion through unfolding and rotations for the 310°, 250°, and 360° fracture sets while the 210° fracture set shows increased dispersion after rotation.








to a common strike. Fractures of the 210° fracture set first show decreased dispersion when restoring bedding to horizontal, and then reflect increased dispersion when rotated about a vertical axis to restore bedding to a common strike.  
[bookmark: _Toc449208688][bookmark: _Toc449208895][bookmark: _Toc449208959][bookmark: _Toc449267545][bookmark: _Toc449267638][bookmark: _Toc449268407][bookmark: _Toc449268487][bookmark: _Toc449290605][bookmark: _Toc449526201][bookmark: _Toc449616211][bookmark: _Toc449692383][bookmark: _Toc449692471][bookmark: _Toc449692817][bookmark: _Toc450044439]Geochronology
A dike intrudes a fracture of the 310° fracture set at station JR006 (Figure 1.19). A phenocryst free whole rock separate from station JR006 was analyzed. Based on the isochron regression to initial 40Ar/36Ar there is no evidence this sample had any significant inherited 40Ar. The integrated age 51.7 ± 0.7 Ma is within broad error of the plateau age (52.0 ± 0.9 Ma) and the isochron age (49.1 ± 1.6 ma). We prefer the plateau age of 52.0± 0.9 Ma because of the large error on the isochron age determination. (Figure 19)	Comment by Bob: What’s broad error mean? They either agree within analytical error or they don’t. The integrated age and the plateau age are the same within analytical error, but the isochron age is younger than both, even considering the analytical error. The sample does have inherited argon because the two initial temperature steps lie above the plateau. The plateau is a little wonky, too. Discuss this with Jeff and come up with some better justification for which age to use. Higher precision isn’t better if it isn’t accurate. The bad news is that if you settle on the Isochron, it drives your age farther away from the slab window event (57-54 Ma on the Kenai Peninsula). And the Resurrection plate is dead and gone by ~50 Ma (providing everybody knows what they are talking about).
[bookmark: _Toc449208689][bookmark: _Toc449208896][bookmark: _Toc449208960][bookmark: _Toc449267546][bookmark: _Toc449267639][bookmark: _Toc449268408][bookmark: _Toc449268488][bookmark: _Toc449290606][bookmark: _Toc449526202][bookmark: _Toc449616212][bookmark: _Toc449692384][bookmark: _Toc449692472][bookmark: _Toc449692818][bookmark: _Toc450044440]Discussion
[bookmark: _Toc449208690][bookmark: _Toc449208897][bookmark: _Toc449208961][bookmark: _Toc449267547][bookmark: _Toc449267640][bookmark: _Toc449268409][bookmark: _Toc449268489][bookmark: _Toc449290607][bookmark: _Toc449526203][bookmark: _Toc449616213][bookmark: _Toc449692385][bookmark: _Toc449692473][bookmark: _Toc449692819][bookmark: _Toc450044441]Analysis of Results
Our field data cluster into four clear fracture sets on the basis of common orientations and opening modes (Figure 1.20). GIS results establish that these fracture sets are regionally present, and therefore result from a regional deformational event(s) (Figure 1.16; 1.17). 	Comment by Bob: “stress field(s)” might be better. Since rocks are really weak in tension, they might develop in conditions that otherwise result in little deformation. And event to me implies something big. You might interpret them to be related to events later in the text, though.
The strike test demonstrates that the four fracture sets from our field area show correlation in fracture strike orientation with bedding strike to varying degrees. The slope of the weighted linear regressions correlating strike of bedding with strike of fractures indicate that the 360°, 250°, 310° and 210° were all rotated during regional deformation and folding. The 360° fracture set slope (0.90 ± 0.12) shows the strongest correlation with bedding strike. A slope of near 1 constitutes an interpretation of either early progressive arc slip or secondary arc rotation. Either imply that this fracture set predates regional folding and tilting. Slopes are 0.73 (± 0.08), 0.69 (± 0.07), and 0.45 (± 0.09)  for the 250°, 310° and 210° fracture sets respectively. These slopes are consistent with the progressive arc slip interpretation (Yonkee and Weil, 2010), meaning they opened during the deformation process, with lower slopes indicating later opening times.  	Comment by Bob: Positive or negative?	Comment by Bob: You should distinguish between regional folding and regionally systematic rotations. This makes it sound like the rotations were regionally systematic (as in vertical axis block rotations for which you can identify individual blocks), which, according to you, they were not.	Comment by Bob: Predates most folding. If it is early progressive, then it can’t entirely predate folding. It had to have initiated after folding commenced. 
The K-parameter test shows that the 310°, 250°, and 360° fracture sets have decreased dispersion after unfolding and vertical axis rotation. The 210° fracture sets have increased dispersion after vertical axis rotation but decreased dispersion after back tilting suggesting that these fractures while tilted have not 
[image: ]
[bookmark: _Toc449290664][bookmark: _Toc449463306][bookmark: _Toc449525030]Figure 1.19 Basalt Intrusion at JR006
Caption: 40Ar/39Ar age from basalt dike that intrudes a fracture of the 310° fracture set. Dashed blue lines indicate chilled margins. 
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[bookmark: _Toc449290665][bookmark: _Toc449463121][bookmark: _Toc449463307][bookmark: _Toc449525031]Figure 1.20 Separation of the Four Fracture Sets and their Stratigraphic Presence
Caption: Four fracture sets from the study area in strike corrected orientations to reduce spread. All rose diagrams are represented by 30% of the data set at the outer ring accept the 360° fracture set rose diagram which is represented by 20%. Also shown is interpreted fracture stratigraphy.













been rotated significantly. This lack of significant decrease or increase in dispersion of the 210° fracture set suggests that this fracture set has not experienced significant vertical axis rotation, which is consistent with the low slope from the strike test. This test demonstrates that all four fracture sets formed before tilting, and three likely formed in the early stages of regional deformation before or at the initiation of folding (Figure 1.18). 
[bookmark: _Toc450044442]Summary of Age Constraints on Fracture Development
The age for the youngest unit in the study area (West Foreland Formation) ranges between 45-41 Ma (Lepain et al., 2013). Oligocene fossils were found at one study area location with fractures nearby belonging to the 310° and 210° fracture sets (JR045) (Figure 1.7). Thus we infer that the 310° and 210° fracture sets have members of Oligocene age. The strike and dip of bedding is nearly the same in Cenozoic West Foreland Formation as in Mesozoic Naknek Formation, it is likely that the tilting and rotation occurred in the same deformational event (Table 1.1).  	Comment by Bob: Don’t use this. Firstly, the ages have been refined, and secondly, we have no correlation between these rocks that we dated and the conglomerates in your field area. 	Comment by Bob: Too specific here, too. The leaf fossils only say possibly latest Oligocene to Miocene. Not specifically Oligocene.	Comment by Bob: Miocene age or younger (maximum age is Miocene, no?)	Comment by Bob: At some point in the discussion you need to come out and say what this vertical axis rotation represents, which is fold plunge and a lateral decay of slip along fault strands or detachment beneath a competent interval. If I’m the reader, I’m looking for hints of the punch line by now. What the heck is this cryptic vertical axis rotation you keep bringing up- is this large-scale block rotation of a forearc sliver? Oroclinal bending of the margin? A salient of a fold-thrust belt? Nope. Strike changes near the nose of a fold.
Cross cutting relationships are ambiguous. They consistently show mutual cross cutting between fractures of all ages, likely indicating that preexisting fractures have been sheared during progressive deformation (Figure 1.9). We interpret most of these cross cutting relationships to be the result of reactivation, and not necessarily the reflecting order of opening. 
Conjugate fractures between the 310° and 360° fracture sets were not uncommon (Figure 1.8; 1.10; and 1.11). This conjugate angular relationship would reflect SSE shortening, consistent with interpretations from Betka and Gillis (2014). Conjugate angular relationships between the 250° and 310° fracture set were also observed, but this was less common, and could reflect a subsidiary episode of ESE shortening discussed in Betka and Gillis (2014). Therefore, it is likely that predominantly SSE shortening created a 360° and 310° fracture set conjugate pair at several stations. 	Comment by Bob: Common?
The intrusive basalt dike that intrudes a fracture of the 310° fracture set yields an age of 52 Ma ± 0.7 suggesting this fracture set was active during Eocene time (Figure 1.19). The 250° and 210° fracture sets cross cut this dike, suggesting activity after Eocene time.	Comment by Bob: Reconsider the age (see earlier comment).	Comment by Bob: But weakly, right? Is it possible that these are just reactivated?
Given this framework of results we developed the following model which is a best estimate of the relative chronologic development of the previously outlined fracture sets (Figure 1.21). 
[bookmark: _Toc449208898][bookmark: _Toc449208962][bookmark: _Toc449267548][bookmark: _Toc449268490]

[image: ]
[bookmark: _Toc449290666][bookmark: _Toc449463308][bookmark: _Toc449525032]Figure 1.21 Tectonic Interpretation of the Regional Acquisition of Fracture Character	Comment by Bob: A: “Subduction of Resurrection plate or early subduction of Resurrection-Kula ridge...” “…and opening of 360˚ fracture set” B: Subduction of Resurrection-Kula ridge changes…” Also- why do 360˚ conjugates form when there is already a 360˚ fracture set formed in A? If the 360˚ set is just being reactivated at this time, then they aren’t true conjugates of the 310˚ set. Also, wouldn’t it be energetically more efficient to reactivate old fractures than initiate new fractures? C: “Pacific plate convergence change as Kula-Pacific ridge ceases spreading. Transition to…”. Check me on this, but the vector change isn’t from the Rez-Kula ridge (you addressed that in “B”. It’s the cessation of Pacific-Kula spreading that changes the Pacific plate vector. Also- Why is the transition gradual? Do we know that cessation of ridge spreading was gradual? Don’t you think that its fortuitous that cessation of ridge spreading led to exactly the same 310˚ fracture orientation, but by a different mode as before cessation? Make the rotations in C unidirectional, it’s kind of difficult to follow what you mean with bi-directional arrows- makes it look like it was rotating back and forth. D: I don’t understand this very well. The 210˚ fracture set is oriented ~45 to sigma 1. How’s that work? Also, why is there “orogen” perpendicular extension (axis-parallel) of folded strata, are these demonstrably located along the hinge of the fold?
[bookmark: _Toc449290608][bookmark: _Toc449692474]
Field Observations
[bookmark: _Toc449208899][bookmark: _Toc449208963][bookmark: _Toc449267549][bookmark: _Toc449268491][bookmark: _Toc449290609][bookmark: _Toc449692475]360° fracture set
This fracture set likely represents the oldest fracture set in the field area. This fracture set disappears in strata younger than Cretaceous in age (last seen in the Saddle Mountain Formation) (Figure 1.7). This suggests it formed at latest in Cretaceous time. The strike test for this fracture set demonstrates the strongest correlation between strike of bedding and deviation of a fracture set strike from reference strike. Thus it is likely this fracture set experienced the most significant vertical axis rotation. The K-parameter test indicates that this fracture set shows the greatest decrease in data dispersion after strike correcting, again suggesting it originated before rotation (Figure 1.15; 1.18). While figures 8, 10, and 11 document the conjugate relationship between the 310° and 360° fracture sets, we still interpret some of the 360° fractures to be of an older origin. Fracturing is a multi-stage process, and thus, it is possible for fractures of the same orientation and set to arise independently and out of sequence (Hancock, 1985; Branellec et al., 2015). 	Comment by Bob: “no later than” putting latest near Cretaceous might be confusing, because latest Cretaceous is a time, too.	Comment by Bob: How significant is significant? It would be useful to stop speaking in vague terms and quantify these. When you observe vertical axis rotation, are you talking about 30˚, 40˚, 50˚? Or 5˚, 10˚, 15˚? The latter is pretty minor and has little tectonic significance other than possibly timing of development. But the former means something, especially if it is systematic over large distances. But then it begs the question- how do you know that you identified the sets correctly in the field before restoring the rotations? When you combine 30˚ overlap in fracture sets (remember embedded figure earlier) with 30 degrees of potential rotation, it will be difficult correctly identifying them, especially since you think you see multiple sets of conjugates. If you are using small vertical axis rotations only as a tool to get at pre- vs. syn-folding fracture development, that’s fine, just say that up front in your introduction and methods and get it over with. But if you are using the presence of small VAR to speak to large-scale orogenic processes within the forearc (because, after all, you refer to fractures on an orogenic scale throughout this text), you are going to have a difficult time convincing your reader of their significance (and will actually have to explicitly justify it).	Comment by Bob: So considering the embedded examples of folding without rotation of fractures (with the implication that by rotating the bedding to a reference strike, you may in fact be artificially rotating the fractures), and qualitative binning of like fracture strikes into different fracture sets, how confident are you of this? It would seem fortuitous that the dispersion would decrease, but then again you call on fortuitous circumstances to create the same fracture sets under different stress regimes on two different occasions to explain your field relationships.
[bookmark: _Toc449208900][bookmark: _Toc449208964][bookmark: _Toc449267550][bookmark: _Toc449268492][bookmark: _Toc449290610][bookmark: _Toc449692476]250° fracture set
This fracture set is observed in strata ranging from Jurassic to Mid Eocene age. While composite abutting relationships indicate that this fracture set is one of the oldest, its presence in the West Foreland formation indicates its slightly younger age (Figure 1.7; 1.9; 1.20). Its strike test slope of 0.73 (± 0.08) indicates that this fracture set likely formed progressively during regional deformation, though its lower slope than the 360° fracture set implies that it formed later during progressive deformation. This fracture set too, will occasionally form conjugate pairs with the 310° fracture set suggesting that they also have a genetic relationship (Figure 1.10c). The K-parameter test for this fracture set shows a slightly lower decrease in dispersion than the 360° fracture set again suggesting that this fracture set is slightly younger. Its dispersion clearly decreases after back tilting too, suggesting again that this fracture set formed before folding and tilting or at least early in the folding and tilting process. 	Comment by Bob: Too specific. Loosen your age constraint according to rocks within your field area. Paleogene might be the best you can do, although remember, Wolfe thought these were Seldovian. Look it up yourself, though.	Comment by Bob: Same comment as the one above, and for the rest of your fractures. What makes you confident that these relationships are real and not artificial?
[bookmark: _Toc449208901][bookmark: _Toc449208965][bookmark: _Toc449267551][bookmark: _Toc449268493][bookmark: _Toc449290611][bookmark: _Toc449692477]310° fracture set
This fracture set is present in Jurassic to Oligocene aged strata. It is one of the youngest fracture sets as evidenced by its presence in younger strata and its prominence throughout the field area (53/56 stations). However, this fracture set appears to have formed conjugate pairs at some stations with both the 360° and 250° fracture sets, suggesting that it has been forming for a significant period of time (ranging from latest Cretaceous to Oligocene time), and has a genetic relationship with both the 360° and 250° fracture sets (Figure 1.10). The shortening directions for conjugate pairs of the 310° with the 360° and 250° fractures sets would suggest SSE and ESE shortening respectively. These shortening directions are consistent with previously studied fault kinematics in the region (Betka and Gillis, 2014).	Comment by Bob: Miocene- actually, using Seldovian would be more accurate.	Comment by Bob: Seldovian
This fracture set appears to have been subject to significant vertical axis rotation, but less than the 360° and 250° fracture sets as evidenced by a slightly lower strike test slope (0.69 ± 0.07 vs 0.73 ± 0.08 and 0.90 ± 0.12). The K-parameter test indicates that the 310° fracture set shows less dispersion after vertical axis rotation, again suggesting its pre folding, and pre rotation origins. Because this fracture set appears to form conjugate pairs with both the 360° and 250° fracture sets, it has likely had multiple openings, and has been active for a significant period of time.  A dike age that intrudes this fracture set suggests that at the very least this fracture set was active by 52 Ma, as multiple chilled margins in the dike preserve evidence of multiple pulses of deformation (see Delaney, 1986) (Figure 1.19). In essence, if there are several chilled margins in the dike, it is likely there were several pulses of intrusion. Fracture stratigraphy further suggests that this fracture set was still active until at least Oligocene time (Figure 1.7). Thus this fracture set has likely been opening for the largest interval of time, starting with some of the late openings of the 360° fracture set as a conjugate fracture and continuing until at least Oligocene time as joints and shear fractures. 	Comment by Bob: Quantify. You have the numbers to do it.	Comment by Bob: Check age	Comment by Bob: Or of intrusion during a single deformation event?	Comment by Bob: Seldovian
[bookmark: _Toc449208902][bookmark: _Toc449208966][bookmark: _Toc449267552][bookmark: _Toc449268494][bookmark: _Toc449290612][bookmark: _Toc449692478]210° Fracture set
The 210° fracture set was present in Jurassic to Oligocene aged strata, and cross cuts the 52 Ma dike. The K-parameter test indicates that this fracture set is more dispersed after strike correction, but less dispersed after back tilting. The small changes in dispersion suggest that this fracture set formed latest during folding. This suggests that this fracture set is likely related to folding, and likely opened early during the folding and tilting process. Our strike test results indicate that this fracture set has the lowest correlation with the strike of bedding when compared to the other fracture sets (0.45 ± 0.09 versus 0.69 ± 0.07, 0.73 ± .08, and 0.90 ± 0.12). Stratigraphic partitions indicate that this fracture set was present in Oligocene strata, further suggesting that it is one of the youngest fracture sets (Figure 1.7). Cross cutting relationships in the field further suggest that this fracture set is among the youngest as it frequently cross cuts all other fracture sets.	Comment by Bob: Check age	Comment by Bob: Seldovian (I might miss some of these, so change them all, even if I don’t comment to do so).
To summarize: The 360° fracture set is present until latest Cretaceous, the 250° fracture set is present until roughly Eocene time, and the 310° and 210° fracture sets are present in Oligocene time. 	Comment by Bob: Paleogene or Seldovian	Comment by Bob: Seldovian
[bookmark: _Toc449208691][bookmark: _Toc449208904][bookmark: _Toc449208968][bookmark: _Toc449267554][bookmark: _Toc449267641][bookmark: _Toc449268410][bookmark: _Toc449268496][bookmark: _Toc449290614][bookmark: _Toc449526204][bookmark: _Toc449616214][bookmark: _Toc449692386][bookmark: _Toc449692480][bookmark: _Toc449692820][bookmark: _Toc450044443]Tectonic Context	Comment by Bob: “Fracture development in context to tectonic events”
Modeling and field based measurements of fractures have been used by numerous authors to interpret or understand the timing and orientations of fractures within folded and tilted strata. Conceptual models predict that four fracture sets will occur during folding: a tensile set perpendicular to the fold axis, a conjugate set that shares the same shortening direction as the first tensile set, and a final tensile set that opens parallel to the fold axis as a result of flexure in the outer layers (e.g. Price 1966; Friedman, 1969; Hancock, 1985). However, such models cannot account for the orientations or opening modes of all fracture sets measured in the field (e.g. Guiton et al., 2003; Bergbauer & Pollard, 2004; Bellahsen et al., 2006; Amrouch et al., 2010; Lacombe et al., 2011; Branellec et al., 2015). More recent field based interpretations suggest that most fractures in folded strata originate during burial or layer parallel shortening before the evolution of individual folds (e.g. Ahmadhadi et al., 2008; Branellec et al., 2015). Essentially, the fractures from regional deformation that predate folding create significant discontinuities that help further propagate old fractures and inhibit propagation of new fractures during continued deformation (Bergbauer and Pollard, 2004).  Thus, fractures record progressive deformation, and tectonic events and regional deformation will reactivate and proliferate old fractures in the process of creating new ones. 	Comment by Bob: Is this your 210 fracture set? That’s how its described in your figure caption.	Comment by Bob: This goes directly against what you propose for your 310 and 360 fractures, in which changes in the stress field propagate new fractures instead of reactivating old ones of the same energetically-favorable orientation.
In our field area, there are several important tectonic events in southern Alaska that could influence regional brittle deformation, and folding and faulting in the Cook Inlet. These four events are: 1) The accretion of the Wrangellia Composite Terrane with the southern margin of Alaska ending Ca. 68 Ma (Wallace and Engbretson, 1984; Plafker et al., 1989; Nokleberg et al., 2001; Trop and Ridgeway, 2007); 2) The subduction of the Kula – Resurrection spreading ridge from 61 - 50 Ma (Bradley et al., 2003); 3) the convergence direction change of the Pacific Plate roughly 42 Ma (Haeussler et al., 2003); and 4) the arrival of the Yakutat microplate at the southern Alaska Margin and its subsequent subduction roughly 19 Ma (Ridgeway et al., 1996).	Comment by Bob: Add “known” before “tectonic” there might still be others that have yet to be recognized.	Comment by Bob: You can’t leave out Haeussler- the Resurrection plate is his model!	Comment by Bob: Not the right reference for this. Haeussler didn’t figure that out. You have to cite correctly, man. Not just any paper that mentions something.	Comment by Bob: Revise age
[bookmark: _Toc449208905][bookmark: _Toc449208969][bookmark: _Toc449267555][bookmark: _Toc449268497][bookmark: _Toc449290615][bookmark: _Toc449692481]Triassic – Maastrichtian 
Composed of a series of amalgamated terranes, the southern Alaska margin was in a state of assembly for much of the Mesozoic (Trop and Ridgeway, 2007). This assembly is represented by the collision of the Wrangellia Composite Terrane. The Wrangellia composite terrane collided with the North American margin during latest Jurassic – Early Cretaceous time (Trop and Ridgeway, 2007). Suturing of the Wrangellia composite terrane with southern Alaska was complete by latest Cretaceous (80-60 Ma) as shown by late Cretaceous continental margin arc rocks that stitch the accreted terranes with the former continental margin (Plafker et al., 1989; Moll-Stallcup, 1994, Trop and Ridgeway, 2007).	Comment by Bob: Stop citing these guys and LePain for everything about the tectonic history of southern AK and Cook Inlet. Yes, they great overview papers, but it’s going to send a message to potential reviewers that you really didn’t read a whole lot about AK tectonics, and they are going to doubt whether you have the background to say anything meaningful about your data in that framework. That usually doesn’t end well. The way you are supposed to do it is read the overview paper, look at the references, start reading those papers, look at their references, read some of those. Then you are well-read. Your goal is to find the seminal papers for each of the important topics or events. For instance, Moore et al. (1983) were the first to identify a ridge subduction event in S. AK, not Bradley et al., 2003. And crap, Coney et al, 1980 came up with the classic idea of “suspect terranes” that revolutionized how we look at the North American Cordillera, including Alaska, not Trop and Ridgway. I know you just want to get this turned around so you can graduate, but if you intend to publish in an upper-tier peer-reviewed journal, you are going to have to be better read.
In the Cook Inlet, this tectonic event is largely recorded in the strata of the forearc basin (see Lepain et al., 2013 for an in depth discussion of the sedimentary record). Throughout Jurassic time, forearc sediments record the creation, erosion, and exposure of the roots of the Talkeetna arc which was either accreting on to the margin or was built upon the margins of the Wrangellia composite terrane. In the field area, the Naknek Formation records the exposure of the Talkeetna arc roots (Wartes et al., 2013). A significant unconformity separates these Oxfordian strata from the Maastrichtian Saddle Mountain formation (Figure 1.2) (Magoon et al., 1980; Detterman and Hardstock, 1966). The cause of this unconformity is likely attributable to rapid low angle subduction of oceanic crust and oblique subduction of the Pacific plate in Cretaceous time (Haeussler et al., 2003; Trop and Ridgeway, 2007). This oblique subduction is the result of the end of suturing of Wrangellia. 	Comment by Bob: Really? I don’t think so, dude. What is the record and how does it establish a suturing event?	Comment by Bob: See?	Comment by Bob: Don’t feel like you have to have an answer for everything. You can say something like this, and it is much more honest… “The cause of the unconformity is uncertain, but it potentially overlaps in time with collision and suturing of the Wrangellia composite terrane” then cite relevant sources of the timing of the collision and suturing of Wrangellia (not just Trop and Ridgway). But if you cut and paste my sentence in there, then I’m going to make you rewrite it.	Comment by Bob: You either made this up and/or are just guessing at worst, or didn’t take the time to read carefully and understand what’s going on at best. Haeussler et al. 2003 do not even hint of this, since their paper deals strictly with the Cz ridge subduction event (but I checked, anyway), and Trop and Ridgway (2007) speculate about a 130-115 Ma spreading ridge event that creates an unconformity in the forearc area of the Mat Valley (an event you have not considered, yet you’ve stated several times that we know of all the events), and although they mention forearc deposition of the Matanuska formation during suturing of Wrangellia, they make no special mention of cause and effect. But the rapid low-angle subduction that you do pilfer from them is during the approach and subduction of the Cz spreading ridge. This is seriously bad, Jacob. You can’t butcher or fabricate others’ conclusions to suit your own. At the very least you need to be way less cavalier about how you cite shit. If someone who is well-read about S. AK tectonics reviews your manuscript, they are going to rip you a new one.	Comment by Bob: The Pacific plate wasn’t even subducting beneath North America during the Cretaceous!
Thus any rocks deposited during or after latest Maastrichtian time could not record deformation associated with the collision of the Wrangellia composite terrane with the southern Alaska margin. Given that the 360° fracture set (the oldest in the study area) occurs in strata of Maastrichtian age (Magoon et al., 1980) it is unlikely that the accretion of Wrangellia was the driving mechanism for its brittle deformation. Furthermore, the 360° fracture set does not occur in any younger strata (Figure 1.7, 1.20). Thus the two oldest deformation events that could deform Maastrichtian sediments but not Eocene sediments are the onset of Kula – Resurrection ridge subduction (Bradley et al., 2003) and northward convergence of the Pacific plate before the actively spreading Kula – Resurrection ridge arrival (Hauessler et al., 2003). 	Comment by Bob: Explain this better. You are assuming the reader is familiar with the literature and ridge subduction processes. When did this occur? The reader is going to see in the next paragraph that ridge subduction occurred from 61-49, after the Maastrichtian. That is going to confuse them. So how could the onset of ridge subduction at 61 Ma deform the K but not Paleocene strata? You probably mean that as the ridge approaches before 61 Ma, the younger oceanic crust is more buoyant and increasingly resists subduction, which might increase plate coupling at the subduction interface, right? Say that. You aren’t going to convince anybody by just saying it was so.	Comment by Bob: Rocks are being deformed, not sediments, unless you can support a case for pre-lithified deformation.	Comment by Bob: Revise age.	Comment by Bob: Same	Comment by Bob: Add Haeussler, use Bradley’s earlier paper instead, not his later overview paper.	Comment by Bob: And actually, the plate vector was slightly more oblique (but at a slightly higher rate) prior to the subduction of the ridge (see third embedded figure), and more northward in modern coordinates after it. But regardless, explain why you think this could be a possibility- because the northward convergence is sub-parallel to the extensional fracture orientation of the 360 set. You have to actually say that, not assume that the reader is going to make the connections themselves.

This brings up another thing to consider, although you might want to save it for the manuscript- If oroclinal bending occurred, then this all goes out the window, because your 360 fracture set was ~316 prior to rotation of the margin (see embedded figure). If this goes out for external publication, you are going to have to address the possibility of oroclinal bending, because the idea is out there and can’t be ignored. Even if you dismiss it because of few, inconsistent p-mag results, it still needs to be addressed.	Comment by Bob: Not the Pacific plate- it was in the Pacific. This is either the Rez or the Farallon plate, depending on which model you favor. Re-read Haeussler et al., 2003, or any of the AK ridge subduction papers. The figures are pretty clear.
Differentiating between the two without any well constrained ages of these fractures is difficult. The available data do not allow for preference of one event over the other. 
[image: C:\Users\Bob\Desktop\Rosenthal thesis review figs\Kula-Rez plate vectors.PNG]
[bookmark: _Toc449208906][bookmark: _Toc449208970][bookmark: _Toc449267556][bookmark: _Toc449268498][bookmark: _Toc449290616][bookmark: _Toc449692482]Paleocene - Eocene
Following the opening of the 360° fracture set the southern Alaska Margin experienced the arrival the Kula – Resurrection spreading ridge from 61-49 Ma (Bradley et al., 2003). This event was the likely driver for a significant portion of the older deformation seen in the Cook Inlet (Lepain et al., 2013). Evidence of Kula – Resurrection ridge subduction in Alaska is recorded first at Sanak Island Ca. 61 Ma and last at Baranof Island Ca. 49 Ma (Bradley et al., 2003; Haeussler et al., 2003). The ridge would have been obliquely subducted beneath the ancestral Cook Inlet forearc from Ca. 58 – 52 Ma (Bradley et al., 2003). It is possible for a range of shortening directions to result from ridge subduction, especially if the ridge subducts obliquely and is an active spreading center (Zeuman et al., 2015). Thus, given the presumed actively spreading nature of the Kula – Resurrection spreading center, and the possible obliquity of its subduction (Hauessler et a., 2003), SSE shortening and the creation of significant conjugate fracture systems are reasonable outcomes to this tectonic event. The absence of the 360° fracture set in rocks younger than the tectonic event supports this model. 	Comment by Bob: Find a better reference. Dave hasn’t done any work on the deformation of Cook Inlet. Find those who have (and say that the ridge deformed Cook Inlet). 	Comment by Bob: By this time, it’s probably the inception of the modern forearc. The K-Cz unconformity marks that transition.	Comment by Bob: To broad. 57-54 Ma	Comment by Bob: Bradley eta la, 2000 has the actual data for the near trench plutons on the Kenai Peninsula that determine the timing the ridge went by Cook Inlet. Use them. By about 54-52, the ridge was already passing by the Yakutat area (read Gasser et al., 2012). This is why I’ve been saying that by the time your dike was emplaced, the ridge was long gone.	Comment by Bob: This entire paragraph explaining SSE shortening seems weak.  Your entire paper is leading up to these final paragraphs, and they seem to fall flat, like you want to avoid discussing how the tectonics drove formation of the fractures like the plague, or you just don’t understand. Flesh it out, dig a little deeper. And don’t put all your eggs in the Zeumann basket (Zeumann and Hampel, 2015, actually, not Zeuman et al). She’s just the latest in a long line of researchers who have studied ridge subduction. I mean if you aren’t mentioning earlier folks like Thorkelson, or Furlong, or Groome, or Cloos, then you aren’t even going to be taken seriously. Where else in the world today are active spreading ridges being subducted. How is the upper plate reacting there?	Comment by Bob: Search and replace Zeuman et al., 2015 with Zeumann and Hampel, 2015. Not Zeumann has two “n”s.	Comment by Bob: Add (and read) Sisson and Pavlis, 1993. They were the first to figure out the plate vectors, not Haeussler.
We call on this event as the tectonic driver of SSE oriented shortening and the creation of the 310° and 360° conjugate fracture pair. The 52 Ma ± 0.7 basalt dike that intrudes a fracture of the 310° fracture set was likely the result of subduction of young hot lithosphere beneath the forearc. This shortening direction also coincides well with well documented SSE shortening and sinistral slip on the nearby Bruin Bay Fault (Detterman and Hardstock, 1966; Betka and Gillis, 2014; 2015; 2016) (Figure 1.21b).	Comment by Bob: Check age
[bookmark: _Toc449208907][bookmark: _Toc449208971][bookmark: _Toc449267557][bookmark: _Toc449268499][bookmark: _Toc449290617][bookmark: _Toc449692483]Eocene – Oligocene	Comment by Bob: Why this age range? If it is because of the strat ages, remember- you need to revise those.
Eocene to Oligocene (49-26 Ma) tectonics in southern Alaska were dominated by dextral transpression and strike slip faulting after the ridge had passed, and subduction convergence directions changed from S-N to more SSE-NNW (Haeussler et al., 2003; Trop and Ridgeway, 2007). Significant dextral slip on orogen parallel strike slip faults on the southern Alaska margin occurred in Eocene time (Roeske et al., 2003). We infer that dextral transpression on orogen parallel faults would create E-W oriented shortening of the Cook Inlet forearc basin. An additional driver for E-W oriented shortening could be a switching of principal shortening directions after the subduction of the Kula – Resurrection ridge. Recent models demonstrate after a ridge reaches a sufficient depth beneath the continental margin during subduction, the dominant stress regime changes from collisional to extensional (Zeuman et al., 2015), and thus reverses the dominant shortening direction. 	Comment by Bob: Where does this come from?	Comment by Bob: Not in upper Cook Inlet, where most of Haeussler’s work focused.	Comment by Bob: Did Roeske work on the Castle Mountain fault, the Lake Clark Fault? She focused on the Border Ranges fault, which most people believed stopped moving by Eocene time.	Comment by Bob: ONE recent model. What does this “after reaching a certain depth” mean- that everything inboard of the margin is extensional and outboard, contractional?	Comment by Bob: This is plural- you cite only one paper.	Comment by Bob: Only if the model is correct.
Both mechanisms for E-W shortening could initiate the opening of the 250° fracture set, while also continuing to open the 310° fracture set. It’s likely that the West Foreland was initially deposited in the subsiding forearc after the passing of the ridge (Trop and Ridgeway, 2007; Lepain et al., 2013). Because this fracture set is found in the West Foreland, the deformation that caused this fracture set has to be younger than Eocene. Thus, this fracture set likely stemmed from dextral transpression from oblique convergence of the Pacific Plate. This convergence change would likely cause E-W shortening in the forearc, and open additional 310° fractures and introduce 250° fractures (Figure 1.21c).	Comment by Bob: But you argue that older fractures can be reactivated, so why not these?
[bookmark: _Toc449208908][bookmark: _Toc449208972][bookmark: _Toc449267558][bookmark: _Toc449268500][bookmark: _Toc449290618][bookmark: _Toc449692484]
Oligocene – Present
Deformation in the Oligocene was driven by the 16 Ma arrival of the Yakutat terrane to the southeast (Ridgeway et al., 1996). Within the Cook Inlet, deformation related to the arrival of the Yakutat Block has manifested in a series of transpressional fault-cored anticlines and significant uplift and exposure of Cenozoic and perhaps Mesozoic forearc sedimentary rocks (Haeussler et al., 2000; Trop and Ridgeway, 2007). Away from the Cook Inlet and elsewhere in Alaska, the collision of Yakutat has manifested in modern seismicity on the Denali Fault, renewed uplift in the Alaska Range, and the creation of one of the largest coastal ranges on earth in the Saint Elias Mountains (e.g., Trop and Ridgeway, 2007; Benowitz et al., 2014). Modern convergence directions of the Pacific plate and the southern Alaska margin would also be consistent with SE oriented shortening, and thus it is possible too that typical subduction processes led to the deformation of the exposed strata of the western Cook Inlet. Folds paralleling the anticline syncline pair in other portions of the Cook Inlet have been widely recognized as Cenozoic (e.g. Hauessler et al., 2000; Bruhn and Hauessler, 2006). We then interpret that folding and tilting of strata on the Iniskin Peninsula and in Lake Clark National Park was also Cenozoic. Furthermore, Cenozoic West Foreland Formation sediments are deformed to similar dip angles as underlying strata (see Table 1.1). We then interpret that the event that deformed the underlying strata was the same as the event that deformed the West Foreland. As the tectonic driver of young fault cored anticlines in the Cook Inlet has been widely attributed to the arrival of Yakutat, we too attribute folding and tilting in our study area to the arrival of Yakutat. 	Comment by Bob: Check the age. Few believe it to be this late.	Comment by Bob: Add “upper”	Comment by Bob: Add (and read) Bruhn and Haeussler	Comment by Bob: When you word things like this, the reader needs to refer to the references to know why. If you say “structures in cook Inlet fold Cenozoic strata (references), then they don’t have to, unless they want to. In cases like this, don’t just say that other people believe something. Explain why they believe it.	Comment by Bob: This is true for upper CI, but likely not for lower CI for which structures you are considering.
Folding and tilting of strata would have led been created by SSE shortening for a second time, opening additional 310° fractures, shearing the 360° fracture set, offsetting the 250° fractures, and finally opening the 210° degree fractures (Figure 1.21d). Furthermore, the modern stress regime for our study area confirms SSE shortening, and further favors our model that the deformation was driven by flat slab subduction of Yakutat (Rupert, 2008). 
[bookmark: _Toc449208692][bookmark: _Toc449208909][bookmark: _Toc449208973][bookmark: _Toc449267559][bookmark: _Toc449267642][bookmark: _Toc449268411][bookmark: _Toc449268501][bookmark: _Toc449290619][bookmark: _Toc449526205][bookmark: _Toc449616215][bookmark: _Toc449692387][bookmark: _Toc449692485][bookmark: _Toc449692821][bookmark: _Toc450044444]Conclusions
This study presents an analysis of four regionally present fracture sets in the sedimentary strata of the western Cook Inlet. These four fracture sets, oriented 360°, 310°, 250° and 210°, are explained by major regional tectonic events. These four sets opened during a progressive deformation sequence spanning late Cretaceous – late Cenozoic time. The 360° set opened as a result of subduction of the Pacific plate. More 360° fractures and some 310° fractures formed as a conjugate pair during the onset of ridge subduction Ca. 52Ma. The 250° and 310° fracture sets proliferated after the passing of the actively spreading Kula – Resurrection spreading ridge allowed for more E-W verging subduction to change shortening directions from SSE to ESE. Subsequently, the arrival of Yakutat allowed for more fractures oriented 310° to open and for the 210° fracture set to open during the later stages of folding and tilting. 
















[bookmark: _Toc449526206][bookmark: _Toc449616216][bookmark: _Toc449692388][bookmark: _Toc449692486][bookmark: _Toc449692822][bookmark: _Toc450044445]Chapter 2
[bookmark: _Toc449526207][bookmark: _Toc449616217][bookmark: _Toc449692389][bookmark: _Toc449692487][bookmark: _Toc449692823][bookmark: _Toc450044446]Introduction
Natural fractures aid the migration of basinal fluids in rocks with low primary porosity and permeability (e.g., Engelder and others, 2009; Lianbo and others, 2009; Ortega and others, 2010). Thus, quantifying lithologic controls (for example, grain size) on the size and density of regionally mapped fracture sets is important for the development of tight sandstones in unconventional hydrocarbon plays. Large, open fractures (≥ 0.5 mm aperture) are especially important for fluid migration (for example, Laubach, 1997). Helmold and others (2013) demonstrated that Jurassic sandstones in lower Cook Inlet exhibit diminished primary porosity and permeability as a result of diagenesis. However, several oil shows and seeps that occur in the region are spatially associated with regional fracture networks that likely controlled the migration of hydrocarbons in the basin (Detterman and Hardstock, 1966; LePain and others, 2013; Wartes and Herriot, 2014; AOGCC, 2015). Furthermore, marine shales that comprise part of the Mesozoic section in the Cook Inlet Basin are thought to be the source rocks for Cenozoic hydrocarbon reservoirs (e.g. Lepain et al., 2013). Understanding which parameters correlate with fracture size and density could aid in the recovery of hydrocarbons, and thus increase the economic potential of low permeability and porosity reservoirs in Jurassic strata of Cook Inlet. Examination of the Jurassic section of the Cook Inlet will allow me to 1) evaluate the potential for fractured reservoirs in rocks that have poor reservoir potential due to diagenetic alteration (Helmold et al., 2013) and 2) quantify fracture intensity of source rocks in the CIB to evaluate importance of secondary porosity and permeability caused by natural fractures. 
Marret and others (1999) were among the first to show that fractures follow power law scaling relationships when normalized for size, with macrofractures being less abundant than microfractures. Using size normalized cumulative frequency to measure fracture intensity, they demonstrated that fractures in a uniform rock type will follow power law scaling relationships across five orders of magnitude of fracture size with excellent correlation. Thus, by measuring microfractures in the, one could estimate the densities of macrofractures at reservoir scale. Therefore, normalized fracture intensity (the number of fractures of a specified size or larger per unit length) is a useful quantity for describing the density of natural fractures in various rock types. Numerous authors have showed power law scaling relationships occur in various rock types (quartz sandstones and limestones) (e.g. Ortega et al., 2010; Hooker et al., 2009; Gomez and Laubach, 2006; Hooker et al., 2014). I provide some of the first size normalized fracture intensity data for arkosic and lithic arenites (see also, Lianbo et al., 2009). 
Quantifying macrofractures (fractures greater than 1mm) in the subsurface has proven difficult because vertical wells commonly do not intersect many fractures (Narr, 1991) and large fractures are commonly open making complete recovery of the fracture in core difficult (Laubach, 2003). Furthermore, large fractures control the migration of basinal fluids making their characterization critical for understanding fluid flow in reservoirs (Laubach et al., 1997; Laubach, 2003). Because macrofracture sampling in the subsurface is difficult, abundant microfracture populations (fracture aperture < 1mm) have been used to provide estimates of macrofracture orientations, abundance, and size (Laubach, 1997; Marret et al., 1999; Ortega and Marrett, 2000; Ortega et al., 2006; Hooker et al., 2009; Hooker et al., 2014). 
In this study, I quantify the fracture intensity of four regional fracture sets (defined in Chapter 1) that are hosted in deformed forearc basin strata of Jurassic age in the Iniskin–Tuxedni region of the lower Cook Inlet, Alaska (c.f. Rosenthal and others, 2015a, b; figure 2.1). My results document the range of fracture intensities of the four previously outlined regional fracture sets (see Chapter 1). I document how fracture intensity changes by formation and with grain size. I also test the feasibility of using microfracture intensity determined in thin sections as a proxy for estimating macrofracture intensity by comparing outcrop and thin section based scan line analyses. My results are discussed in the context of exploiting natural fractures as fluid migration pathways that could enhance subsurface permeability for the lower Cook Inlet hydrocarbon province; and serve as hydrocarbon migration pathways in the upper Cook Inlet petroleum system. 
[bookmark: _Toc449526208][bookmark: _Toc449616218][bookmark: _Toc449692390][bookmark: _Toc449692488][bookmark: _Toc449692824][bookmark: _Toc450044447]Background
The Cook Inlet basin is a northeast-trending collisional forearc basin located between the Jurassic Talkeetna Arc and modern Aleutian Arc to the northwest and the Aleutian trench and Chugach accretionary prism to the southeast (figure 2.1). This study focuses on the Iniskin-Tuxedni region of Cook Inlet basin (figure 2.1). Outcrops in the study area expose ~35,000 feet of Mesozoic sedimentary strata (Kirschner and Lyon, 1973). Immature arkosic, lithic, and volcanoclastic arc-derived sandstones, siltstones, and shales comprise the Mesozoic section in the study area and reflect exhumation and denudation of the Mesozoic arc located to the northwest of the basin (e.g. Plafker et al., 1989; Nokleberg et al., 1994; Trop et al., 2007). Mesozoic clastic sedimentary rocks in this NE-trending basin record forearc subsidence and sedimentation at a convergent margin for most of Mesozoic time and include the source rocks for Cenozoic oil and gas reservoirs the petroliferous Upper Cook Inlet petroleum system (e.g. Kirschner and Lyon, 1973; Nokleberg et al., 1994; Trop et al, 2007; Magoon, 1994; Lillis and Stanley, 2011). 
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[bookmark: _Toc449463309][bookmark: _Toc449525033]Figure 2.1 Simplified Geologic Map of the Study Area with Stations
Caption: Simplified geologic map of the study area with stations where I  measured fracture intensity (yellow squares) Modified from Betka and Gillis (2015). Domains separated by thin black line that transects Chinitna Bay. Figure references and station names are shown spatially next to their corresponding yellow square. Black stars denote locations of black stars in fig. 2.12.




Trop et al, 2007; Magoon, 1994; Lillis and Stanley, 2011). The immature arkosic, lithic, and volcanoclastic arc-derived sandstones, siltstones, and shales of the Upper Cook Inlet represent the exhumation of the Mesozoic arc located to the northwest of the basin (e.g. Plafker et al., 1989; Nokleberg et al., 1994; Trop et al., 2007). 
Conventional reservoir potential of the Mesozoic strata is poor because their primary porosity has been reduced by diagenetic alteration (Helmold et al., 2013). However, the Mesozoic strata are pervasively fractured and oil seeps that occur along faults and fractures were first drilled on the Iniskin Peninsula from 1900–1906. The last well drilled on the Iniskin Peninsula was in 1959 and economical production was never realized (Blasko, 1976). One offshore well successfully produced 180,000 barrels of oil from a fractured Jurassic reservoir in the Upper Cook inlet (Lepain et al, 2013 and references therein).  Understanding the density of regional fracture sets can inform the placement of well bores that can better produce a fractured reservoir (e.g. Engelder, 2009) and could bring economic potential to the low-porosity and permeability Mesozoic strata.
[bookmark: _Toc449526209][bookmark: _Toc449616219][bookmark: _Toc449692391][bookmark: _Toc449692489][bookmark: _Toc449692825][bookmark: _Toc450044448]Methods
[bookmark: _Toc449526210][bookmark: _Toc449616220][bookmark: _Toc449692392][bookmark: _Toc449692490][bookmark: _Toc449692826][bookmark: _Toc450044449]Macroscopic Fractures
Fracture apertures (widths) were measured along 31 scan lines in 9 formations following methods of Ortega and others (2006). The method involves identifying fracture sets in several geologic formations at outcrop scale, and setting up a scan line perpendicular to each fracture set (figure 2.2; 2.3). Fracture apertures were only measured for cement filled fractures because they are likely to preserve the opening aperture and less likely to be widened by post-fracturing processes such as erosion (figure 2.2).
This study employs the size-normalized fracture intensity (number of fractures of a given size or larger) measurement scheme of Ortega and others (2006). I identified fracture sets at the 20 localities on the basis of fracture orientations, set scan lines perpendicular to each set, and then measured the position and aperture (width) of every cement-filled fracture encountered along each scan line with a tape measure and logarithmically graduated fracture aperture comparator (figure 2.2; Ortega and others, 2006). The method of Ortega and others (2006) is a scale-independent approach to quantify fracture aperture distributions because it normalizes the cumulative number of fractures by the length of observation. 
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[bookmark: _Toc449463310][bookmark: _Toc449525034]Figure 2.2 Sample Scan Lines from the Field
Caption: A) Scan line at JR006 strike normal to the 310° Set A. Fractures of this set in this location strike roughly 344°. B) Detailed view of scan line in A showing several calcite filled fractures striking normal to scan line. C) Logarithmically gauged fracture comparator used for quickly and accurately measuring fracture width while progressing along a scan line. Typically, these are microscopically calibrated, but in the figure the comparator is not to scale. D) Scan line strikes normal to the 310° Set A at JR010. Fractures of this set in this location strike 318°. Enhanced contrast and slight discoloration highlights fractures. 



[bookmark: _Toc449463311][bookmark: _Toc449525035]Figure 2.3 Sample Scan Lines from the Field[image: ]
Caption A) Scan line at JR022 strike normal to the 310° Set A. Fractures of this set in this location on average strike 331°. B) Setting up a scan line normal to Set B at JR019. Set B fractures in this location strike 226°. C) Scan line at JR024 strike normal to the 310° Set A. Fractures in this locations strike on average 302°. 


The cumulative number of fractures within each interval of measure (gradations on the comparator) are counted and normalized by the length of the scan line to determine the cumulative frequency per meter. Cumulative frequency versus aperture distributions fit power-law scaling relationships across five orders of magnitude (for example, Marret and others, 1999). The coefficient and exponent of the power-law are determined by a least-squares regression; the coefficient represents the predicted number of fractures 1mm or larger per unit length and the exponent is the slope of the regression line in log-log space and thus is dependent on the abundance and range of fracture sizes (Ortega and others, 2006). Often, these regressions exhibit truncation and sampling biases. A sampling bias reflects the absence of large fractures encountered along the scan line because these fractures are less frequent. The truncation bias reflects a tendency to under sample fractures near the lower limit of detection. Data affected by truncation and sampling biases both plot below the regression line. In this study, data that reflected biases were excluded when calculating the least squares regression. I use the regression equation to compare fracture intensities from fracture sets at the 20 sampling locations to determine how fracture intensity correlates with formation and grain size.
[bookmark: _Toc449526211][bookmark: _Toc449616221][bookmark: _Toc449692393][bookmark: _Toc449692491][bookmark: _Toc449692827][bookmark: _Toc450044450]Microfractures
Fracture intensity was also determined by thin-section analysis of microfractures from 3 locations along 3 microscopic scan lines. Samples were collected along macroscopic scan lines so that the fracture intensity data from micro- and macroscopic scan lines can be compared. Samples were oriented parallel with the scan line (normal to the observed fracture set) and several thin sections were cut from one sample so that a continuous sample of the scan line was preserved. See Gomez and Laubach, (2006) for a description of the sampling methods employed in this study (figure 2.4). 
The thin sections were polished and carbon coated for use with the JEOL JXA-8530F scanning electron microscope at the University of Alaska Fairbanks Advanced Instrument Laboratory. I imaged these sections via backscattered electron microscopy, and constructed photo mosaics of micro-fractured samples to create scan lines across several thin sections.
BSE images were collected using a 10 nA beam current and 15 Kev accelerating voltage and a magnification of 500x. Using the microprobe imaging software Thermo Scientific NSS I chose an intermediate resolution of 1024 x 768. This resolution created a quality image without sacrificing processing time, roughly 300 images can be mosaicked at 1024 x 768 resolution.  
[image: ]
[bookmark: _Toc449463312][bookmark: _Toc449525036]Figure 2.4 Microscopic Scan Line 
Caption: A) Segmented thin section blocks to be made into a composite microscopic scan line (For more detailed explanation see figure 2 & 3 from Gomez and Laubach, 2006). Microscopic scan line from JR014. Scan line shown as white line, with fracture apertures highlighted in red.  Filled macro fracture aperture shown at far right. C) Microscopic conjugate fracture from JR010. Suggests that macroscopic features scale microscopically. D) Microscopic en echelon fracture from JR018. Again suggests macroscopic features scale microscopically. 

Using the “Grid” function under “Electron Imaging”, a narrow grid (1-2 millimeters) of images was collected along the length of the sample (roughly 30 millimeters). This results in a grid of roughly 2 x 150 images. The images were merged into a single photo mosaic with the “Create Montage function under batch processing.
I subsequently used ImageJ to measure fracture apertures in the photo mosaics. The process is as follows:
1. Set scale of image from a known measured length from Thermo Scientific NSS (this step assigns a length to a pixel size; i.e. 1 pixel equals 1 micron)
2. Draw a scan line normal to the fracture set of interest
3. Draw individual lines spanning each fracture aperture along the scan line
4. Use the measure function to measure each line spanning the fracture apertures
5. Export data
Microscopic fractures were plotted on cumulative frequency diagrams using the same methods described above. Microscopic fracture data were plotted with macroscopic data to evaluate the validity of extrapolating power law regressions of microfractures to estimate macroscopic fracture intensity. The power law equation quantifies the fracture intensity over the range of fracture sizes and the coefficients and slopes can be used to compare fracture intensity with various lithologic parameters (i.e. grain size, cement percentage) (e.g. Ortega et al, 2010). I compare fracture intensity with grain size, formation, and fracture set. 
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Macrofractures were quantified at 20 stations in 9 formations using 31 scan lines. All data sets are best fit by power law regressions. Macroscopic scan lines from the 31 scan lines range from 1.835 to 35.48 m in length and were on average 9.684 m long. Macroscopic fracture apertures across the 31 scan lines ranged in size from 0.05 mm to 10 mm. The results are summarized in Tables 2.1 and 2.2. Grain size values and rock type for each station are listed in Table 2.2. The results are organized by formation and stratigraphic age. 
Kamishak Formation
JR026 
One scan line was used to document the fracture intensity of the 310° set at JR022 Bed 2 (figure 2.5a). The scan line length was 3.85 m and I measured 106 apertures (Table 2.1). The mean strike of the 310° set at this location was 340°. Fracture apertures ranged in size from 0.05 – 8mm. The fracture intensity coefficient and slope for the power law regression at this location are 2.248 and -0.834, respectively (Table 2.2). The rock type was a micritic limestone, and the grain size was very fine lower (0.062 mm). 
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[bookmark: _Toc449463313][bookmark: _Toc449525037]Figure 2.5 Cumulative Frequency Diagrams for Fracture Sets at each Station
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[bookmark: _Toc449463314][bookmark: _Toc449525038]Figure 2.6 Cumulative Frequency Diagrams for Fracture Sets at each Station
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[bookmark: _Toc449463315][bookmark: _Toc449525039]Figure 2.7 Cumulative Frequency Diagrams for Fracture Sets at each Station
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[bookmark: _Toc449463316][bookmark: _Toc449525040]Figure 2.8 Cumulative Frequency Diagrams for Fracture Sets at each Station
Caption: Figures 2.5-2.8: Cumulative frequency diagrams for fracture sets measured at each station. Plots are logarithmic on the x and y axis with the x axis representing fracture aperture and the y axis representing cumulative frequency per meter. Set A denoted with red squares. Set B denoted with orange circles. Set C denoted with blue triangles. Set D denoted with green exes. Power law regressions for each set are shown corresponding color to symbols with dashed lines. Power law regression equation shown as red text. Station number shown in graph title. See text for discussion. 













[image: ][bookmark: _Toc449515522][bookmark: _Toc449515935][bookmark: _Toc449525049][bookmark: _Toc449525142]Table 2.1: Station locations, orientations of stations, number of apertures measured, and scan line length


[image: ]Table 2.2: Power Law Coefficient, Power Law Exponent, Rock Type, Grain Size, Sample, and Thin Sections


Talkeetna Formation
JR022 Bed 1
One scan line was used to document the fracture intensity of the 310° set at JR022 Bed 1 (figure 2.3; 2.5b). The scan line length was 6.40 m and I measured 59 apertures (Table 2.1). The mean strike of the 310° set at this location was 331°. Fracture apertures ranged in size from 0.05 – 1.15 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.2914 and -1.19, respectively (Table 2.2). The rock type was a volcaniclastic sandstone, and the grain size was medium upper (0.5 mm).
JR022 Bed 2
 One scan line was used to document the fracture intensity of the 310° fracture set at JR022 Bed 2 (figure 2.5c). The scan line length was 6.320 m and I measured 88 apertures (Table 2.1). The mean strike for the 310° set at this location was 310°. Fracture apertures ranged in size from 0.05 – 1.40 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.2885 and -1.356, respectively (Table 2.2). The rock type was a volcaniclastic sandstone, and the grain size was medium upper (0.5 mm).
JR024
Four scan lines at JR024 Bed Two were used to document the fracture intensity of four fracture sets (the 310°, 210°, 250°, and 360°) in the Red Glacier Formation (figure 2.3; 2.5d). Scan line lengths were 7.95 m (n=224), 5.042 m (n=167), 2.480 m (n=112), and 1.9 m (n=48) for the 310°, 210°, 250°, and 360° sets respectively (Table 2.1). The mean strike for each set is 325° (310°), 231° (210°), 275° (250°), and 360° (360°) (Table 2.1). Fracture apertures ranged from 0.05–2.65 mm across at this station. The fracture intensity coefficients for the 310°, 210°, 250°, and 360° sets are 0.9169, 0.6611, 1.0746, and .3935 respectively (Table 2.2). The 250° fracture set is the most intense at this location, followed by fracture set the 310°, 210° and 360° respectively. Power law regression slopes for the 310°, 210°, 250°, and 360° fracture sets are -1.375, -1.376, -1.304, and-1.443, respectively. The rock type was a volcaniclastic siltstone, and the grain size was very fine lower (0.062 mm).
Red Glacier Formation
JR019
Three scan lines at JR019 Bed Two were used to document the fracture intensity of three fracture sets (310°, 210°, and 250°) in the Red Glacier Formation (figure 2.3; 2.5e). Scan line lengths were 8.448 m (n =107), 6.192 m (n=68), and 6.870 m (n=88) for the 310°, 210°, and 250° sets respectively (Table 2.1). The mean strike for each set is 313° (310°), 226° (210°), and 275° (250°) (Table 2.1). Fracture apertures ranged from 0.05–2.15 mm across all three sets. The fracture intensity coefficients the 310°, 210°, and 250° sets are 0.4051, .1116, and 0.6878, respectively (Table 2.2). The 250° is the most intense at this location, followed by fracture the 310° and 210° fracture sets. Power law regression slopes for the 310°, 210°, and 250° fracture sets are -1.207, -1.538, and -1.118, respectively. The rock type was a siltstone, and the grain size was silt – very fine lower (0.05 mm).
Cynthia Falls Formation
JR009
One scan line was used to document the fracture intensity of the 310° set at JR009 (figure 2.5f). The scan line length was 13.5 m and I measured 108 apertures (Table 2.1). The mean strike for the 310° set at this location was 304°. Fracture apertures ranged in size from 0.75 – 1.75 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.2838 and -1.994, respectively (Table 2.2). The rock type was siltstone, and the grain size was very fine lower (0.062 mm).
Paveloff Member (Chinitna Formation)
JR006 
Three scan lines at JR006 were used to document the fracture intensity of three fracture sets (310°, 210°, and 250°) in the Paveloff Siltstone Member (figure 2; 2.6a). Scan line lengths were 14.98 m (number of fractures (n) =449), 4.75 m (n=72), and 15.81 m (n=62) for the 310°, 210°, and 250° sets, respectively (Table 1). The mean strike for each set is 344° (310°), 200° (210°), and 264° (250°) (figure 2.2e). Fracture apertures ranged from 0.05–10 mm across all three sets. The fracture intensity coefficients the 310°, 210°, and 250° sets are 1.21, 0.36, and 0.29, respectively (Table 2.2). The 310° set is the most intense at this location, followed by fracture by the 210° and then 250° sets. Power law regression slopes for the 310°, 210°, and 250° sets are -1.099, -1.364, and -0.958, respectively. The rock type was a siltstone, and the grain size was silt to very fine lower (0.062 mm).
JR015
One scan line was used to document the fracture intensity of the 360° fracture set at JR015 (figure 2.6b). The scan line length was 6.3 m and I measured 181 apertures (Table 2.1). The mean strike for the 360° set at this location was 365°. Fracture apertures ranged in size from 0.05 – 7 mm. The fracture intensity coefficient and slope for the power law regression at this location are 1.6458 and -1.061, respectively (Table 2.2). The rock type was a lithic sandstone, and the grain size was fine – medium lower (0.25 mm).
JR018 
One scan line was used to document the fracture intensity of fracture 310° at JR018 (figure 2.6c). The scan line length was 10.04 m and I measured 71 apertures (Table 2.1). The mean strike for the 310° set at this location was 335°. Fracture apertures ranged in size from 0.05 – 1.15 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.2373 and -1.232, respectively (Table 2.2). The rock type was a lithic sandstone, and the grain size was medium upper to medium lower (0.375 mm).
JR018 Bed 2
One scan line was used to document the fracture intensity of the 310° set at JR018 in a finer grained bed (figure 6d). The scan line length was 5.1 m and I measured 74 apertures (Table 2.1). The mean strike for the 310° set at this location was 310°. Fracture apertures ranged in size from 0.05 – 0.75 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.4684 and -1.148, respectively (Table 2.2). The rock type was a lithic sandstone, and the grain size was medium upper (0.85 mm).
Lower Sand Member (Naknek Formation)
JR013
One scan line was used to document the fracture intensity of the 360° set at JR013 (figure 2.6e). The scan line length was 6.8 m and I measured 103 apertures (Table 2.1). The mean strike for the 360° set at this location was 360°. Fracture apertures ranged in size from 0.05 – 1.15 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.2005 and -1.573, respectively (Table 2.2). The rock type was a lithic sandstone, and the grain size was medium lower (0.33 mm).
JR014
One scan line was used to document the fracture intensity of fracture 210° at JR014 (figure 2.6f). The scan line length was 16.8 m and I measured 77 apertures (Table 2.1). The mean strike for the 210° set at this location was 200°. Fracture apertures ranged in size from 0.05 – 2.65 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.9251 and -0.77, respectively (Table 2.2). The rock type was a lithic sandstone, and the grain size was medium upper to very coarse lower (1 mm).
Chisik Conglomerate Member (Naknek Formation)
JR027
One scan line was used to document the fracture intensity of the 310° at JR027 (figure 2.7a). The scan line length was 16.73 m and I measured 54 apertures (Table 2.1). The mean strike for the 310° at this location was 310°. Fracture apertures ranged in size from 0.05 – 2.65 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.4258 and -0.741 respectively (Table 2.2). The rock type was an arkosic sandstone, and the grain size was very coarse upper (1.5 mm).
Snugg Harbor Member (Naknek Formation)
JR016
Two scan lines at JR016 document the fracture intensity of two fracture sets (310° and 210°) in the Snugg Harbor Siltstone Member (figure 2.7b). Scan line lengths were 2.028 m (n=208) and 4.88 m (n=103) for the 310° and 210° sets respectively. The mean strike for each set is 300° (310°) and 197° (210°) (Table 2.1). Fracture apertures ranged from 0.05–1.75 mm across both sets. The fracture intensity coefficients for the 310° and 210° sets are 0.927 and 0.6198, respectively (Table 2.2). The 310° set has the highest intensity of fracture sets at this location. Power law regression slopes for the 310° and 210° sets are -2.465 and -1.16, respectively. The rock type was a siltstone, and the grain size was silt to very fine lower (0.05 mm).
JR025 
One scan line was used to document the fracture intensity of the 310° set at JR025 (figure 2.7c). The scan line length was 6.99 m and I measured 216 apertures (Table 1). The mean strike for the 310° set at this location was 307°. Fracture apertures ranged in size from 0.05 – 10 mm. The fracture intensity coefficient and slope for the power law regression at this location are 2.9634 and -0.794 respectively (Table 2.2). The rock type was a siltstone, and the grain size was silt to very fine lower (0.05 mm).
Pomeroy Member (Naknek Formation)
JR010 Bed 1
Two scan lines at JR010 Bed One document the fracture intensity of two fracture sets (310° and 210°) in the Pomeroy Arkose Member (figures 2.2, 2.7d); the 250° set was present but was not measured at this locality.  Scan line lengths were 35.48 m (n=208) and 19.44 m (n=103) for the 310° and 210° sets respectively. The mean strike for each set is 318° (310°) and 215° (210°) (Table 2.1). Fracture apertures ranged from 0.05–2.65 mm across both sets. The fracture intensity coefficients for sets A and B are 0.33 and 0.14, respectively (Table 2.2). The 310° set has the highest intensity of fracture sets at this location. Power law regression slopes for fracture the 310° and 210° sets are -1.069 and -1.308 respectively. The rock type was arkosic sandstone, and the grain size was medium upper (0.65 mm).   
JR010 Bed 2
Three scan lines at JR010 Bed Two were used to document the fracture intensity of three fracture sets (310°, 210°, and 360°) in the Pomeroy Arkose Member (figure 2.7e). Scan line lengths were 16.60 m (n =161), 1.835 m (n=68), and 3.880 m (n=102) for sets the 310°, 210°, and 360° respectively (Table 2.1). The mean strike for each set is 315° (310°), 220° (210°), and 350° (360°) (Table 2.1). Fracture apertures ranged from 0.05–1.4 mm across all three sets. The fracture intensity coefficients for the 310°, 210°, and 360° sets are 0.5928, 1.0796, and 0.7334, respectively (Table 2.2). The 210° set has the highest fracture intensity at this location, followed by the 360° and 310° sets respectively. Power law regression slopes for fractures the 310°, 210°, and 360° sets are -1.013, -1.269, and -1.235 respectively. The rock type was an arkosic sandstone, and the grain size was medium lower (0.5 mm).
JR023 Bed 1
One scan line was used to document the fracture intensity of fracture 210° at JR023 in a coarse grained bed (figure 8a). The scan line length was 24.36 m and I measured 73 apertures (Table 2.1). The mean strike for the 210° set at this location was 230°. Fracture apertures ranged in size from 0.05 – 7 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.8077 and -1.177, respectively (Table 2.2). The rock type was a matrix supported conglomerate, and the matrix grain size was very coarse upper (2 mm).
JR023 Bed 2
One scan line was used to document the fracture intensity of the 310° set at JR023 in a fine grained bed (figure 8b). The scan line length was 8.73 m and we measured 108 apertures (Table 2.1). The mean strike for the 310° set at this location was 295°. Fracture apertures ranged in size from 0.05 – 10 mm. The fracture intensity coefficient and slope for the power law regression at this location are 2.27 and -1.071, respectively (Table 2.2). The rock type was lithic sandstone, and the grain size was medium lower to fine (0.2 mm).
[bookmark: _Toc449526214][bookmark: _Toc449616224][bookmark: _Toc449692396][bookmark: _Toc449692494][bookmark: _Toc449692830][bookmark: _Toc450044453]Microfractures
Microfractures were quantified thin sections from the Paveloff member of the Chinitna Formation (JR018), and the Pomeroy and Lower Sand members of the Naknek Formation (JR010 and JR014, respectively). Microfracture measurements were compared with the macrofracture data in each location. Microscopic scan lines from the three thin sections range from 18 to 28 mm in length and were on average 24 mm long. Fracture fill was generally absent; thus I measured unfilled fracture apertures. Microscopic fracture apertures across the three thin sections ranged in size from 0.0003 mm to 0.036 mm. Macroscopic fracture apertures from the corresponding three field sites range from .05 mm to 2.65 mm. Altogether, the fracture apertures span five orders of magnitude. 
Paveloff
One scan line was used to document the microscopic fracture intensity of the 310° set in a thin section from bed 1 from JR018 (figure 2.9a). The scan line length was 28 mm and I measured 74 apertures. The mean strike for the 310° fracture set was 295° at this location. Fracture apertures ranged in size from 4.5 x 10-4 – 4.5 x 10-2 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.2179 and -1.435, respectively.  
Lower Sand
One scan line was used to document the microscopic fracture intensity of the 210° set in a thin section from bed 1 from JR014 (figure 2.9b). The scan line length was 18 mm and I measured 112 apertures. The mean strike for the 210° set at this location was 201°. Fracture apertures ranged in size from 2.5 x 10-4 – 8.9 x 10-2 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.3005 and -1.384, respectively.  
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[bookmark: _Toc449463317][bookmark: _Toc449525041]Figure 2.9 Cumulative Frequency Diagrams for Microscopic and Macroscopic Fractures
Caption: Cumulative frequency diagrams for microscopic and macroscopic fractures for station JR018, JR014, and JR010, respectively. A = Top, B = Middle, and C = Bottom. Plots are logarithmic on the x and y axis with the x axis representing fracture aperture and the y axis representing cumulative frequency per meter. JR010 and JR018 (figs. 9a, 9c) show fractures from the 310°, and JR014 shows fractures from the 210° set (fig. 9b). Microscopic fractures shown with blue and macroscopic fractures shown with red. Regression lines are color coded to match with the microscopic or macroscopic data and extrapolated to show differences in predicted and actual estimations. Black regression line is regression line for the microscopic and macroscopic fractures combined. 





[bookmark: _Toc449692495][bookmark: _Toc449692831][bookmark: _Toc450044454]Pomeroy
One scan line was used to document the microscopic fracture intensity of the 310° set in a thin section from bed 1 from JR010 Bed One (figure 2.9c). The scan line length was 27.7 mm and I measured 107 apertures. The mean strike for the 310° set at this location was 318°. Fracture apertures ranged in size from 5 x 10-4 – 4 x 10-3 mm. The fracture intensity coefficient and slope for the power law regression at this location are 0.2775 and -1.299 respectively.  
[bookmark: _Toc449526215][bookmark: _Toc449616225][bookmark: _Toc449692397][bookmark: _Toc449692496][bookmark: _Toc449692832][bookmark: _Toc450044455]Analysis of Results
In this section, I statistically analyze the distribution of fracture intensity (of fractures ≥ 0.2 mm) and least-squares regression coefficients and exponents (slopes). I test for a relationship between grain size and fracture intensity (of fractures ≥ 0.2 mm) and I evaluate how fracture intensity changes across different formations in the field area. Lastly, I qualitatively evaluate how fractures of larger or smaller size cluster along four example scan lines. 
[bookmark: _Toc449526216][bookmark: _Toc449616226][bookmark: _Toc449692398][bookmark: _Toc449692497][bookmark: _Toc449692833][bookmark: _Toc450044456]Testing for a correlation between Fracture Intensity ( 0.2 mm) and grain size.
To test for a relationship between fracture intensity (fractures ≥ 0.2 mm) and grain size I plotted grain size vs. fracture intensity for all four fracture sets (figure 2.10). The 310° set shows a poor negative correlation between fracture intensity and grain size (R2 = 0.334; fig. 10a). The three remaining fracture sets show no correlation between fracture intensity and grain size (R2 < 0.1 in each case). When all of the data are plotted together, there is no correlation (R2 = 0.089; Fig. 10e). Therefore, I conclude that fracture intensity is not influenced by grain size in the beds and formations in which I sampled. 
[bookmark: _Toc449526217][bookmark: _Toc449616227][bookmark: _Toc449692399][bookmark: _Toc449692498][bookmark: _Toc449692834][bookmark: _Toc450044457]Testing for a correlation between fracture intensity, rock formation, and fracture set.  
To evaluate how fracture intensity varies by formation and fracture set I plotted histograms that show the fracture intensity (F>0.2mm) and exponents of the least-squares regression equations for each fracture set and formation in the field area (figure 2.11). Figure 2.11a shows the distribution of fracture intensity (F>0.2mm). The 310° set has consistently higher fracture intensities than the other fracture sets, followed the 210°, 360°, and 250° sets. That being said, the 250° fracture set has the highest fracture intensity at two of the three stations it was sampled. There is no apparent trend between fracture intensity and formation. Fracture intensities are variable across all studied formations. Individual formations contain both high and low fracture intensities in similar strata. Three stations with highest fracture intensities are 
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[bookmark: _Toc449525042]Figure 2.10 Fracture Intensity versus Grain Size
Caption: Fracture Intensity vs grain size. Fracture set labeled at top of figure. X and y axes are logarithmic with grain size in mm on the x axis and fracture intensity of 0.2 mm on the y axis. Regression shown as dashed line on graph. See text for discussion. 
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[bookmark: _Toc449525043]Figure 2.11 Fracture Intensity and Power Law Exponent vs Formation
Caption: Top) Fracture intensity of fractures ≥ 0.2 mm vs formation. Fracture intensities are organized by fracture set and color coded on graph and then organized by formation labeled on the x axis. See text for discussion. Bottom) Power law regression exponent vs formation. Power law regression exponents are organized by fracture set and color coded on graph and then organized by formation labeled on the x axis. See text for discussion. Black stars denote stations with high fracture intensities that are near faults.








located near faults (i.e. the Bruin Bay fault, figure 2.1). Thus, it is likely that faults locally increased the intensity of fracture sets.
When the exponents are compiled in figure 11b, variability in slope is erratic across all formations and no trend is apparent. Because there are not trends in the data (i.e. consistently higher or lower fracture intensity [figure 2.11a] or exponents [figure 2.11b] within formations), I conclude that the fracture intensity does not vary by formation.
To describe the bulk distribution of fracture intensity throughout the study area, figure 2.12 shows the histograms of fracture intensity (figure 2.12a) (F>0.2mm) as well as the coefficients (figure 2.12b) and exponents (figure 12c) of the regression equations throughout the study area. Fracture intensities for fractures ≥ 0.2 mm range from 1.17 to 20.536, or one order of magnitude (figure 2.12a). The power law coefficients are not normally distributed and have significant outliers. The mean coefficient is 0.816 for the study area. The fracture intensity exponents are normally distributed with a slight skew to the left. The 95% confidence intervals of fracture intensity coefficients and slopes are 0.816 (± 1.212) and -1.188 (± 0.504), respectively (figures 2.12b, c). 
To further test the hypothesis that fracture intensity varies by fracture set, fracture intensities for the four fracture sets were statistically analyzed using a box plot (figure 2.13). This shows that while there is more variability within the 310° fracture set, all four fracture sets are fairly close in median fracture intensity. The box plot tails show the range of fracture intensity for each set and the boxes show the 1st, 2nd (median value) and 3rd quartile of the distribution (figure 2.13; Table 3). The data suggests that fracture intensity does not change significantly by fracture set.
[bookmark: _Toc449526218][bookmark: _Toc449616228][bookmark: _Toc449692400][bookmark: _Toc449692499][bookmark: _Toc449692835][bookmark: _Toc450044458]Fracture Spacing
Finally, to qualitatively evaluate if the relative densities of fracture sizes varied spatially, I plotted fracture aperture vs distance along the scan line (figures 2.14 & 2.15). In all four examples, large fractures cluster closely together, separated by numerous smaller fractures. I interpret this clustering to indicate that interactions between larger and smaller fractures proliferates deformation locally. 
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In the previous section, I tested for a correlation between fracture intensity (of fractures ≥ 0.2 mm), power law regression coefficients and slopes with formation, grain size, and fracture set as well as spatial clustering of large fractures. I now discuss those results in the context of previous work. I begin the discussion by offering explanations for the variation in fracture intensity in my field area. I then move on to discuss variability in fracture intensity at outcrop, power law regression slope by formation, power law scaling relationships, and lastly the implications for microfractures as predictors of macrofractures. 
Results indicate that within the study area, variation in fracture intensity does not correlate with grain size. In Ortega et al. (2010), they correlate fracture intensity with dolomite content, mud content, and facies changes. Thus, it is plausible that through additional sedimentary analysis of the studied lithology, one could find further lithologic controls on fracture intensity using this data as a starting point. Possible lithologic controls could be cement type, cement percentage, and depositional environment (i.e. subtidal, intertidal, etc…). However, there is little variation in fracture intensity across formations that were deposited in different depositional environments within the field area (figure 2.11). Thus, it is likely that variation in fracture intensity does not vary with lithologic changes in the study area. 
Alternatively, I postulate that fracture intensity differences likely stem from changes in local structural complexity (i.e. nearby faults [Savage et al., 2010]) (figures 2.1; 2.11). Three stations (JR025, JR023, and JR026) were sampled near known mapped faults, and had higher fracture intensities than stations not sampled near faults. My fracture spacing data are consistent with observations made by Savage et al. (2010) where fracture intensity increases as fractures are closer to faults and other large fractures (figures 2.14-2.15). High strain localized along faults and/or other large fractures could likely cause fractures to coalesce and locally increase the fracture density. 
The slopes (exponents) of power law regressions that quantify fracture intensity show little variation throughout the study area (figures 2.11; 2.12). This suggests that relative fracture frequency between fracture sizes (i.e. 10 small fractures for 1 big fracture) are consistent across a wide range of lithologies and locations within my field area. This observation is consistent with previous work in fracture intensity, where it has been proposed that one could use a universal scaling exponent for power law correlations in specific rock types and regions (e.g. Hooker et al., 2014). Thus, given the consistency and 
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[bookmark: _Toc449525044]Figure 2.12 Histograms of Fracture Intensity, Coefficient, and Slope
Caption: Histograms of fracture intensity of 0.2 mm of larger and slope. Left) Fracture intensities of 0.2mm or larger are not normally distributed as evidenced by significant difference in median and mean. A significant tail to the right and a skewed peak on left of graph effectively demonstrates a skewed distribution. Right) Frequency of slopes are apparently normally distributed as evidence by similar median and mean. There is a very slight left skew. Bottom Left) Coefficients are not normally distributed showing significant outliers to the right with a strong left skew. See text for discussion. 

normal distribution of slopes across my study area, I suggest that a universal scaling exponent could be used when discussing fracture intensities in the region. I propose that an exponent of -1.188 (± 0.504) could accurately estimate 95% of slopes for power law regressions in the Cook Inlet.
Microfractures from my samples span 2.5 orders of magnitude in size and generally show stronger truncation and observation biases than the macro fracture data (figure 2.9). Due to limitations in resolution, I could not measure the smallest of micro fractures. Thus, I could potentially miss and therefore not quantify the true abundance of micro fractures (e.g., Hooker et al., 2014; Hooker and Laubach, 2007). Large fractures were rare in my thin sections, likely because the samples I collected were often plucked from or exploited preexisting macro fractures in the field; limiting their presence in my samples. 
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[bookmark: _Toc449525045]Figure 2.13: Box Plots of Fracture Intensity by Set
Box plots for fracture intensities of 0.2 mm of the four fracture sets. Minimum and maximum shown with tails, and 1st 2nd and 3rd quartiles are shown by boxes instead of mean and standard deviations.

The exponents and coefficients of the regression equations for micro fractures are well within the 95% confidence interval for slopes and coefficients established by outcrop analysis of macrofractures. Projecting the power law from microfractures into the domain of macrofractures suggests that one could accurately estimate macrofracture abundance by measuring microfractures (figure 2.9). Therefore, because measuring macrofractures in the subsurface is difficult (e.g. Narr, 1991; Laubach, 2003), one could measure microfractures in core and accurately estimate macrofracture intensities in the subsurface. While I did not have the opportunity to measure core in this study, other previous workers have come to similar conclusions working on samples from the subsurface (e.g. Hooker et al., 2014). Furthermore, because the macrofractures sampled at the surface were filled they likely opened in the subsurface. The sampled microfractures despite not being filled show strong correlations in spacing, and relative frequency to macrofractures. Thus, despite not being from the subsurface, it is likely that my descriptions can at least attempt to estimate subsurface fracture intensity, on the basis that most fractures likely formed in the subsurface. In conclusion, while microfractures are not critical for fluid flow (Laubach, 1997), they could serve as a proxy for estimating macrofracture distributions (which are critical for understanding fluid flow in reservoirs).
My results indicate that in feldspathic and lithic sandstones, fracture size distributions can be well quantified using cumulative frequency plots and power law regressions (figures 2.5-2.9). My observations across multiple scales suggest that fractures in the lithic and feldspathic sandstones follow power law scaling relationships across five orders of magnitude in a given fracture set (figures 2.9). This is consistent with previous work on scaling relationships of micro and macro fractures (e.g., Marret et al., 1999; Hooker et al., 2009; 2014). 
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Table 2.3:  Fracture Intensity Statistics by Set
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[bookmark: _Toc449525046]Figure 2.14 Fracture Aperture Size versus Distance along the Scan Line
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[bookmark: _Toc449525047]Figure 2.15 Fracture Aperture Size versus Distance along the Scan Line
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Figure 2.14-2.15: Fracture aperture size versus distance along the scan line. 
Caption: Fracture aperture size versus distance along the scan line. Station location and set denoted at top of graph. X axis has distance in meters along the scan line and y axis has width of fracture aperture in mm. See text for discussion.
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Average fracture intensities for fractures ≥ 0.2 mm in the 310°, 210°, 250°, and 360° fracture sets are 6.13, 4.05, 4.75, and 5.1885, respectively. These fracture sets share similar fracture intensities, and that despite being slightly different, the range of values from Q1 to Q3 is similar for all four fracture sets (figure 2.13). 
Power law regression slopes that quantify the size normalized cumulative frequency plots suggest that the range and relative frequency of fracture sizes is similar for all formations across the study area (figures 2.11; 2.12). I suggest that a scaling exponent of -1.188 (± 0.504) would accurately quantify 95% of the slopes for future regressions done in the area.  
Grain size does not correlate with fracture intensity in the studied strata, and thus, fracture intensity must be controlled by other variables. I suggest that lithologic parameters such as cement percentage, cement type, and facies might show a stronger correlation with fracture intensity, and that these variables should be taken into account for future work.
Fracture intensity locally increases near faults or other large fractures. Two outcrops (JR025 & JR026) located near the Bruin Bay fault show the highest FI in the study, while one outcrop near a small cross fault also shows higher fracture intensity (JR023). Similarly, fracture spacing data in figures 2.14 and 2.15 show that fractures of larger sizes cluster more closely together. I suggest that as fractures and faults open through progressive coalescence of smaller fractures, stress accumulates in the surrounding rock body. When this stress accumulates in the surrounding rock body, other fractures will form, leaving behind permanent strain that localizes near areas where stress is concentrated (faults and large fractures). Thus, areas that could most likely serve as locations for concentrated fluid flow would be areas near large fractures, or small faults.
Microfractures can be used as a proxy for determining the fracture intensity of macrofractures at larger scales. Microfractures can accurately predict relative abundances of macrofractures within an order of magnitude (figure 2.9). Thus, I suggest that microfractural analysis of core, thin sections, and hand samples will effectively predict macrofracture intensity within one order of magnitude. Furthermore, my results show that feldspathic and lithic sandstones and siltstones follow power law spacing relationships across five orders of magnitude, similar to other previously studied lithologies (e.g. Marret et al., 1999; Ortega et al., 2010; Hooker et al., 2014). 
Although there is little variation in fracture intensities between sets, the average fracture intensity for the 310° fracture set is slightly greater than the others, and the 310 set has the largest range in fracture intensity (Table 2.3). This fracture set is also the fracture set most likely to open or reopen under the modern stress regime (see Ruppert, 2008).  Therefore, I suggest that the 310 fracture set likely has the greatest influence on fluid migration in the Cook Inlet Basin. Absolute ages of this fracture set are difficult to interpret. In chapter 1, I demonstrate that these fractures are at least Eocene in age. Therefore, 310° fractures could have aided hydrocarbon migration in the Cook Inlet Basin since Eocene time.  	Comment by Bob: Hmmm, only that it’s not younger than Eocene, right?
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[bookmark: _Toc449616232][bookmark: _Toc449692404][bookmark: _Toc449692503][bookmark: _Toc449692839][bookmark: _Toc450044462]General Conclusions
This study had three objectives: 
1. What was the timeline of deformation in the Cook Inlet, and what were the major tectonic driver(s) for the deformation?
2. What controls fracture intensity within the fractured Mesozoic section of Cook Inlet?
3. What role do fractures play in the unconventional fractured resource potential of the region?
Chapter one addresses objective one. I identify four regionally present fracture sets within the Mesozoic – Cenozoic sedimentary section of the lower Cook Inlet. I interpret these four sets, oriented 360°, 310°, 250° and 210°, as having opened as a result of several tectonic events, initiating primarily in late Cretaceous – Early Paleocene and terminating in Oligocene – now. I interpret the oldest of these four fracture sets (360° fracture set) as having opened in response to N-S convergence and subduction of the Pacific plate in Paleocene time. More 360° fractures and some 310° fractures formed as a conjugate pair during the onset of ridge subduction in early Cenozoic time roughly 52Ma. After the subduction of the Kula – Resurrection spreading ridge, the 250° and 310° fracture sets open and proliferate, respectively. This would be consistent with ESE shortening documented by Betka and Gillis (2014) and is consistent with interpretations by Roeske et al. (2003) and Haeussler et al. (2003) involving dextral transpression of the southern Alaska Margin after Eocene time. Lastly, the arrival of Yakutat in late Oligocene time further proliferated the 310° fracture set, opened the 210° fracture set, and folded and tilted the Mesozoic and Cenozoic strata. 
Chapter two addresses objectives two and three. I determine that rock type, formation, and grain size show no correlation with fracture intensity, and that it’s likely that structural position plays the largest role in a rocks fracture intensity. I outline that scan lines on microscopic fracture correlate well with scan lines in macroscopic fractures. Studying microfractures then could allow one to accurately characterize macrofracture abundance at the reservoir scale. This is enormously useful as measuring subsurface fractures is notoriously difficult. These fractures are the most likely migration pathways for subsurface hydrocarbons, as the rocks of the Lower Cook Inlet are notoriously impermeable (Helmold et al., 2013).
[bookmark: _Toc449616233][bookmark: _Toc449692405][bookmark: _Toc449692504][bookmark: _Toc449692840][bookmark: _Toc450044463]Future Work
While I demonstrated a correlation between macrofractures and microfractures at the surface, it would be interesting for one to correlate microfractures from subsurface core with macrofractures from outcrop. While I measured filled fractures at outcrops implying a subsurface origin, it’s still uncertain at what depth these fractures filled, and what caused the fractures to fill. If the mechanism for fracture fill was near surface groundwater mixing with connate water in the subsurface, then it is possible that the majority of fractures in the subsurface remain as open fluid flow pathways. These two research ideas (understanding fracture fill mechanisms and subsurface microfractures) would be excellent objectives for future work regarding the subsurface reservoir potential of lower Cook Inlet. 
Further field work in the Cretaceous strata south of Augustine Island, and Cenozoic strata north of Tuxedni bay would serve as excellent objectives for further exploring stratigraphic partitions of fracture sets. By isolating these fracture sets to certain stratigraphic units, one could further narrow down which fracture sets can be attributed to certain tectonic events. 
Intrusive dikes following fracture sets could help establish additional absolute age constraints for regional brittle deformation. Dikes were observed and sampled throughout the study area. Fractures commonly cross cut these dikes, and these dikes commonly intruded fracture sets. One could establish relative ages of fracture sets within the region by dating these dikes. These ages would constrain when regional brittle deformation was occurring. One intrusive dike just north of Augustine Island remains undated but has grains awaiting analysis. This dike was found heavily deformed in the hanging wall of the Bruin Bay Fault and would serve as an excellent timing constraint for slip on the Bruin Bay Fault, and could allow for connecting regional fracturing to regional faulting. 
Paleomagnetic analysis for the sedimentary section in the Cook Inlet could also help confirm the amount of vertical axis rotation determined by this study. We show evidence of vertical axis rotation of the four present fracture sets. Sampling south of Augustine and North of Tuxedni bay would allow one to test for regional rotations (maybe due to oroclinal bending), local rotations (due to faulting or folding), or rotations stratigraphically (i.e. determining which stratigraphic units have experienced vertical axis rotation).  
These data, combined with the data presented in this study, could have implications for interpreting forearc basin response to various tectonic events, and understanding the complex tectonic history of Alaska’s southern margin. 
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[bookmark: _Toc450044465]Supplementary Data Files
[bookmark: _Toc450044466]Fracture Orientations 
Fractures have been backtilted and rotated about a vertical axis to a common reference strike (40 degrees). Data are color coded by fracture set: Red = 310°; Light Red = Possible 310°; Green = 360°; Light Green = Possible 360°; Blue = 250°; Light Blue = Possible 250°; Orange = 210°; Light Orange = Possible 210°; Tan/Gold = Noise or otherwise unidentified. Fracture sets are delimited into individual sheets. 
[bookmark: _Toc450044467]Macrofracture Scanlines
Scan lines data are organized by formation, station, and then fracture set sampled. Distances along scanline and apertures are in mm.  
[bookmark: _Toc450044468]Microfracture Scanlines
Scan lines data are organized by location. Fracture set sampled in title of excel spread sheet. Within spread sheet, observation, and aperture in mm are listed. 
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Plunging-fold with pre-existing fractures. Note
that fracture strike does not change (although the
dip does slightly). However bedding attitude
changes progressively by 90° at the plunging axis
without vertical axis rotation. Therefore restoring
bedding strike using two rotations (about H & V
axes) to a “regional strike” may artificially rotate
pre-existing fractures (particularly in the case

of detachment folding where horizontal translation
Y is minimal).
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about your methods and results-

How do you uniquely bin fractures and identify fracture sets? If it
is arbitrary, then how does that skew your results for which you
perform a quantitative statistical analysis? Will moving fractures
into different overlapping sets introduce or decrease scatter in
your k-parameters tests or change the slopes of your strike tests?
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