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EarthScope MCR workshop			
UNSCRAMBLING THE MIDCONTINENT RIFT 
EARTHSCOPE SYNTHESIS WORKSHOP
Wildcat Room, Norris Center, Northwestern University (July 26 - 28, 2018)

The workshop's goal was to explore the complex and poorly understood relations in the central U.S. between major structures such as the Midcontinent Rift and Grenville Front and their implications for the assembly of Rodinia. New ideas are evolving, driven in part by EarthScope studies of the Midcontinent Rift, southern Appalachians, and Illinois Basin and surroundings. We discussed major issues about the region's Precambrian tectonic evolution and related topics and considered possible future lines of research. The workshop led to a session at the 2018 GSA national meeting, and to a planned research effort to continue between the Appalachians and the Rockies.
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UNSCRAMBLING THE MIDCONTINENT RIFT SYNTHESIS WORKSHOP
Wildcat Room, Norris Center, Northwestern University (July 26 - 28, 2018)
______________________________
Thursday, July 26, Morning 

8:30               		Breakfast
9:00 - 10:10 a.m. 		Introduction
	Seth Stein 		Welcome 
	Beth Grassi 		EarthScope update and outreach opportunities/synthesis workshop 					goals
	Seth Stein 		Recent insights about the Midcontinent Rift
	Carol Stein 		The Midcontinent Rift and Grenville Orogeny

10:10-10:25 a.m. 		BREAK

10:25 - 11:40 a.m.  	Overview of central and Eastern Laurentia
	Steve Marshak	Tectonic evolution of the cratonic platform, Midcontinent USA:
					New questions raised by new observations 
	Ben van der Pluijm	Evolution and crustal architecture of the Grenville orogen of Laurentia 				and Amazonia 
	Bob Hatcher		Crustal Structure Evolution of Pre-Middle Ordovician Southeastern 					Laurentia 

11:40 - 11:55 p.m. 	BREAK

11:55  - 12:45 p.m. 	Rifts
	Randy Keller		Continental Rifts: Comparative and Integrated Geophysical and 					Geological Studies 
	Patricia Persaud	Insights into rifting mechanics from young continental rifts 

12:45 - 1:45 p.m.		LUNCH
______________________________
Thursday, July 26, Afternoon

1:45 - 3:00 p.m. 		Tectonics, Structure, & Geophysics of the MCR I

	Esteban                      Geologic structures of Proterozoic Laurentia uncovered with 3D
		Bowles-Martinez 		magnetotellurics
	Meredith Miska	Tracing Archean-Proterozoic Crustal Evolution in Northern Michigan 				Using the Age and Hf Isotopic Compositions of Detrital Zircons 				and Pb in Feldspars
	Reece Elling		Tectonic implications of the gravity anomalies along the Grenville Front 				and the east and west arms of the Midcontinent Rift 
	

3:00 -3:15 P.M. 		BREAK

3:15 - 4:30 P.M.  		Tectonics, Structure, & Geophysics of the MCR II
 
	Dhananjay Ravat	Deciphering the Grenville Front in the U.S.
	John Hickman		Alternate view of the Midcontinent Rift and Grenville Front in Ohio and 				Kentucky
	David Moecher	Petrology and Geochronology of Basement Rocks in KY-OH Support 				the Spatiotemporal Convergence of Late Mesoproterozoic 					Grenville Collisional and Midcontinent Rifting Processes 

6:00 - 8:00 p.m.		GROUP DINNER  Celtic Knot  626 Church St. Evanston


______________________________
Friday, July 27, Morning —

9:30               		Breakfast
10:00 - 10:50 a.m. 		Seismic structure	
		 
	Eva Golos		3D variations in Vp and Vp/Vs ratio beneath the Midcontinent Rift from 				body and surface wave tomography
	Zhenming Wang	Crustal Structure in the Vicinity of the MCR and Grenville Front: 					Insights from Seismicity and Potential-Fields Anomalies

10:50 - 11:10 a.m.	BREAK

11:10 - 12:00
	Seth Carpenter	Additional Broadband Stations near the Grenville Front in Kentucky
	Mitch Barklage	Planning a seismic survey of the ECGH


12:00 - 1:00 p.m. 		LUNCH

______________________________





Friday, July 27, afternoon — 

1:00 -  4:00 p.m. 		Discussions (led by names listed at end of question) 

Overarching agenda:  What additional geologic and geophysical evidence and modeling can clarify

1)	Is there a Grenville Front in the central USA, and what are the implications for the assembly of Rodinia? (Ben van der Pluijm, Bob Hatcher, David Moecher)

2)	What is the lower crust and mantle structure beneath the craton, and how does this structure differ with location?  What causes tectonic differences between the east and west arms of the MCR? (Dhananjay Ravat, Mitch Barklage)

2:30 - 2:45 p.m.	BREAK

3)	How does the MCR compare to other rifts in America and other cratonic platforms? How and when do continental undergo reactivation?  (Randy Keller, Steve Marshak)

4)	What insights can the MCR provide about the processes of continental rifting and passive margin evolution? (Patricia Persaud, Eva Golos)

6:00 - 8:00 p.m.		GROUP DINNER 
				Lou Malnotti's  1850 Sherman Ave Evanston
_____________________
Saturday, July 28, morning  — 

8:30               		Breakfast
9:00 - 9:30 		Introduction
	Seth Stein		Goals and agenda
	Beth Grassi		Outreach products

9:30 - 10:30 a.m.		Group discussions, and writing.
	Groups from Friday reconvene, and write a discussion of conclusions of discussions and possible outreach products for EarthScope.

10:30 - 10:40 a.m.	BREAK

10:40 - 11:50 a.m.	Reconvene as whole
	Each group briefly presents summary of their discussion and proposals.
	Additional discussion

11:50 - noon		Ending remarks   Seth Stein
12:00			LUNCH (Box lunches)
Participants:  

Mitchell Barklage  mitchell.barklage@northwestern.edu Northwestern University 
Esteban Bowles-Martinez  bowlesme@oregonstate.edu Oregon State Univ. 
Beth Grassi bagrassi@alaska.edu Earthscope office 
Seth Carpenter  seth.carpenter@uky.edu Kentucky Geological Survey 
Reece Elling ReeceElling2022@u.northwestern.edu Northwestern University 
Eva Golos   emgolos@mit.edu    MIT          
Bob Hatcher bobmap@utk.edu University of Tennessee         
John Hickman jhickman@uky.edu University of Ky - KGS
Samuel.Hulett  Samuel.Hulett@dnr.state.oh.us Ohio Geological Survey
 Randy Keller grkeller@ou.edu University of Oklahoma 
Steve Marshak smarshak@illinois.edu University of Illinois at Urbana-Champaign
Meridith Miska meridith.miska@ufl.edu University of Florida          
David Moecher moker@uky.edu University of Kentucky 
Patricia Persaud  ppersaud@lsu.edu Louisiana State University 
Ben van der Pluijm  vdpluijm@umich.edu University of Michigan 
Dhananjay Ravat  dhananjay.ravat@uky.edu University of Kentucky
Doug Schmitt schmitt@purdue.edu Purdue University
Chris Scotese  cscotese@gmail.com Northwestern University 
Carol Stein cstein@uic.edu  University of Illinois at Chicago
Seth Stein seth@earth.northwestern.edu  Northwestern University 
Zhenming Wang  zmwang@uky.edu Kentucky Geological Survey
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Recent insights about the Midcontinent Rift
Seth Stein, Northwestern University,

The Midcontinent Rift has been a subject of study for more than 50 years.  Recent new studies by various investigators, catalyzed by the EarthScope program, have derived new insights by building on and extending earlier work.  The MCR combines the linear geometry of a rift formed at a plate boundary and the huge igneous rock volume of a Large Igneous Province. The rift is a fault-bounded basin filled with volcanics and sediments, which record a history of extension, volcanism, sedimentation, subsidence, and inversion. 

The crust beneath the MCR is thicker than beneath surrounding areas. In addition to tectonic thickening, some thickening seems to have occured by formation of a "rift pillow" or an "underplate" layer because as low-density melt rises, high-density residue (“restite”) ponds at the base of crust. This underplating first returned the thinned crust to its original thickness, as observed in presently-active rifts, and termed "magma-compensated" rifting and then thickened it further. Seismic data show crustal thickening and underplating along the MCR's west arm similar to that under Lake Superior, implying that this arm formed similarly to that in the model based on the Lake Superior data. Hence it seems reasonable to use the Lake Superior model as a general scenario, while recognizing that crustal structure along the MCR should vary depending on the amounts of extension, volcanism, compression, and underplating and the directions of rifting and compression at that portion of the MCR.

Although the MCR was traditionally assumed to have formed by isolated rifting in a plate interior, it now appears to have formed as part of a plate boundary reorganization. Evidence for this view comes from the change in Laurentia’s absolute plate motion recorded by the MCR’s volcanic rocks, probably reflecting the rifting of the Amazonia craton from Laurentia between compressional phases of the Grenville orogeny. The MCR's east and west arms likely acted as boundaries of a microplate within the evolving plate boundary system, analogous to today's East African Rift.

The MCR came close to evolving into an oceanic spreading center, but it instead failed and thus records a late stage of rifting. Because the MCR was massively inverted and uplifted by regional compression long after it failed, its structure is better known than failed rifts that experienced smaller amounts of inversion. It thus preserves a snapshot of a stage of the process by which actively extending rifts, evolve either into failed and often inverted rifts or into passive continental margins. The fact that the MCR shows many features of a rifted volcanic margin suggests that it came close to continental breakup before it failed, and illustrates how many passive margin features form prior to breakup. 





[image: ]Schematic model of MCR evolution based on GLIMPCE data across Lake Superior (Stein et al., 2015).


Left: Geometry of microplates along the East African Rift system within the boundary zone where the major Nubian and Somalian plates diverge (after Saria et al., 2013).  Right: A possible MCR geometry with an "Illinois" microplate between the diverging Amazonia and Laurentia major plates.
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The Midcontinent Rift and Grenville Orogeny
Carol A. Stein, University of Illinois at Chicago

How the MCR formed during the Grenville orogeny, a collisional and hence compressive series of events, is a long-standing question.  Much of the question involves the MCR's relation to the Grenville Front, the continentward (western) extent of deformation of the fold and thrust belt from the Grenville orogeny. The Front is observed in SE Canada from surface geology and reflection seismic data, and has traditionally been assumed to extend southward into the central U.S. along the East Coast Gravity High (ECGH), a lineation of gravity and magnetic anomalies. Recent analysis shows that these anomalies previously assumed to define the Front in the central U.S. appear to be the southward continuation of the MCR's east arm. This view arises because the gravity highs along the ECGH are similar to those elsewhere along the MCR, in showing a distinct central high, presumably largely due to the dense igneous rocks filling the rift. In contrast, no similar high occurs across the Grenville Front in Canada. These results offer new insights into the formation of the MCR and the Grenville Front and their association with the assembly of Rodinia.  The traditionally assumed Front's location near southeast Michigan implies that the MCR's east arm ended there, presumably because propagation of the rift extension and volcanism were stopped by the preexisting Front. However, it now appears that the MCR formed before the Grenville Front.  Hence the absence of an observed Front in the central U.S. may reflect its being obscured by the MCR's east arm or younger tectonic events. Alternatively, a distinct Front never formed there. 

	
	 Traditional model 
	Revised model

	tectonic 
setting
	MCR formed during convergence 
	MCR formed during Amazonia - Laurentia divergence

	temporal 
relationship
	
GF formed before MCR
	
MCR formed before GF

	spatial 
relationship
	MCR rifting truncated against GF
	If GF extended far enough south, GF propagation truncated against MCR or to the east



In the eastern US, the only exposed deformational features are the Grenville-Age Appalachian Inliers (GAAIs). In Canada deformed rocks occur immediately east of the Grenville Front, whereas the GAAIs are far outboard from the traditionally presumed Front in the central U.S. A curious issue is that petrologic data suggest that the northern GAAIs have Laurentian affinities and the southern GAAIs (from about Pennsylvania to Georgia) have Amazonian affinities. Traditionally the GAAIs are assumed to be essentially "in place" relative to their current positions during the Grenville Orogeny. Also, erosion from the southern GAAIs and its presumed major mountain belt is thought to have supplied the Grenville-age zircons found in the central US sedimentary rocks. Here I explore whether the southern GAAIs were located approximately in their current locations during the Grenville orogeny or alternatively if they are terranes, originally deformed nearer Canada and then moved to their current location by younger plate tectonic events. If the latter is the case, it would have major implications for geological interpretations.

[image: ]Comparison of traditionally assumed and proposed revised geometry for the MCR and Grenville Front (Stein et al., 2018)



[image: ]Timeline for evolution of the Midcontinent Rift (MCR) and major compressional phases of the Grenville orogeny
(Malone et al., 2016).


[image: ]A gravity map showing the locations of the Midcontinent Rift (red), observed Grenville Front in Canada (solid black line) and dashed black line for the previously assumed continuation in the central US. Gray regions are the location of the exposed Grenville-age Appalachian Inliers (GAAIs).  Gravity was computed by upward continuing complete Bouguer anomaly (CBA) data to 40 km and subtracting result from CBA.


Tectonic evolution of the cratonic platform, Midcontinent USA:
New questions raised by new observations

Stephen Marshak
Department of Geology / University of Illinois at Urbana-Champaign
Natural History Building / 1301 W. Green St. / Urbana, IL  61801

North America's cratonic platform in the Midcontinent of the USA includes regions where continental crust consists of Precambrian crystalline basement (assembled between 1.8 and 1.1 Ga) overlain by a cover of Phanerozoic strata that has not undergone Phanerozoic penetrative deformation or metamorphism. Data from OIINK, a Flexible Array experiment (part of the USArray component of EarthScope) that crossed the Ozark Plateau, the southern Illinois Basin, and the possible Grenville Front, together with results from other data sources, provides new insight into the tectonic evolution and lithospheric structure of this region, but also lead to a new generation of questions. 
	A DEM of the Great Unconformity, the contact between basement and cover, emphasizes that the cratonic platform can be divided into distinct Phanerozoic tectonic provinces, which differ from each in terms of variation in cover thickness, and in terms of the shape and spacing of basins, arches, and domes1. Most of the Midcontinent province, the region between the Rocky Mountain Front and the Appalachian Front, hosts low-amplitude long-wavelength epeirogenic structures. Numerous fault-and-fold zones that cut across this region root in the basement and die-out up-dip in cover strata as positive or negative flower structures.  Most of these fault trend either west to northwest, or north to northeast, reflecting the orientation of Proterozoic rifts, suggesting that these zones formed during Proterozoic crustal extension.  Some, but not all, remained weak and underwent multiple episodes of reactivation during the Phanerozoic, and some, but not all, host contemporary seismicity. The Midcontinent Province is bounded on the west by the Rocky Mountains and Colorado Plateau, cratonic platform regions in which basins and arches display distinctly higher amplitude and shorter wavelength, and to the south and east by the Bordering Basins Province, a belt of elongate deep basins that were reactivated during Iapetan rifting and have been amplified by flexural loading. Structural relief of the Great Unconformity across the boundary between the Bordering Basins Province and the Midcontinent province locally exceeds 7.5 km. 
	OIINK results indicate that depth to Moho varies significantly across the region, with the greatest depth (60 km) occurring beneath the western Illinois Basin. Notably, the Moho steps down by 10 to 15 km across the boundary between the Ozark Plateau into the Illinois Basin2.  At the surface, this boundary is delineated by the Ste. Genevieve Fault Zone3, the third most active seismic zone in the Midcontinent4,5. Within the lithospheric mantle, several distinct discontinuities may be identified, which appear to relate to the initial assembly of crust during the Proterozoic and to the deep signature of rifting6. Magnetotelluric analysis is adding a new dimension to the tectonic picture of the region by revealing high-conductivity trans-lithospheric zones cutting northwest across Missouri, from the Reelfoot Rift to the Midcontinent Rift7, Similarly, thermochronologic studies are providing new constraints on the exhumation history of the region, revealing that on the order of 6 km of crust was exhumed during the late Proterozoic, just prior to Rodinia breakup8.  This event, by comparison with a similar event just prior to the breakup of Pangaea suggests that the deeper portions of the lithosphere may evolve while the upper portion remains cratonic9.
	New results bring up new questions.  As regards rifts, for example, while orientation trends of rifts suggest that sets of several rifts initiated within the same crustal stretching event, it remains unclear why some remained weak and subsequently underwent reactivation and, in some cases, are still susceptible to deformation, while others are not.  As regards Moho depth, the causes of observed variations remain unclear—are they a manifestation of crustal structure during assembly, or of variable delamination or variable underplating after assembly?  As regards lithospheric discontinuities, their association with assumed near-surface terrane boundaries and with the Nd-line remain unclear.  As regards fault zones, their at-depth structure remains unclear—do they cross the crust, or even the lithosphere, or are they upper-crustal features, and does the reason for the change in the amplitude and wavelength of structures across the Rocky Mountain front reflect Phanerozoic strain, of preexisting structure?  And, as regards, craton formation and evolution—does cratonic lithosphere remain intact since its formation at all depths, or does rifting scar the deeper lithosphere permanently or temporarily? 

1Marshak, S., et al., 2017, Geology, v. 45, p.391-394.
4Yang X., et al., 2017, Journal of Geophysical Research, Solid Earth, v. 122, p.6323-6345.
3DeLucia, M.S., et al, 2015, AGU Abstract T11D-2926. 
4Yang X., et al., 2014, Seismological Research Letters, v.85, p. 1285-1294.
5Chen, C., et al., 2016, Geochemistry, Geophysics, Geosystems, v. 17, p. 1020-1041
6Chen, C., et al., 2018, Earth and Planetary Science Letters, v. 481, p. 223-235.
7DeLucia, M.S., et. al., in prep.
8DeLucia, M.S., et al., 2018, Geology v. 46, p. 167-170.
9Hu, J., et al., 2018, Nature Geoscience, v. 11, p. 203-210.


​​Evolution and crustal architecture of the Grenville orogen of Laurentia and Amazonia 

Ben van der Pluijm, University of Michigan  vdpluijm@umich.edu 


Regional cooling rates calculated from U/Pb, 40Ar/39Ar, and Rb/Sr thermochronologic data along a transect across the major tectonic units of the Grenville orogen in Laurentia and southwest Amazonia document the heterogeneous expression of late Mesoproterozoic collision along the Grenville margin of North America.  Paleodepths calculated for ~1.0 Ga along a transect of the restored 1300-km-wide belt vary from uniformly deep levels (15–30 km) exposed in North America to shallower levels (5–15 km) observed in the southwest Amazon, reflecting a change in tectonic architecture from thrust-dominated deformation in Laurentia versus strike-slip dominated deformation in the Amazon, with a commensurate variation in crustal thickness. This interpretation explains the widespread preservation of both pre-Grenvillian ages and collisional ages in the Amazon craton, in contrast with the more homogeneous array of cooling ages from the North American Grenville Province marking the post-orogenic extensional collapse of an overthickened crust. The asymmetrical orogenic architecture from the reconstructed Grenville belt mirrors histories for Phanerozoic orogenic belts where deep-crustal rocks are not yet exposed.




Crustal Structure Evolution of Pre-Middle Ordovician Southeastern Laurentia

Robert D. Hatcher, Jr., Department of Earth and Planetary Sciences, University of Tennessee–Knoxville (bobmap@utk.edu) and J. Wright Horton, Jr., David L. Daniels, and Isidore Zietz (deceased), U.S. Geological Survey–Reston, VA

North America consists of a nucleus of amalgamated Archean cratons bound together by Paleoproterozoic orogens surrounded by Late Mesoproterozoic and Phanerozoic orogens and the present-day continental margins. The Grenville orogenies and midcontinent rifting events participated in the amalgamation of supercontinent Rodinia.  The midcontinent rift is a unique structure that cuts across major provinces of the southern North American craton, largely without reactivating terrane boundaries.  It formed as part of an ~1.1 Ga extensional event, which is broadly coeval with the Ottawan and possibly the Rigolet (late Grenville) orogenies farther E (Fig.1).  Magnetic and gravity highs characterize the rift and the distribution of basalt along it.  The western arm of the rift opened as far N as Lake Superior, but only smaller (yet hundreds of km2 area) bodies of mafic rocks occur along the eastern arm, identified by isolated magnetic and gravity highs.  The Grenville front is traceable southward in potential field data from exposures on the N side of Georgian Bay, Ontario, where it is a NW-vergent thrust southward to TX. It was imaged in a COCORP seismic-reflection line in western OH as a fairly shallow, E-dipping thrust fault that placed higher grade Grenville rocks over lower grade, largely undeformed, Granite-Rhyolite province rocks. Farther S The Grenville front is difficult to trace using potential field data, because large magnetic-gravity anomalies, which appear related to younger source rocks (mafic bodies?), mask the trace of the front.  The Grenville front may be traceable with difficulty across TN and into AL using magnetic data, but several possibilities exist for extending it through this area using 50-km high-pass filtered gravity data.  A weak magnetic trend in eastern AL could mark the Grenville front, but that also is uncertain, except that this trend lines up with the trace of the Grenville front across Central TX.  Limited basement holes in KY and TN reveal Granite-Rhyolite province or undeformed gabbro in the basement into eastern Central TN, so the Grenville front lies E of these data points.  
	The NY-AL lineament is a still younger, but pre-Iapetan (?) fault that can be interpreted as either a dextral or sinistral fault.  It truncates numerous large midcontinent rift-related (?) magnetic-gravity highs and lows.


[image: ]
	Grenvillian rocks exposed in the Appalachians appear on face value to be similar high-grade metamorphic and igneous rocks, but Pb isotopic data indicate the southern and  central Appalachian Grenvillian rocks belong to Amazonia, whereas Grenvillian rocks from New England northward have a Laurentian provenance.  If the Grenville front traces southward from OH and northern KY, the suture between Laurentian Grenville and Amazonian Grenville must lie beneath the Alleghanian Blue Ridge-Piedmont megathrust sheet and not within it.

	Rodinia broke up at ~750 Ma on both sides of Laurentia (Fig. 1).  First there was failed, then successful rifting and opening of the Iapetus ocean.  Sequences of rift-related sediments and volcanic rocks were deposited on both sides of Laurentia during the Neoproterozoic (e.g., Pahrump, Windermere, Ocoee, Catoctin, Pinnacle).  Shallow seas gradually encroached onto both the eastern and western flanks of the continent, producing the almost lithologically identical and correlative Early Cambrian-early Middle Ordovician sequences that form Sloss’ Sauk sequence.  By Early Ordovician time, restricted circulation shallow seas covered the eastern two-thirds of North America depositing mostly dolostone comprising the well-known Knox-Beekmantown-Arbuckle-Ellenberger-Gasconade-Roubidoux-Jefferson City-Prairie du Chien carbonate platform; facies changed to limestone near the eastern bank edge where it faced the Iapetus ocean. The carbonate platform was uplifted throughout central and eastern North America (exception: central PA) and a major unconformity formed with extensive karst development before deposition of the first middle Middle Ordovician carbonates.  This unconformity has been attributed to loading of the Early Ordovician margin by island arcs that closed the Iapetus ocean, but it is present in W TX (Franklin Mountains), UT, and is traceable to the E in the subsurface; it has been identified in Morocco.  Its origin is more likely related to lithospheric or even asthenospheric processes.






Continental Rifts: Comparative and Integrated Geophysical and Geological Studies

G. Randy Keller, University of Oklahoma   grkeller@ou.edu 


Continental rifts can evolve to seafloor spreading and be preserved in passive margins, or fail and remain as fossil features in continents. Rifts at different stages give insight into their evolutionary paths as either a failure because they did not form a new ocean or a success that resulted in a new oceanic basin. Insights into the structure and evolution of the Midcontinent Rift (MCR) that formed by 1.1 Ga rifting of Amazonia from Laurentia can be gained by comparisons to other well-studied rifts around the world. Thus, the purpose of this presentation is to compare the MCR to the active East African, Rio Grande, Baikal, rifts, the failed Western and Central African rift system, and the strongly inverted Southern Oklahoma and Dnieper Donets aulacogens.



Insights into rifting mechanics from young continental rifts

Patricia Persaud
Department of Geology and Geophysics, Louisiana State University, Baton Rouge, Louisiana 70803, USA

It is broadly accepted that the breakup of continents follows a sequence involving the rifting and thinning of the continental lithosphere, magma intrusion and the late-stage formation of transform faults as linkages between oceanic spreading centers. But increasing evidence shows that magma intrusion is spatially and temporally a complex process influenced by mantle potential temperature and the availability of fluids. Magma bodies can also be laterally dispersed within a rift zone, e.g., the East African rift and Gulf of Aden, and need not be located directly beneath volcanic centers. Adding to this complexity, geophysical evidence in the Gulf of California shows that the most prominent zone of asthenospheric upwelling there underlies the longest transform fault, which has been interpreted as a leaky transform fault. A large pull-apart basin exists at one end of this transform fault where there is no evidence for the formation of oceanic crust. In contrast, the rift basin at the other end of the transform fault is characterized by > 7 km thick, ~280 km wide oceanic crust1. Seismic anisotropy studies suggest that mantle upwelling beneath oceanic transform faults may encourage warm and weak faults, and the long-term stability of the plate boundary2, which may be the case in the northern Gulf of California. Here, the transform fault and rift basins relocated westward at ~2 Ma as rift basins in the east were abandoned. Strain is currently localized at the leaky transform fault, but is widely distributed in the pull-apart basin to the north indicating different mechanical behaviors within the rift basins compared to the transform faults.

Despite the complexities, rifts are classified as magma-rich or magma-poor, with thick crust and elevated geotherms promoting magma-rich rifting, i.e., magmatism prior to the complete thinning of the continental crust. However, observations are often at odds with this simple two-end-members classification. For example, opening of the Gulf of California has led to a wide range in rifting styles along-strike, ranging from magma-rich, to magma-poor, to a “new” type of metasedimentary crust, all a part of a single active rift system. Such contrasts in rifting styles are not explained by differences in the timing of extension as the Gulf of California opened along its full length ~6 Ma. Furthermore, recent results in the South China Sea show that the hyperextended crust, typical of magma-poor margins can instead be associated with a rapid transition to seafloor spreading and the formation of MORB-type crust without exhumed mantle3. What we can learn from the similarities and differences between different rifts will be discussed using both geodynamic models and observations.

1 Lizarralde et al. (2007), Nature 448, 466-469.
2 Eakin et al. (2018), JGR: Solid Earth, 123, 1736-1751.
3 Larsen et al. (2018), Nature Geoscience (in review) .

Geologic structures of Proterozoic Laurentia uncovered with 3D magnetotellurics
Esteban Bowles-Martinez     Oregon State University   bowlesme@oregonstate.edu 

Many features of Laurentia’s Archaean to Proterozoic development are shown in 3D magnetotelluric (MT) modeling. This work focuses on the upper Midwest US, covering the region between roughly Lake Michigan and the Dakotas and from the Canadian border to southern Missouri. Data from the EarthScope MT USArray Transportable Array dataset collected in 2011-2014 were inverted to create a resistivity model of the upper 250 km. The 70 km station spacing and long period data allow for accurate 3D imaging of large-scale features, while smaller, shallower features are still resolvable, especially those that are narrow but long enough to be covered by multiple stations. Suture zones from Laurentian accretion are clearly shown as long, narrow conductive anomalies within the mid-to-lower crust. Many features of the southwestern arm of the Midcontinent Rift (MCR) are clearly visible, including a resistive central axis interpreted as intrusive gabbro with conductive material flanking the central axis and at shallow depths interpreted as sedimentary infill, and offsets in these features that are interpreted as transform faults. These features overlap those shown in gravity data, helping to confirm earlier interpretations of MCR features while giving better geologic constraints on rock types. There is also a deeper feature in the upper mantle that appears as a highly conductive anomaly that is likely the remnants of a hotspot track.
An interesting set of anomalies is the NE-SW-trending conductive suture zones in the lower crust and a NW-SE-trending highly conductive anomaly in the upper mantle below northern Wisconsin. The Penokean and Yavapai suture zones appear as narrow conductive zones in Wisconsin, most likely resulting from carbon compressed into graphite during collisions. The deeper anomaly in the mantle requires a different explanation. Its location passing below western Lake Superior suggests a relationship with MCR initiation. Its depth is in agreement with melting depths of primitive Keweenawan basalts, which are believed to be derived from a mantle plume and have an unusually deep melting depth with some units greater than 150 km. Its linear elongation suggests a hotspot track preserved at the base of the lithosphere. Its depth exceeds that of graphite stability and its extreme conductivity makes hydrated mantle an unlikely explanation. It requires an origin that allows for extreme conductivity at high temperatures and pressures, no anomalous heat flow, and tectonic stability over 1.1 billion years if it is MCR-related. These requirements would be satisfied by an abundance of deep metallic sulfide minerals brought down by subduction, which fits paleoceanographic models of an early Proterozoic transition from iron saturated ocean to sulfur saturated that signaled the end of banded iron formations. A mantle plume passing under sulfide-rich subducted sediment would melt disseminated sulfide minerals into an interconnected network while the more refractory olivine remains largely intact. This structure disappears southeast of the Yavapai suture zone, suggesting that sulfide-rich subducted sediments were available only to the northwest of this location, requiring northwest-dipping subduction prior to this accretion.
This study highlights the importance of making interpretations that consider changing conditions from the Archaean to the present, including the effects on ocean chemistry and continental weathering from increases in atmospheric oxygen, long-term cooling of the mantle, and long-term changes in availability and abundance of different minerals.



Tracing Archean-Proterozoic Crustal Evolution in Northern Michigan Using the Age and Hf Isotopic Compositions of Detrital Zircons and Pb in Feldspars
Meridith Miska,  University of Florida   meridith.miska@ufl.edu 

The interaction between basement rock and the Mid-Continent Rift (MCR) is poorly understood. To address this, I am investigating the Archean terrane along the southern margin of the Superior province where the northernmost portion of the western arm of the MCR intersects the Archean basement and surrounding Paleoproterozoic basin sediments.  Within this Archean gneiss terrane, tonalite gneiss blocks in the Minnesota River Valley (MRV) have a U-Pb age up to 3.5 Ga (Bickford et al., 2006). In the Upper Peninsula of Michigan, the Watersmeet dome is a gneiss of a similar composition and aeromagnetic signature as the MRV (Bickford et al., 2006; Nice Working Group, 2007) with ages ranging from 2.6 Ga to 3.5 Ga and inherited zircons of 3.8 Ga. Similar Eoarchean ages have been measured in the Carney Lake gneiss in northern Michigan (Ayuso et al., 2017). Research is also currently investigating the Paleoproterozoic sedimentary strata (Huronian) and the younger trench sediments associated with the Penokean orogeny using U-Pb and Lu-Hf systems in detrital zircons. U-Pb ages, Pb isotopes, Hf isotopes, and Nd isotopes measured in these rocks and minerals can be used to help understand the age and evolution of the Archean terrane surrounding the northernmost portion of the MCR, as well as the ancient continental margin the MCR rifted through.Figure 1. Map of the Archean terrane in relation to the Mid-Continent Rift. GLTZ: Great Lakes Tectonic Zone, MCR: Mid-Continent Rift, MRV: Minnesota River Valley, WD: Watersmeet dome. (MCR boundary from Ola et al., 2016; MRV boundary from Bickford et al., 2006). 
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Tectonic implications of the gravity anomalies along the Grenville Front and east
and west arms of the Midcontinent Rift          Reece Elling, Northwestern University

While the Grenville Front (GF) is exposed in Canada and the southern U.S., the gravity highs along the Fort Wayne Rift and East Continent Gravity High seem to be continuations of the east arm of the Midcontinent Rift (MCR) rather than the GF. Their gravity anomalies are similar in dimensions and magnitude to those elsewhere along the MCR in showing a distinct central high. No similar high occurs across the Grenville Front.
The MCR records a major rifting event between Laurentia and Amazonia during the formation of Rodinia. Its history illustrates that many rifts generally follow a similar evolutionary sequence, within which a complex combination of factors control the variability of structures within and between rifts. For example, the gravity anomalies associated with the west arm of the MCR reflect the combined effects of a sequence of rifting, volcanism, subsidence, sedimentation, compression, inversions, and any later effects. Differences in any of these would cause differences in the final structure and the resulting gravity anomaly. The gravity highs along the west arm are larger and bounded by pronounced lows, whereas those across the east arm are smaller and lack the sharp bounding lows. Possible causes include more magma in the west arm, less inversion in the east arm, or more uplift and erosion of the igneous rocks in the east arm. Compression and tectonic readjustments during with the Grenville collisional events (ca. ~1.3-0.98 Ga) likely also contributed to the geophysical anomalies associated with the MCR. The smaller gravity high in the east arm seems implausible because any Grenville compression should have been stronger from the east, however, it is uncertain whether collisions occurred in the eastern United States. Understanding the differences between the west arm and revised continuation of the east arm – as well as across the GF in Canada – will provide deeper insight into the tectonic evolution of the MCR.

[image: ]


Deciphering the Grenville Front in the U.S.      D. Ravat (dhananjay.ravat@uky.edu) , H. L. Zhang, and Maureen D. Long

The Grenville Front Tectonic Zone (GFTZ) in Ohio has a reflection seismic signature (upthrust reflector packages) in two differently processed COCORP Ohio seismic lines (Pratt et al., 1989; Baranoski et al., 2009). The signature is similar to the well-established part of the front in the vicinity of Lake Huron as well as northward into Canada (Green et al., 1989). A north-south zone of thickened Moho along the Grenville Front in Ohio is observed on the Moho thickness data derived from the inversion of EarthScope TA receiver functions constrained by gravity anomalies, supplemented by the Moho from seismic refraction from Mooney and Kaban (2010) (Figure 1, Zhang et al., 2018, unpublished manuscript). The eastward dipping near-surface reflector and thickened crust at the location of the Grenville Front are observed also in Ohio in the EarthScope MAGIC experiment (M. Long, manuscript in preparation). Using residual gravity anomalies from modeling all lithospheric density variations in the eastern U.S. except the intracrustal density variations (i.e., sedimentary layer variations, optimized Moho and mantle density contrasts using databases of Laske et al., 2012; Schmandt and Lin, 2014; Zhang et al., 2018, we compute intracrustal density variations (Figure 2, Zhang et al., 2018, unpublished manuscript).  The intracrustal density variations in Figure 2 clearly show high density crust in the well-known segments of the Midcontinent Rift and the East Continent Gravity High (ECGH) in Ohio.  In contrast, continuous linear zone of high crustal densities is conspicuously absent in the so-called Fort Wayne Rift (FWR); there is no direct and continuous magnetic expression of any mafic rocks associated with the FWR (Ravat et al., 2009). Our results to date suggest that the apparent FWR Bouguer gravity highs are caused by the Moho variation in the region in combination with a few isolated density highs, although it is not impossible that our Moho determinations in the region could be biased by the gravity constraint we used. If the ECGH is a rift related feature, it occurs in addition to the east-dipping seismic reflector packages of the GFTZ in Ohio. 

Lastly, magnetic susceptibility variations from Swarm and CHAMP satellites (Olsen et al., 2017; Ravat et al., IAGA conference 2017, unpublished, Figure 3) have meaningful information about large terranes and their boundaries. For example, the variations show distinctly the Neodymium model age Paleoproterozoic-Mesoproterozoic boundary (Van Schmus et al., 1996) in the central U.S. from Texas to Killarney. The eastward extent of the Mesoproterozoic and “Grenville” terranes east of the Grenville Front (which is not marked in the U.S. in Figure 3) can also be inferred from these data from Alabama to Labrador (yellow and orange in Figure 3). 

Recommendations: In view of the absence of the so-called Fort Wayne Rift feature, the models of southward continuation of the Midcontinent Rift will need to explain high density gap regions along the current Grenville Front.  The above perspective suggests that, in order to prove the southward continuation of the Midcontinent Rift, it is critical to obtain upper lithosphere geophysical transects across the so-called Fort Wayne Rift and the regions of gaps in high density crustal features south of the ECGH.  If the Fort Wayne Rift and its extent is demonstrated, then one must be able to explain its offset with respect to the putative southward continuation of the Midcontinent Rift.  One also must obtain transects across the Grenville Front in Kentucky and other southern states to examine if the east-dipping reflector packages associated with the Grenville Front continue southward.  Gravity modeling of Buening (2013) in Ohio neglects density variations associated with the east-dipping seismic reflectors, whereas Sunwoo et al. (2005) do not consider the possibility of the mafic upper crustal or middle crustal intrusions associated with the ECGH. Additional geologic and geophysical evidence must be sought for the rift-related intracrustal mafic rocks associated with the ECGH and gravity and magnetic modeling redone taking its presence into account in combination with the east-dipping crustal reflectors.

If the model of southward continuation of the Midcontinent Rift (Stein et al., 2018, and papers therein) is correct, then the discontinuous nature of gravity highs along the Grenville Front could be explained by the rift taking advantage of the zones of weakness along the Grenville Front tectonic zone. It is not impossible to have the rift and Grenville Front spatially overlap with each other as long as the timing of the events in its various segments can be worked out.

- [image: ../../../CurrentStudents_Collaborators/HengleiZhang/GravityInversion_NA/2017/crustalthickness_RFandGravityMohoandRefractionMoho.png]
	
Figure 1.  The Moho depth variation (in km) from a combination of the gravity constrained EARS receiver functions results and seismic refraction surveys (Zhang et al., 2018, unpublished manuscript).
[image: ../../../CurrentStudents_Collaborators/HengleiZhang/GravityInversion_NA/2017/CrustalDensityandVpVsVariations.png]Figure 2.  Intracrustal density variation (in g/c.c. or Mg/m3) derived from the Moho depths in Figure 1 and mantle density variations inferred from Vp and Vs results from Schmandt and Lin (2014). (From Zhang et al., 2018, unpublished manuscript)  
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Figure 3.  Regional Magnetic Variation in eastern North America (Olsen et al., 2017; Ravat et al., 2017).  Geologic province boundaries and the New Madrid Seismic Zone and Rome Trough boundaries are from Whitmeyer and Karlstrom (2007) database. Sup – Superior Craton, UP – Ungava Province, Chur – Churchill province, W – Wyoming Craton, Y – Yavapai terranes, M – Mazatzal terranes, Ll – Llano terranes, K – Kentucky “terranes”. The Grenville Front in the U.S. is not shown.  The eastward extent of interpreted Mesoproterozoic and “Grenville” terranes east of the Grenville Front are seen as yellow and orange colors west of the Appalachian domain.
Alternate view of the Midcontinent Rift and Grenville Front in Ohio and Kentucky
Hickman, JB (jhickman@uky.edu) , Bowersox, JR, and Moecher, DP, University of Kentucky, Lexington, Ky.

The Eastern Granite-Rhyolite (EGR) basement province, the Midcontinent Rift (MCR), and the Grenville Orogeny are all features that formed during the middle to late Proterozoic within eastern Laurentia. The degree to which the evolutions of these features are intertwined is unclear. Additionally, although the term “Grenville Front” (GF) is commonly used in this area, the exact location and definition of what exactly the GF is varies dramatically between authors (continental suture or high-angle thrust fault or metamorphic front or potential field lineament or other?), further confusing the issue. We will attempt to start to untangle these issues below, and in further discussions at the upcoming EarthScope Workshop. 
Aeromagnetic survey data across Ohio, Kentucky, and Tennessee illustrates a linear NNE-SSW boundary between two areas of different magnetic character; subdued, longer wavelength anomalies to the west, and highly variable, short wavelength anomalies to the east. Well penetrations to below Paleozoic strata across this area encounter undeformed felsic igneous rocks with occasional mafic bodies and lithic arenite sandstones to the west, and metamorphosed or thermally altered igneous rocks and meta-sediments to the east of this boundary (Wickstrom et al, 1992). The surface trace of this boundary is what the authors of this abstract define as the location of the GF. 
Recent zircon analyses (Moecher et al., 2018) strongly suggest that a basement core of orthogneiss from about 80 km east of the GF in Carter County, Ky., was originally part of the 1.45 Ga EGR magmatic suite that underwent high-grade metamorphism around 1.02 Ga. This age of metamorphism concurs with previous studies (Wickstrom, et al., 1992), further enforcing the theory that the metamorphism that produced the linear boundary described above was a result of the Grenville Orogeny. The interpretation that the protolith for that orthogneiss was EGR in origin also disproves the interpretation that the GF is the continental suture formed during the Grenville with exotic terrane rocks immediately east of the Front. Alternatively, this data suggests that the Precambrian basement under Kentucky is tectonically equivalent to the deformed parautochthonous belt (Rivers et al., 2012) exposed in Ontario, Canada, just east of the GF. 
The Western Arm of the MCR is a highly prominent positive anomaly on both gravity and magnetic surveys, which crosses Michigan, Wisconsin, Minnesota, and northern Iowa, and possibly extends as far south as Oklahoma (Stein et al., 2018). The Eastern Arm, however, is a relatively weak (low contrast) feature on gravity surveys and only partially visible (containing both positive and negative anomalous values) on regional magnetic surveys. The strike of the Eastern Arm also deviates about 120° from the trend of the western arm. Stein et al. (2018) interpreted two other gravity highs (in southern Ohio and along the Kentucky/Tennessee border) as southern extensions of the eastern arm of the MCR and used that scenario as a reason to discount the existence of the GF. The authors of this abstract argue that both features could in fact exist within the same areal extent, but at different depths. As stated above, the GF formed through the metamorphism and tectonic uplift of mid-crustal (30 km depth) material. Continental rift material, alternatively, forms from uplift of subcrustal melts into the shallow crust from below. Therefore, it is possible that a plume of mantle material could be emplaced below (or within) the crustal root of the Grenville orogenic mountain chain, producing the gravity anomaly seen today. This difference in the depth-of-penetration of mantle material into the crust could also explain the weakened signature of the entire Eastern Arm of the MCR. 
Petrology and Geochronology of Basement Rocks in KY-OH Support the Spatiotemporal Convergence of Late Mesoproterozoic Grenville Collisional and Midcontinent Rifting Processes 

Dave Moecher (moker@uky.edu), Rick Bowersox, John Hickman; University of Kentucky, Department of Earth & Environmental Sciences and Kentucky Geological Survey, Lexington, KY.

Basement drill core from KY and OH provide insight into the spatial distribution and temporal evolution of Grenville orogenesis/exhumation, Midcontinent rifting, and foreland basin formation in the region where collision and rifting are inferred to merge. The basement history is interpreted in the context of the well-characterized magmatic, metamorphic, and exhumation history of the Grenville orogen in Ontario, the Adirondacks, Appalachian basement massifs, and rocks near the Grenville front in Ontario (Southworth et al., 2010; Rivers et al., 2012; McLelland et al. 2013) and Granite-Rhyolite province rocks in the midcontinent (Bickford et al., 2015). Using basement cuttings and core the KGS (Cincinnati Arch Consortium) mapped a lithologic boundary through central KY that separates Grenville lithologies (granitic orthogneiss, amphibolite, garnet metagabbro, marble) to the east from unmetamorphosed felsic rocks, red-beds, and gabbro to the west. The boundary was interpreted to be the Grenville Front (GF) bordering a rift basin.
A new core in eastern KY (Carter Co.) consists of granulite facies orthogneiss containing mesoperthite + opx and amphibolite layers. U-Pb zircon geochronology on well-characterized magmatic and metamorphic zircon from orthogneiss reveals ca. 1.02 Ga (late Ottawan) high-grade metamorphism overprinted a ca. 1.45 Ga granite protolith. Hornblende 40Ar-40Ar thermochronology is currently in progress; existing biotite K-Ar ages for basement rocks in east-central KY are ca. 950 Ma (post-Rigolet cooling), similar to cooling/exhumation ages in Ontario. Orthogneiss ages agree with a nearby sample from OH (Petersson et al., 2015). An unmetamorphosed coarse-grained granite in central KY (Bourbon Co.) yielded a zircon age of 1.33 Ga (late Granite-Rhyolite). 
Detrital zircon (DZ) was analyzed from the Middle Run (MR) discovery well in Hamilton Co. (OH) and from potential (distal) MR equivalent redbeds in western (distal: ‘Blan’ well) and central (proximal; ‘Sherrer’ well) KY. The latter sample occurs below two basalt flows and contains abundant rhyolite clasts; it is likely an early syn-rift basin sediment (older than ~1110 Ma). The type MR well did not encounter basalt but contains abundant rhyolite clasts. Key features of the DZ age spectra are: (1) a dominant age mode centered at ca. 1120-1080 Ma with the Sherrer being most restricted in age; (2) moderate age modes at ~1250 (Elzevirian), ~1350 (pre-Elzevirian and Southern Granite-Rhyolite[SGR]), and 1450 (Eastern Granite Rhyolite [EGR]). Noticeably absent from all samples is the Ottawan-Shawinigan “Grenville age doublet” (ca. 1050 and 1150 Ma DZ age modes) that defines Grenville magmatism/metamorphism, characterizes all late Neoproterozoic and Phanerozoic clastic sequences across Laurentian, and exactly brackets the time of Midcontinent magmatism (1115-1085 Ma). Analytical precision precludes resolution of the dominant age mode of the Blan well into a Grenville Shawinigan and Midcontinent component. 		
The CAC lithologic map and DZ ages are consistent with a rift basin capped by basalt (Sherrer well) that evolved into a foreland basin or over-filled rift basin (OH and Blan sediments) as post-Ottawan exhumation occurred. Rift flank rocks (EGR, SGR, Elzevirian) were the dominant source of DZ older than ~1100 Ma. Ottawan-aged rocks were not yet formed (Sherrer rift sediments) or were just beginning to be exhumed (OH, Blan sediments) and are thus generally absent from the DZ age spectra. 	
We propose that rather than debating whether a Grenville front exists, the focus of future research should address how, geodynamically, one of the purportedly largest mountain ranges in Earth history “took a breather” for an episode of continental rifting whose plateau, on a clear day, probably would have been visible from the high peaks of the orogen and was eventually covered by detritus shed from that orogen.



3D variations in Vp and Vp/Vs ratio beneath the Midcontinent Rift from body and surface wave tomography			Eva Golos, MIT     emgolos@mit.edu 

	The Midcontinent Rift (MCR) crosscuts a patchwork of sutured Archean and Proterozoic terranes and represents the last major tectonic event in this portion of the Laurentian lithosphere, approximately 1.1 Ga ago. Low Vp and Vs have been observed below the MCR in the crust and uppermost mantle, and gravity and receiver function studies propose that mafic material from a plume-like mantle source has underplated the lower crust in the vicinity of the MCR.
The goal of this study is to use seismic tomography to better resolve the geometry and place constraints on the origin of the MCR anomaly. While seismic wave speed anomalies are often interpreted in terms of thermal variations, a thermal explanation for the MCR anomaly is inappropriate due to its age and, therefore, these seismic heterogeneities likely have a compositional origin. An additional constraint that is sensitive to composition, and can reduce the nonuniqueness of seismic model interpretation, is the Vp/Vs ratio. I present the results from a tomographic inversion for Vp and Vp/Vs variations in the central United States. I incorporate data from body waves, which are sensitive into the lower mantle, and surface waves, which provide better vertical resolution in the crust and upper mantle. The joint inversion of these phases gives good resolution throughout the continental lithosphere and into the asthenosphere, which is crucial for understanding the processes that have shaped the MCR.
[image: ]
Figure 1: Variations in (a) Vp and (b) Vp/Vs ratio at 40 km in the central United States. Red lines delineate the MCR, while black lines show the borders of major geologic provinces: S-Superior; Y-Yavapai; M-Mazatzal; A-Appalachian; ME-Mississippi Embayment.
	Our preferred model is characterized by lower Vp and higher Vp/Vs than the regional average beneath both arms of the MCR (Fig. 1). Although this feature may persist into the upper crust, the strongest anomalies are observed at depths of 23-34 km to about 50-62 km. This is to a first order consistent with a body of relatively iron-enriched mafic material lying near the Moho, though further quantitative work must be done to verify whether the magma source was a deep mantle plume or a shallower body. Intriguingly, while the Vp anomaly underlies the entire western branch of the MCR, the Vp/Vs anomaly is less apparent south of the northern boundary of the Yavapai Province, also known as the Spirit Lake Tectonic Zone. This may indicate heterogeneities in the source material, differences in magmatic evolution, or structural variations in the Proterozoic lithosphere at the time of emplacement.
Crustal Structure in the Vicinity of the MCR and Grenville Front: Insights from Seismicity and Potential-Fields Anomalies
Seth Carpenter and Zhenming Wang, Kentucky Geological Survey, University of Kentucky
Most relevant to topics:  1) Is there a Grenville Front in the central USA, and what are the implications for the assembly of Rodinia? And  2) What is the lower crust and mantle structure beneath the Laurentian craton, and how does this structure differ with location?  
Earthquakes in the central and eastern US are not uniformly distributed, but tend to cluster in zones, which typically are associated with ancient rifts. Apart from the Reelfoot Rift, seismicity in the stable craton is scarce and sparse, including in the proximity of the Midcontinent Rift (MCR), which, in contrast to the Reelfoot Rift, is largely aseismic. The East Continent Gravity High (ECGH) is adjacent to and east of the traditionally mapped Grenville Front (GF). A sharp truncation of seismicity associated with the Eastern Tennessee seismic zone occurs at the (ECGH), suggesting that this gravity anomaly deforms differently from the adjacent crust to the east, at least at seismogenic depths. The lack of seismicity in the high-density ECGH, which is a common trait with the west-arm of the MCR, Is possibly due to a lack of faults, a lack of faults oriented for failure in the contemporary stress field, or due to anomalously low strength.
In contrast, earthquakes do occur in another high-density anomaly to the north, the Fort Wayne Rift (FWR), which is mapped west of and terminating at the traditional GF, and is under consideration as being part of the MCR. It is unclear, however, if the gravity anomaly associated with the FWR terminates at or continues through the GF. As with the ECHG to the south, very few earthquakes have occurred in the potential continuation of the FWR east of the GF (FWR-E), suggesting that the seismogenic properties of the crust change across the GF. Furthermore, in common with the ECGH, a positive aeromagnetic anomaly coincides with the FWR-E. These common characteristics – lack of seismicity, gravity and magnetic highs, bordering the GF – suggest that the ECGH and FWR-E share common crustal properties, and perhaps tectonic origins. A tomographic study using ETSZ earthquakes found that a high velocity body that coincides with the ECGH in Tennessee likely consists of lower greenschist facies metamorphism of mafic rocks. It is possible that the same lithologies correspond with the potential fields anomalies associated with FWR-E. 
Additional observations that may provide constraints on crustal structure or composition near the GF come from four recent (2015 to 2017), unpublished lower-crustal micro-earthquakes (ML 0.9 – 2.3), which occurred within 15 km (in map-view) of the GF in Kentucky: the focal depths of these events range from 33 to 37 km. Due to the uncertainty in the location of the GF and because the direction of subduction is unknown, additional work will be necessary to determine if these earthquakes occurred in crust inherited during the Grenville orogeny or if they occurred within Granite-rhyolite crust, or both. The high-frequency content in the waveforms, impulsive S-wave arrivals, and variable polarity of the P-waves suggest that these earthquakes occurred as a result of shear brittle failure. The occurrence of these earthquakes in this low-strain-rate setting has implications for temperature and lithology at the focal depths.



Additional Broadband Stations near the Grenville Front in Kentucky
Seth Carpenter (seth.carpenter@uky.edu)  & Zhenming Wang (zmwang@uky.edu) 
Kentucky Geological Survey, University of Kentucky
Most relevant to topic: 1) Is there a Grenville Front in the central USA, and what are the implications for the assembly of Rodinia?  
[image: ]In June, 2015, as stations with the EarthScope Flexible Array experiment OIINK were being uninstalled, KGS (UK) began deploying an array of broadband seismometers in the Rome Trough, eastern Kentucky (Fig. 1). The array, whose purpose is for real-time microseismicity monitoring, continues to operate, but broadband, rather than short-period, seismometers were deployed to permit additional crustal studies.  Stations were installed to maximize event-detection sensitivity at particular targets, rather than in a uniform grid. However, the average spacing is approximately the same as the OIINK array (~25 km), and nearly abuts the OIINK Phase 3 array (with approximately a one-station gap).

Figure 1. EarthScope (triangles) and KGS (squares) broadband seismic stations near the MCF/GF. Events located using the KGS array (EKMMP) are circles colored by depth: yellow  z <= 5, green   5 < z <= 10, blue    10 < z <= 20, purple  20 < z <= 30, red     z >= 30


Since installation of the first KGS station, more than 1,000 M ≥ 5.0 earthquakes shallower than 300 km and at distances of 30° to 95° have occurred, more than 300 of which are M ≥ 6.0. These events would allow receiver function analysis of the KGS station recordings, which could permit high-resolution eastward continuation of the subsurface structural imaging conducted already using the OIINK and other EarthScope stations, and allow for hypothesis testing, which will be necessary to resolve the uncertainty of the location of the Grenville terrane’s craton-ward edge. 
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