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Abstract

:

Central Interior Alaska is one of the most seismically active regions in North America, exhibiting a high concentration of intraplate earthquakes approximately 700 km away from the southern Alaska subduction zone. Seismological evidence suggests that intraplate seismicity in the region is not uniformly distributed, but concentrated in several discrete seismic zones, including the Nenana basin and the adjacent Tanana basin. Although the location and magnitude of the seismic activity in both basins are well defined by a network of seismic stations in the region, the tectonic controls on these intraplate earthquakes and the heterogeneous nature of Alaska’s continental interior remain poorly understood. We investigated the crustal structure of the Nenana and Tanana basins using available seismic reflection, aeromagnetic and gravity anomaly data, supplemented by geophysical well logs and outcrop data. We developed nine new two-dimensional forward models to delineate internal geometries and the crustal structure of Alaska’s interior. The results of our study demonstrates a strong crustal heterogeneity beneath both basins. The Tanana basin is a relatively shallow (up to 2 km) asymmetrical foreland basin with its southern, deeper side controlled by the northern foothills of the Central Alaska Range. Northeast-trending left lateral strike-slip faults within the Tanana basin are interpreted as a zone of clockwise crustal block rotation. The Nenana basin has a fundamentally different geometry. It is a deep (up to 8 km), narrow transtensional pull-apart basin that is deforming along the left-lateral Minto Fault. This study identifies two distinct modes of current tectonic deformation in Central Interior Alaska and provides a basis for modeling the interplay between intraplate stress fields and major structural features that potentially influence the generation of intraplate earthquakes in the region.
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1. Introduction


The observed occurrence of intraplate earthquakes within a rigid continental interior provides direct evidence of localized zones of high strain concentration hundreds of kilometers away from the plate boundary. Although such events account for less than 10 percent of all global earthquakes and release only 5 percent of the global seismic energy, they can inflict heavy damage to human lives and property in the region [1]. From a plate tectonics view, intraplate earthquakes provide important information about the rheology of the lithosphere and tectonic forces and stresses operating within the lithosphere [2,3]. Investigating relationships among lithospheric strength, tectonic stresses, and intraplate seismicity can significantly improve our knowledge of intraplate dynamics, which would allow us to accurately perform seismic hazard assessment in an intraplate setting.



Central Interior Alaska is one of the most seismically active intraplate regions in the North America. In the past, this region has experienced significant seismic activity, including large-scale earthquakes as high as Mw 7.9. Examples include 2002 Mw 7.9 Denali Fault earthquake; 1967 Mw 5-6 Fairbanks earthquake; 1937 Mw 7.3 Salcha earthquake; 1947 Mw 7.2 earthquake in the northern foothills of the Alaska Range [4,5,6] (Figure 1). Based on increasing seismological evidence, intraplate seismicity in the Central Alaska region appears to not be uniformly distributed, but concentrated in several discrete seismic zones (Figure 1). The location and magnitude of the seismic activity in Central Alaska is well defined by a network of seismic stations in the region. However, the tectonic controls on intraplate earthquakes and the heterogeneous nature of the continental lithosphere remain poorly understood. A detailed knowledge of the crustal structure beneath Central Alaska province is critical to help test various tectonic models explaining the interplay between the intraplate stress fields causing earthquakes and the development of regional structural features in this region.
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Figure 1. Simplified tectonic map of central Alaska showing the location of the study area relative to major active tectonic features and the major active faults in the region [7,8,9,10]. Red box indicates the position of Figure 2. The Minto Flats Seismic Zone (MFSZ), the Fairbanks Seismic Zone (FSZ), and the Salcha Seismic Zone (SSZ). The horizontal velocity vectors are measured relative to the stable North American craton and are inferred from the GPS velocities calculated for the region by Fletcher [5]. Focal mechanism solutions of notable earthquakes in interior Alaska indicate N–S directed compressive stresses in response to the plate subduction along the southern margin of Alaska [4,6,11]. The blue solid line marks the flat-slab region showing the subducted extent of the Yakutat microplate [6]. 
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In this study, integrated geophysical investigations were carried out to image the subsurface structures, basement depth, and formation boundaries to construct new crustal scale models for the Central Alaska province. The structure of the upper crust was defined by integrating gravity and magnetic field data with newly obtained industry seismic reflection profiles, geophysical logs, and outcrop data. The models presented in this paper help to constrain the basin geometries, define major boundaries between the sedimentary and underlying heterogeneous basement units, identify the possible location of intrusive bodies, and identify possible active geologic structures responsible for the ongoing crustal deformation in the region. Our results show that the Cenozoic sedimentary basins that form the upper crust of Central Alaska differ significantly in their age, basement structure and style of tectonic deformation. The findings from this research provide new information on the role of active fault systems as well as the structural features in creating a widespread intraplate deformation zone in Central Alaska that exist hundreds of kilometers away from the nearest plate boundary.




2. Tectonic Framework of Central Interior Alaska


Central Alaska is mainly underlain by several Precambrian, Paleozoic to lower Mesozoic age sequences of metamorphic and igneous rocks belonging to parautochthonous to allochthonous terranes that were accreted to North America by the Early to Late Cretaceous [12,13]. These accreted rocks were subsequently and intensely disrupted and deformed by later tectonic events, producing a complex pattern of sedimentary basins and uplands around the basins. Three major regional structural features control the neotectonics of central Alaska (Figure 1). From north to south, these are the Kaltag-Tintina Fault system, the Alaska Range fold-and-thrust belt, and the Denali Fault system. The Tintina Fault is a steeply dipping dextral strike-slip fault that extends through central Alaska and separates deformed North American crustal rocks in the north from the accreted Yukon-Tanana Composite Terrane rocks of Interior Alaska [14]. The Alaska Range is a dextral transpressional orogen with north-vergent thrusting along the northern foothills fold-and-thrust belt and strike-slip faulting along the Denali Fault [15,16]. The Denali Fault is an active intraplate, dextral strike-slip fault that arcs through the Alaska Range and accommodates dextral shear strain resulting from the oblique plate convergence to the south [17,18]. At present, the shallow oblique subduction and collision of the Yakutat microplate along the southern Alaska margin drives the dextral transpressional deformation across the Alaska Range (Figure 1). The Denali Fault is an active intraplate, dextral strike-slip fault that arcs through the Alaska Range and accommodates dextral shear strain resulting from the oblique plate convergence to the south [17,18].



Seismicity in the vicinity of the Fairbanks area exhibits a series of northeast-trending seismic zones with left-lateral strike-slip fault plate solutions (the Minto Flats seismic zone—MFSZ, the Fairbanks seismic zone—FSZ and Salcha seismic zone—SSZ) [4] (Figure 1). To the south of the MFSZ, the Kantishna seismic zone is another notable high seismicity zone, characterized by strike-slip focal plane solutions [1]. In contrast, earthquakes with thrust fault plane solutions predominate the seismicity within the Alaska Range fold-and-thrust belt region [2].



Some researchers believe that the pattern of intraplate seismicity observed in Central Alaska reflects a pure shear zone that exists between the Denali and Tintina Fault systems, driven primarily by north–south directed crustal shortening in response to oblique plate convergence beneath the southern Alaska margin [16,19].



Interior Basins


Beginning in early Cenozoic time, tectonic deformation in Central Alaska produced several basins, the Nenana and Tanana basins that share similar sedimentary sequences. These Cenozoic basins of Central Alaska are located between the Denali and Tintina Fault systems and to the north of the Central Alaska Range (Figure 1). Topographically, the basins are expressed as the low-lying swampy area of about 23,500 km2 south and west of the Yukon-Tanana Upland. Based on gravity and seismic reflection data, the Nenana basin has been interpreted as an extensional half-graben associated with high-angle normal faulting across the Minto Fault [20,21,22]. However, recent crustal seismicity studies of Interior Alaska have suggested that the Nenana basin is bounded by two major active northeast-striking sinistral strike-slip faults [19] (Figure 1). These basin-bounding faults form a seismic zone that is interpreted as the eastern edge of a diffuse plate boundary between the Bering plate to the west and North American plate to the east [23]. In contrast, the Tanana basin, immediately east of the Nenana basin, is a Neogene transpressional foreland basin actively forming and deforming in response to regional transpressional deformation in south-central Alaska [24,25]. Ridgway and all [26] suggested that the southern part of the Tanana basin is actively deforming due to flexural subsidence related to northward propagation of the Neogene fold-and-thrust belt of the Central Alaska Range. In their interpretation, the Pliocene Nenana gravel was deposited in a proximal foredeep along the northern edge of the thrust front.



Both of Nenana and Tanana basins largely contain Tertiary non-marine sedimentary strata deposited uncomfortably on Proterozoic to Late Paleozoic basement schist rocks of the Yukon-Tanana Composite Terrane [22,26] (Figure 2 and Table 1). The Tertiary sedimentary strata include (1) Late Paleocene formation (mainly present in the Nenana basin), (2) Miocene Usibelli Group, (3) Pliocene Nenana gravel and (4) quaternary surficial and unconsolidated deposits. The Usibelli Group is further subdivided into five formations: the Healy Creek, Sanctuary, Suntrana, Lignite Creek and Grubstake formations [27].



Only four exploration wells have been drilled in Cenozoic non-marine rocks of the Nenana basin, and no deep well has been drilled into the Tanana basin (Figure 2). Although the geology and structures along the northern and southern margins of the Nenana and Tanana basins have been studied extensively in the past, the present-day crustal structure and internal geometries of both basins are poorly understood. In addition, published information on the basement structure of the Nenana and Tanana basins is sparse. This region, especially the Nenana basin, is still considered a largely underexplored “frontier” area for hydrocarbon exploration and many gaps remain in our understanding of the extent of sedimentary sequences and present-day deformation style of the region.
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Figure 2. Geologic map of central Alaska, showing the Cenozoic-age Nenana and Tanana basins and exposed geology, including major lithologic units and regional fault systems. The present-day active faults are inferred from the available surface outcrops and active seismicity in the region [7,8,9,10]. Quaternary thrust faults (black solid line with thrust symbols) define the northern limit of the northern foothills in the fold-and-thrust belt of the Central Alaska Range [7]. Solid blue lines indicate the locations of profiles for the potential field models developed in this study. Geologic map modified from Wilson and all [28]. We collected 107 rock outcrop samples at the Suntrana Creek outcrop to measure the bulk densities and magnetic susceptibilities of rocks (inset on top-right). In addition to outcrop samples, we sampled 133 drill cuttings from the Nunivak-1 well at the Alaska Geological Materials Center (inset on bottom-right). Rock densities and susceptibilities are published by Dixit and Tomsich [29]. 
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3. Methodology


In this study, integrated geophysical investigations were carried out to image the subsurface structures, basement depth and formation boundaries to construct new crustal scale models for the Central Alaska province. The structure of the upper crust was defined by integrating gravity and magnetic field data with newly acquired industry seismic reflection profiles, geophysical logs and outcrop data.



3.1. Physical Rock Properties


Gravity and magnetic anomalies observed at the surface are caused by lateral variations in bulk densities and magnetic susceptibilities of the underlying lithologic units [30,31,32]. To model the gravity and magnetic anomalies, we analyzed outcropping rock samples and drill cuttings from the exploration wells to obtain the rock bulk densities and their magnetic susceptibilities. The physical property data collected from these rock samples were then used to constrain our potential field models of the region. Table 1 summarizes observed and averaged magnetic susceptibility and rock density values for all modeled lithologic units in our study area.



We measured 107 rock outcrop samples of sedimentary and metamorphic rocks exposed along the George Parks Highway, near the Nenana town and at the type section in the Suntrana Creek area (Figure 2). A portable, magnetic susceptibility meter Terraplus K-10 with resolution of 1 × 10−6 SI unit was used for the magnetic susceptibility measurements. The bulk density measurements of outcrop samples were performed in the laboratory at the University of Alaska Fairbanks by calculating the total mass and volume for every sample. In addition to outcrop samples, we sampled 133 drill cuttings from Nunivak 1 well at the Alaska Geologic Materials Center (GMC) to measure their magnetic susceptibilities and bulk densities [29] (Figure 2). For drill cuttings, we used Bartington MS2 magnetic susceptibility meter (Fairbanks, AL, USA) with resolution of 2 × 10−6 SI unit to calculate magnetic susceptibilities.




3.2. Seismic and Well Log Interpretation


For our study, we performed an integrated analysis of well logs from four exploration wells and seismic reflection data (courtesy of ConocoPhillips (Anchorage, AL, USA)) available for the southern part of the Nenana basin (Figure 3, Figure 4, Figure 5 and Figure 6). The seismic data include four two-dimensional (2D), time-migrated seismic profiles (TA02, TA03, TA04 and TA05) that extend down to 4 s in two-way-travel times (T.W.T.), corresponding to approximately 5.5 km of depth in the subsurface (Figure 5 and Figure 6). We tied publicly available digital well data with ConocoPhillips’s 2D seismic reflection profiles using synthetic seismograms generated in the IHS Kingdom Suite version 8.8. The depth-converted seismic horizons, constrained by well data, were used to generate structural and sediment thickness maps for our study area. In addition to ConocoPhillips’s seismic data, Doyon Limited (Fairbanks, AL, USA) (2015) published a series of seismic reflection profiles acquired in the Nenana basin for oil gas exploration purpose. We integrated Doyon Limited’s more recent published seismic data with the 2D seismic grid provided by ConocoPhillips to provide a full structural framework for the entire Nenana basin (Figure 5) (Accessed on 25 August 2016). The resulting, well-constrained seismic interpretation for the Nenana basin was then used to augment our potential field models for the basin.
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Figure 3. Location of the presented geophysical transects relative to the major structural features of central Alaska. Four profiles (T1 to T4) entirely lie within the southern part of the Nenana basin and coincide with 2D seismic profiles (courtesy of ConocoPhillips). The northwestern segments of four additional profiles (T5 to T8) extend from the northwestern margin of the northern Nenana basin to the eastern and southern margin of the Tanana basin and transect the inferred geologic boundary between the two basins. Profile T9 is a south-to-north profile that starts at the northern foothills of the Central Alaska Range, extending northward across the basin, and ends in the Yukon-Tanana Upland, north of the Tanana basin. 
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Figure 4. Lithostratigraphic correlation of exploration wells showing the subsurface depths and thickness variations of sedimentary sequences in the southern part of the Nenana basin [19,29,33]. Formation ages are based on palynomorphs data (G. Van Kooten, written communication, 2016). 






Figure 4. Lithostratigraphic correlation of exploration wells showing the subsurface depths and thickness variations of sedimentary sequences in the southern part of the Nenana basin [19,29,33]. Formation ages are based on palynomorphs data (G. Van Kooten, written communication, 2016).



[image: Geosciences 11 00127 g004]







[image: Geosciences 11 00127 g005 550] 





Figure 5. Location and extent of seismic reflection surveys used to investigate the subsurface geometry of rock sequences and the orientations of major faults in the Nenana basin. The red polygon (A) represents the extent of seismic reflection profiles acquired and published by Doyon Limited (2015). The pink polygon depicts the boundary of the two-dimensional seismic survey (B) acquired and provided for our study by ConocoPhillips. 
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Figure 6. (A) Structural interpretation of seismic profile TA-02 across the Nenana basin. (B) Structural interpretation of seismic profile TA-05 along the Nenana basin. See Figure 5 for the location of seismic profiles TA-02 and TA-05. BM—basement; LP—Paleocene formation; HCF—Healy Creek formation; SNF—Sanctuary formation; SUF—Suntrana formation; GF—Grubstake formation; NG—Nenana gravel. 
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No seismic reflection data are available for the Tanana basin. However, several regional geophysical transects incorporating deep seismic refraction, teleseismic and gravity data provide valuable constraints on the crustal structure of the Tanana basin [6,31,34,35].




3.3. Potential Field Data


3.3.1. Gravity Anomaly Data


To perform 2D forward modeling of gravity data, we used a high-resolution regional complete Bouguer anomaly (CBA) map of Alaska that was compiled by Meyer in 2008 (Figure 7). Their Bouguer anomaly map is based on the standard reduction density of 2670 kg/m3, a free-air correction of 3.086 × 10−3 mm/s2 and a terrane correction to a radius of 166.7 km derived from the method of Plouff (1977) [36]. To better understand and model the gravity anomaly patterns caused by shallow sources with contrasting densities in the two basins, we separated the regional (long wavelength) and residual (short wavelength) gravity field components through the least squares method using polynomial surfaces for nine gravity transects [37]. The low-density root of the topographically high Central Alaska Range is removed with well-constrained assumptions: (1) depth to isostatic root (Moho) at sea level = 35–45 km [34] and (2) average density of basement masses = 2600–2700 kg/m3 [34,37]. A close correlation was achieved between the residual gravity anomalies and the observed geological boundaries. The calculated residual gravity anomalies for nine gravity transects were contoured using Surfer 12 [38] (Figure 8).
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Figure 7. The complete Bouguer gravity anomaly map of the Fairbanks quadrangle, central Alaska. Maps are modified from Meyer [39]. Solid blue lines indicate the geophysical transects presented in our study. 
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Figure 8. The final residual gravity anomaly map of the study area. The residual gravity field was calculated by isolating the long-wavelength regional gravity field using polynomial approximation methods. 
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3.3.2. Magnetic Anomaly Data


The high-resolution total magnetic intensity anomaly map of Central Alaska was used to constrain shallow causative magnetic features within the upper crust of our study area (Figure 9). This map was constructed from merged aeromagnetic surveys [40] that were conducted during the years 1971 to 1973. Data were acquired along 1-mile-spaced flight lines at a height of about 305 m. The residual magnetic anomalies along 9 transects were used as the input to our potential field models.





3.4. Two-Dimensional (2D) Forward Modelling


Nine profiles were selected roughly perpendicular to the strike of major geologic structures and the gradients of the prominent anomalies (T1 to T9; Figure 3, Figure 7 and Figure 9). We used GM-SYS, a 2D gravity and magnetic interactive forward modeling software, to generate subsurface models that honor the observed residual gravity and residual magnetic anomaly data as well as the known distribution and physical properties of major geologic units. Each 2D profile generated in this study constrains a shallow-crustal model for the subsurface position, shape, thicknesses, physical properties and depths of these units. Modeled blocks are assumed to have homogeneous densities and magnetic susceptibilities.



Observed gravity and magnetic anomalies at the surface can result from several earth models, many of which may not be geologically realistic. To remove this inherent ambiguity in determining realistic potential field sources, an initial potential field model was developed in GM-SYS, and it was further constrained by existing geophysical and geological data, assuming each structural/lithologic block to extend to the infinity in a direction perpendicular to the profile. In GM-SYS software version 7.1, the joint modeling for calculated gravity and magnetic responses was performed using the methods of Talwani et al. (1959) [41] and Talwani and Heirzler (1964) [42]. Forward gravity and magnetic models were then generated, based on algorithms described by Won and Bevis (1987) [43]. Each potential field model was then used to estimate a hypothetical potential field signature that was compared to the observed residual gravity and magnetic data. The geometries and rock physical properties of the assumed geophysical sources were then iteratively modified to obtain a best fit between the observed and calculated values of both gravity and magnetic anomaly data.



For the final potential field models of the Nenana basin and Tanana basin, the intrabasement sources were attributed to Proterozoic to Early Paleozoic Yukon–Tanana Terrane schist (regional schist sequences) and Late Paleozoic Totatlanika schist underlying the basin sequences (Table 1). A suite of Late Cretaceous to Early Tertiary mafic and plutonic intrusions were modeled as separate higher-density bodies similar to those seen at the surface and inferred in published geophysical cross-sections for Interior Alaska [28,30,44]. Sedimentary sequences that are exposed in Interior Alaska and are incorporated into the model include Late Paleocene and older sediments, Miocene Usibelli Group strata, Pliocene Nenana Gravel, and Quaternary and younger surficial deposits [26,27,45]. Table 1 shows the representative densities and magnetic susceptibilities assigned to each modeled unit.



The aeromagnetic data were modeled for only five selected profiles (T1, T2, T3, T5 and T7), due to the availability of magnetic susceptibility data and geologic information about the nature of bedrock in the study area.





4. Results and Discussion


Our final integrated potential field models show the best of the possible solutions that are well constrained by seismic reflection data and the available sources of other geophysical and geologic data. The errors in the least square fitting between the observed and computed profiles were 0.7% for gravity and 31% for the magnetic data. The misfit for gravity and magnetic profiles could be the result of local changes in rock densities and uncertainty about the direction of magnetization [46]. It, however, can be improved by splitting sources into a large number of homogeneous bodies with variable densities and magnetization properties. However, the degree of heterogeneity within the source body is hard to constrain and relies mostly on the consistency with the available geologic and geophysical data for the Central Alaska region and geologic concepts.



Below, we discuss the two basins separately due to variations in their basement structure as well as available geological and geophysical information for each basin. See the Appendix A for more details.



4.1. Tanana Basin


The potential field data for Tanana basin is consistent with a broad and shallow basin (Figure 10). The depth-to-basement inferred from our potential field analysis suggests that the sedimentary cover of the Tanana basin thickens from ~900 m along the northern margin of the basin against the Yukon–Tanana Upland to ~1.5 km in the south, immediately north of the northern foothills fold-and-thrust belt (Figure 11).



Our integrated potential field models have identified three distinct geologic provinces within the Tanana basin: the Southern Tanana basin, the Tanana High and the Northern Tanana basin (Figure 11).



4.1.1. The Southern Tanana Basin


The Southern Tanana basin province extends northward from the northern limit of foothills on the north side of Alaska Range into the Central Tanana Lowland. Based on observed gravity and magnetic anomaly signatures for the area, we modeled two principle rock units: (1) the Tertiary sedimentary sequences of the Tanana basin with low densities and low magnetic susceptibilities that are interpreted to be the source of gravity and magnetic anomaly lows and (2) dense to very dense Precambrian Yukon–Tanana schists with metamorphic grades varying locally between greenschist and amphibolite facies, and younger greenschist facies of Paleozoic rocks such as the Totatlanika Schist are interpreted to be the source of prominent high magnetic and gravity anomalies (Figure 10, Table 1). The magnetic anomaly pattern over the northern foothills of the Alaska Range shows a broad east–west-trending, low-amplitude negative anomaly (up to 25 nT) (Figure 9). This pattern is roughly parallel to the fold axes in the northern foothills fold-and-thrust belt. Our preferred interpretation for this magnetic low is the contrasting properties posed by a thick cover of weak magnetic Neogene sediments (up to ~2 km thick) that are well exposed on the northern flank of the central Alaska Range [7] (Figure 2). We tested this hypothesis by assigning an average density of 2240 kg/m3 and magnetic susceptibility averaging 0.00015 SI to the Neogene sedimentary sequences and basement rocks to values of 2600 kg/m3 and 0.0005 SI, respectively, up to a depth of 7.5 km (Figure 10). The resulting potential field models provided the best fit to the observed anomaly data as expected.



Further to the east, a prominent magnetic high (~60 nT) that extends across the Japan Hills has been interpreted in our potential field models as a positive anomaly produced by the exposed Totatlanika schist [47] (Figure 2, Figure 9 and Figure 10). These authors suggested that the Pliocene Nenana gravel in this area were possibly eroded away or pinched out along the crest of the Japan Hills and were too thin to produce measurable positive magnetic anomalies at this site.



Ridgway et al. (2007) [26] suggested that the southern part of the Tanana basin is actively deforming due to flexural subsidence related to northward propagation of the Neogene northern foothills fold-and-thrust belt of the Central Alaska Range. Our potential field models for this area agree their interpretation and further show that the depth to the basement of the Tanana foredeep increases to the south (Figure 11). Neogene sediments reach a maximum thickness of ~1.5 km in the Tanana foredeep region.




4.1.2. The Tanana High


The Tanana High province is modeled to accommodate a prominent northeast-trending belt of significantly high-amplitude magnetic anomalies (~500 nT) that cross the lowland south of the Wood River Buttes and Clear Creek Butte (Figure 2 and Figure 9). The source of these intense magnetic anomalies corresponds to mafic and ultramafic rocks exposed in the vicinity of the Wood River Buttes [48] (Figure 2 and Figure 10). These rocks are composed mainly of diorite and serpentinized peridotite and are interpreted as an ophiolite included in Seventymile terrane in Central Alaska [49,50]. The anomaly can be modeled as a shallow (maximum 3 km deep) serpentinized body with a thickness of 1600 m and extending as far as 15 km southward of the Wood River Buttes (Figure 10). The limited size of the magnetic anomalies indicates that the anomalous rocks are discontinuous.




4.1.3. The Northern Tanana Basin


An anomalous negative magnetic anomaly (~60 nT) near the town of Nenana was modeled as a dike-like intrusive body with an average density of 2770 kg/m3 and magnetic susceptibility of 0.005 SI (Figure 2 and Figure 10). We interpret this body to represent mafic plutonic rocks that intruded the Yukon–Tanana Upland in Late Cretaceous or in Early Tertiary time [51]. The early Tertiary igneous rocks are typically reverse polarized, causing a negative magnetic anomaly [52].



The northern part of the Tanana basin is generally characterized by a belt of east-to-west-trending, positive low-amplitude magnetic anomalies (up to 25 nT) (Figure 9). These anomalies have gravity lows associated with them (up to 0.12 mm/s2), which suggests localized relatively thicker sedimentary cover in the northern part of the Tanana basin (Figure 8). Geomorphic studies by Lesh and Ridgway (2007) [25] suggest that the drainage pattern of the Tanana basin exhibits northward dipping of the basement surface of the Tanana basin along its northern margin. We interpret the northern margin of the Tanana basin as a structural low bounded to the north by the topography of the Yukon–Tanana Upland.





4.2. Nenana Basin


The seismic reflection data, combined with the 2D potential field models for the Nenana basin show Cenozoic sedimentary fill as thick as ~6 km (−0.28 mm/s2) along the southern part and ~8 km (−0.42 mm/s2) along the northern part of the basin (Figure 12). Based on density variations, we modeled the sedimentary rock sequences of the Nenana basin in four rock packages: (1) Late Paleocene and older sediments (up to ~2100 m thick), (2) Miocene Usibelli Group sediments (up to ~4 km thick), (3) Pliocene Nenana Gravel (up to ~1300m thick), and (4) Quaternary surficial deposits (up to ~500 m thick) (Figure 12; Table 1).



Our potential field models indicate that the sedimentary fill thickens along the eastern and northeastern flank of the basin to as much as 7 km against the Minto Fault—a prominent north–east striking left-lateral fault bounding the northern depocenter of the Nenana basin (Figure 11 and Figure 12). The Minto Fault is modeled as a steep, west-dipping (~76° dip with strike of 10°) oblique-extensional fault that juxtaposes the Cenozoic sediments of the basin against denser Precambrian to Paleozoic quartz mica schists of the Yukon–Tanana terrane [19]. A strong contrast in gravity and magnetic anomalies along the northeastern flank of the Nenana basin is attributed to the main trace of Minto Fault with east-side up (Figure 8 and Figure 9). Our interpretation is consistent with mapped seismic lineaments of the Minto Fault in previous geophysical investigations [19,22] and geomorphic analyses [8,9]. The Nenana basin gradually deepens from south to north over a distance of 60 km, after which it reaches the maximum depth 7 km to the north of the Nunivak #1 well site (Figure 11).



Northwest-striking oblique faults were modeled to the west of the Minto Fault in the Nenana basin (Figure 5 and Figure 11). These faults appear to accommodate the sinistral motion component locally between the major basin-bounding faults, the Minto Fault and Fault 2 [19]. Tape et al. (2015) [10] also identified northwest-striking fault (Event K, fault strike—150°) to the east of the Minto Fault that suggests ongoing secondary extension across the northwest-striking oblique faults in the basin.



The basin shallows gradually to the southwest (Figure 11). The Totek Hills physiographic region is a prominent structural high in this area and is a notable feature on seismic data with the depth to basement (~1 km) well-constrained at the Totek Hills #1 well site (Figure 6 and Figure 12). This structural high is defined by a steeply dipping reverse fault on seismic reflection data and the exposed Miocene rocks of the Usibelli Group in the region (Figure 2 and Figure 6).



The western margin of the Nenana basin is characterized by a major, northeast-trending high amplitude positive magnetic anomaly (~0.30 mm/s2). We modeled this magnetic high, hereafter called the Nenana High, as the result of a buried basement high that plunges smoothly to the southwest (Figure 12). A relatively high gravity anomaly (0.10 mm/s2) coincides directly with this magnetic anomaly and supports the interpretation of a basement high at a shallow depth along the western margin of the Nenana basin. To the west of the Nenana High, a low-amplitude (−0.18 mm/s2) gravity anomaly was modelled as the Southwestern Nenana Sub-basin with sediment thickness about 1800 m (Figure 11 and Figure 12).




4.3. Intrusive Rock Bodies


Intrusive bodies with high densities and magnetic susceptibilities were modeled to resolve short wavelength magnetic highs observed in both Nenana and Tanana basins (Figure 10 and Figure 12). Late Cretaceous and Tertiary intrusions ranging in size from small plutons to batholiths are exposed throughout the Yukon–Tanana Upland and are thought to be present in the subsurface throughout the Yukon–Tanana terrane in the southeastern part of the Fairbanks quadrangle [53]. The compositions of these intrusive rocks are between mafic to felsic [13,54]. The magnetic susceptibility of Cretaceous granites such as the Walker Fork pluton exposed in the Yukon–Tanana Upland ranges from 0.003 to 0.030 SI [55]; a magnetic susceptibility of 0.005–0.009 SI and bulk density of 2750–2900 kg/m3 were used to model potential intrusive rocks in our study area (Table 1).





5. Styles of Tectonic Deformation in Central Interior Alaska


5.1. Tanana Basin—Asymmetric Foreland Basin with Bookshelf Faulting


Based on our modeling efforts, we divide Tanana Basin into two distinct domains with different basement characteristics. “The bookshelf faulting zone” comprises the Northern Tanana basin and is underlain by northwest-striking active faults. “The foreland basin zone” is composed of the Southern Tanana Basin and the leading edge of the northern foothills fold-and-thrust belt of the Alaska Range. The boundary between the two zones is the Tanana High. We propose a model of tectonic deformation for the Tanana basin that explains the character of these zones and their interaction.



Our model expands on the model proposed by Ridgeway et al. (2002; 2007) [26,56] but incorporates the northeast striking faults observed in the bookshelf faulting zone. In this model, the southern part of the basin (Figure 13) is the leading edge of the thick-skinned fold and thrust belt of the Alaska Range that is encroaching on and deforming the proximal foreland basin sediments of the Tanana Basin. The thick continental crust in this region of the Central Alaska Range bends to a lesser extent and, therefore, restricts the size and depth of the foreland basin. In this model, the Tanana High may be either the forebulge of the foreland basin [57] or, alternatively, may be a pre-existing basement high.



In the Northern Tanana Basin, north–south directed shortening in the foreland basin zone causes contemporaneous left-lateral strike-slip displacements on the northeast-striking fault systems in the north (Figure 13). The regional convergence results in clockwise rotation of fault blocks in the bookshelf faulting zone around a pole of rotation located at the Yukon–Tanana Upland in the north. As crustal shortening in the foreland basin zone is taken up by the bookshelf-style rotation of the crustal blocks, the continental crust in this region stays relatively flat and unfolded.




5.2. Nenana Basin—Transtensional Pull-Apart Basin


This model builds upon a model proposed by Dixit and others (2017) [19]. In this model, the Nenana basin initiated during Paleocene time as a single depression within an extensional half-graben system. This is supported by the asymmetry of the basin and early basin fill [22]. This half-graben structure was subsequently modified by later left-lateral strike-slip faulting in a transtensional stress regime since the late Miocene [19] (Figure 14).



As transtension initiated, the basin started opening and deforming along a stepover zone between the left-lateral strike-slip faults (in this case, Minto Fault and Fault 2). As the transtensional deformation continued, a cross-basin strike-slip fault formed connecting left-lateral master faults. The intra-basin high developed across this cross-basin strike-slip fault above the center of the basin, further dividing the basin in dual opposing depocenters (northern and southern Nenana depocenters). At present, each of the depocenters is bound on one side by the basin-bounding major oblique extensional fault. In addition, sub-basins observed along the western margin could represent a series of incipient half-grabens that developed in response to transtensional motion [58] (Figure 14).



In summary, the results of our study demonstrate two different styles of tectonic deformation for Central Alaska (Figure 15). The Tanana basin is a relatively shallow (up to 2 km) asymmetrical foreland basin with its southern, deeper side controlled by the northern foothills of the Central Alaska Range. Northeast-trending strike-slip faults within the Tanana basin exhibit a zone of clockwise crustal block rotation. The Nenana basin has a fundamentally different geometry: it is a deep (up to 8 km), narrow transtensional pull-apart basin that is deforming along the major basin-bounding faults.





6. Conclusions


Analysis of regional gravity and magnetic anomaly data, in combination with geological, seismic reflection and seismicity data, constrain the basement structure and the styles of tectonic deformation in central Alaska. Nine well-constrained potential field models show that although the Nenana basin and Tanana basin appear contiguous and are underlain by crustal rocks of similar compositions, the two basins differ significantly in crustal geometry and age. The Nenana basin is a narrower and deeper (12–15 km wide and up to 8 km deep) depression that contains sediments estimated to be as old as Paleocene age, whereas the Tanana basin is a significantly wider and shallower basin (up to 1.5 km deep) filled with sediments that probably date Miocene and younger ages.



Three distinct structural provinces have been identified in the Tanana basin (1) based on the strike-slip province characterized by bookshelf-style rotation of northeast-oriented fault blocks, (2) a central province associated with strong gravity and magnetic character that is attributed to the regional basement high, the Tanana High and (3) a southern fold-and-thrust province displaying a well-defined anomaly low associated with the deepening of basement due to flexural deformation.



The modern-day structural configuration of the Nenana basin is interpreted as an oblique-extensional pull-apart zone that is significantly different from the compressional-type setting inferred for the Tanana basin. Both basins, therefore, highlight two separate zones of crustal deformation in Central Interior Alaska.
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Appendix A


2 ½ gravity and magnetic models across the Nenana and Tanana basins. The upper panels show observed (dotted black line) and calculated (solid black line) gravity and magnetic anomaly curves. The lower panel shows the potential field model with individual source bodies colored by lithology and labeled with density (×103 kg/m3) and magnetic susceptibility (×103 SI). Blue dotted line shows the limit of seismic reflection data in our study area. Table 1 summarizes measured average magnetic susceptibility and rock density values for modeled lithologic units in our study area.





[image: Geosciences 11 00127 g0a1a 550][image: Geosciences 11 00127 g0a1b 550][image: Geosciences 11 00127 g0a1c 550][image: Geosciences 11 00127 g0a1d 550] 





Figure A1. (A) Upper crustal model along Profile T1. (B) Upper crustal model along Profile T2. (C) Upper crustal model along Profile T6. (D) Upper crustal model along Profile T8. (E) Upper crustal model along Profile T9. 
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Figure 9. (A) The regional magnetic anomaly map. (B) Magnetic anomaly map of the Fairbanks quadrangle, Central Alaska. Maps are modified from Meyer [39]. Solid blue lines indicate the geophysical transects presented in our study. 
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Figure 10. A total of 2 ½ gravity and magnetic models across the Tanana basin. (A) Model T5 is oriented NW–SE across the southern part of the Nenana basin. (B) Model T7 strikes NW–SE across the northern part of the Nenana basin. The profile locations are shown in Figure 3. The upper panels show observed (dotted black line) and calculated (solid black line) gravity and magnetic anomaly curves. The lower panel shows the potential field model with individual source bodies colored by lithology and labeled with density (×103 kg/m3) and magnetic susceptibility (×103 SI). Blue dotted line shows the limit of seismic reflection data in our study area. Table 1 summarizes measured average magnetic susceptibility and rock density values for modeled lithologic units in our study area. 






Figure 10. A total of 2 ½ gravity and magnetic models across the Tanana basin. (A) Model T5 is oriented NW–SE across the southern part of the Nenana basin. (B) Model T7 strikes NW–SE across the northern part of the Nenana basin. The profile locations are shown in Figure 3. The upper panels show observed (dotted black line) and calculated (solid black line) gravity and magnetic anomaly curves. The lower panel shows the potential field model with individual source bodies colored by lithology and labeled with density (×103 kg/m3) and magnetic susceptibility (×103 SI). Blue dotted line shows the limit of seismic reflection data in our study area. Table 1 summarizes measured average magnetic susceptibility and rock density values for modeled lithologic units in our study area.



[image: Geosciences 11 00127 g010]







[image: Geosciences 11 00127 g011 550] 





Figure 11. Basement depth map from integrated seismic and potential field models of both the Nenana and Tanana basins. While the composition of the crust underlying the two basins is similar, the distribution and thicknesses of the overlying sedimentary sequences vary greatly. Overall, the sedimentary fill in the Nenana basin is significantly thicker (up to 8 km) and probably older than that in the Tanana basin (up to 2 km thick). 
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Figure 12. A total of 2 ½ gravity and magnetic models across the Nenana basin. (A) Model T2 is oriented NW–SE across the southern part of the Nenana basin. (B) Model T4 is oriented NE–SW, parallel to the strike of the Nenana basin. The profile locations are shown in Figure 3. The upper panels show observed (dotted black line) and calculated (solid black line), gravity and magnetic anomaly curves. The lower panel shows the potential field model with individual source bodies colored by lithology and labeled with density (×103 kg/m3) and magnetic susceptibility (×103 SI). Blue dotted line shows the limit of seismic reflection data in our study area. Table 1 summarizes measured average magnetic susceptibility and rock density values for modeled lithologic units in our study area. 
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Figure 13. Simplified foreland-flexural deformation model presented for the Tanana basin in which the thrust belt of the Alaska Range drives north–south directed shortening in the basin. North of the thrust belt, progressive flexural subsidence due to crustal loading causes the development of the foredeep along the northern margin of the foothills of the northern Alaska Range. In this model, the Tanana High is the forebulge of the Alaska Range foreland basin or, alternatively, is a basement high underlain by the leading edge of the Alaska Range fold-and-thrust belt. Compression north of the Tanana High drives clockwise rotation of crustal blocks facilitated by left-lateral motion on northeast-striking faults, marked by a zone of bookshelf-style faulting and rotation. 
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Figure 14. Simplified tectonic deformation model of the transtensional Nenana pull-apart basin. In this model, two left-lateral, oblique-slip master faults (Minto Fault and Fault 2) overlap, forming a releasing bend. A cross-basin transverse fault zone, marked by a distinct intra-basin high, further divides the basin into two discrete depocenters. The geometries of these basin depocenters are further controlled by the oblique-extensional deformation along the major basin-bounding faults (Fault 2 and Minto Fault). The formation of sub-basins along the western margin of the Nenana basin exhibits SW-ward extrusion of Bering block relative to the North American craton. 
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Figure 15. Simplified regional tectonic deformation model proposed for Central Interior Alaska. 
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Table 1. Generalized stratigraphy and associated rock properties for units in the Nenana and Tanana basins and adjacent exposed rocks. Rock formations are color-coded and presented in geologic cross-sections.






Table 1. Generalized stratigraphy and associated rock properties for units in the Nenana and Tanana basins and adjacent exposed rocks. Rock formations are color-coded and presented in geologic cross-sections.





	
Period/Epoch

	
Formation

	
Major Lithology

	
Depositional Environment

	
Assigned Density (kg/m3)

	
Assigned Susceptibility (SI × 10−3)

	
Color Code






	
Quaternary

	
Surficial Deposits

	
Unconsolidated gravel, sand, silt and clay

	
Alluvial fan/flood-plain/lacustrine/swamp

	
1800–1900

	
0.02

	




	
Pliocene to Miocene

	
Nenana Gravel

	
Coarse-grained conglomerate and sandstone

	
Alluvial fan/braided fluvial systems

	
2100–2250

	
0.22

	




	
Miocene to Late Eocene

	
Grubstake Formation

	
Laminated mudstone and sandstone

	
Lacustrine

	
2300–2450

	
0.25

	




	
Lignite Creek Formation

	
Conglomerate, sandstone, mudstone and coal

	
High-sinuosity mixed-load fluvial systems




	
Suntrana Formation

	
Coarse grained sandstone and coal

	
Distal sandy braided fluvial systems




	
Sanctuary Formation

	
Laminated mudstone

	
Lacustrine




	
Healy Creek Formation

	
Conglomerate, sandstone, mudstone and coal

	
Proximal, gravelly braided stream systems




	
Early Eocene to Late Paleocene

	
Late Paleocene Sediments

	
Siltstone, mudstone and coal

	
Fluvial/lacustrine/swamp/alluvial fan

	
2450–2500

	
0.29

	




	
Early Mississippian to Middle Devonian

	
Totatlanika schist

	
Metavolcanic and metavolcaniclastic quartzfeldspathic schist, phyllite and gneiss; metamorphic grade varying locally between greenschist, amphibolite and gneissic facies gneiss with phyllite

	
-

	
2550–2620

	
0.4

	




	
Early Paleozoic to Proterozoic

	
Yukon–Tanana schists

	
Quartz-mica (pelitic schist) and phyllite, locally calcareous and carbonaceous. Dominant metamorphic grade greenschist facies, varies across high-angle faults in Yukon–Tanana Upland to as high as eclogite facies

	
-

	
2650–2750

	
0.5

	




	
Paleocene to Late Cretaceous

	
Intrusions

	
Plutons and dikes composed of granodiorite, tonalite, diorite, monzonite, syenite and gabbro

	
-

	
2620–2900

	
3 to 30

	
• • • • • • • •
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