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Folding, fracturing, stress and fluid flow above basement thrusts in the Bighorn basin (Laramide belt, Wyoming, USA) Olivier LACOMBE Collaboration with



Nicolas BEAUDOIN, Khalid AMROUCH (former PhD students) Nicolas BELLAHSEN … and many others



Thick-skinned deformation in orogenic forelands : what we know In thick-skinned (i.e., basement-involved) FTBs, shortening involves a significant part of the crust above a deep ductile detachment (≠ thin-skinned) A key process by which basement becomes involved is the inversion of pre-existing extensional faults Basement-involvement in FTBs requires mechanical coupling between the orogen and the foreland and far-field orogenic stress transmission through the crust and/or mantle lithosphere Basement involvement in FTBs requires a generally rather hot, hence mechanically weak lithosphere Orogenic forelands may have a complex, polyphase evolution, with implication of different structural styles



Pfiffner, 2017



Pending questions to be addressed today : * How do stress (orientation / magnitude) distribute and evolve during thick-skinned folding ? * How does deformation propagate and distribute in forelands ? Is the sequence of thick-skinned deformation similar to that of thin-skinned deformation ? * How do fluids flow (and fluid pressure) evolve during thick-skinned folding ?



The Bighorn Basin and the Sevier and Laramide orogenies



Long-lasting subduction of the Farallon plate along the North America margin The Sevier belt formed formed and propagated eastward as a thin-skinned wedge during Cretaceous to early Paleocene times. Thick-skinned Laramide deformation initiated cratonwards by Late Cretaceous until Paleogene times  time overlap with final stages of Sevier deformation.



(Weil and Yonkee, 2012)



(Ramos, 2010)



DeCelles, 2004



Jurassic – Cretaceous: The Western Interior Basin



Late Cretaceous – Paleocene: The Bighorn Basin



BHB



The Laramide belt = network of anastomosing thick-skinned, basement-cored anticlines and uplifts separated by basins  topographic compartmentalization of the former marine Sevier foreland basin into continental, endorheic basins since the late Cretaceous  the Bighorn Basin



(Marshak et al., 2000; Lacombe and Bellahsen, Geological Magazine, 2016)



(May et al., GSAB, 2013; Beaudoin et al., Basin Research, 2014)



Structure of Sheep Mountain and Rattlesnake Mountain anticlines



Sheep Mountain anticline



Sheep Mountain anticline



(Amrouch et al.Tectonics, 2010)



(Beaudoin et al., Tectonophysics, 2012))



Rattlesnake Mountain anticline SMA immature



RMA mature



(Erslev, 1986)



Fracture populations at Sheep Mountain and Rattlesnake Mountain anticlines



Sheep Mountain anticline



Fracture attributes and mechanical stratigraphy



(Bellahsen et al., 2006; Barbier et al.,Tectonophysics, 2012)



S



Sheep Mountain anticline



L-II



L-I



L-I



(Bellahsen et al., 2006; Amrouch et al., Tectonics, 2010)



L-II



Sheep Mountain anticline



Distribution of joint/vein sets at different structural locations within the fold



(limbs, hinge, pericline)



(Bellahsen et al., 2006; Fiore, 2007; Amrouch et al., Tectonics, 2010)



Pressure-solution and meso-scale faulting at Sheep Mountain anticline



(Amrouch et al., Tectonics, 2010)



Relationships between pressure solution seams and veins



Sequence of fault-vein development at Sheep Mountain anticline (Amrouch et al., GRL, 2011)



SetI S Set



SetSetL-I II



Set SetL-II III



Laramide - Mode I opening of pre-Laramide set S joints/veins - Shear reactivation of pre-Laramide set S veins (LPS). - Laramide stylolites with NE-trending peaks and mode I opening of set L-I veins (LPS) - Reverse faulting parallel to the fold axis (LPS). - Mode I opening of syn-folding, outer-rim extension-related set L-II veins - Late stage fold tightening (LSFT) marked by strike-slip faults and reactivation of tilted set S joints/veins as small reverse faults in the forelimb



Rattlesnake Mountain anticline



(Beaudoin et al., Tectonophysics, 2012)



Rattlesnake Mountain anticline



Distribution of joint/vein sets at different structural locations within the fold (limbs, hinge, pericline)



(Beaudoin et al., Tectonophysics, 2012)



Fracture sequence in the Bighorn Basin (SMA, RMA and other folds)



?



?



Systematic vein sets



(Beaudoin et al., Tectonophysics, 2012)



Early-folding Layer-Parallel Shortening



*Widespread fold-related fractures (early-, syn- and late- folding),



especially early-folding, LPS-related



* Pre-folding fractures are unrelated to either fold geometry or kinematics and are often reopened /sheared during folding possibly inhibiting development of fold-related fractures



 Complex fracture patterns in folded strata



Syn- to late folding related fracturing



*Variable vertical persistence of fractures (stratabound vs through-going), hence potential variable vertical connectivity and break in stratigraphic compartmentalization ( potential impact on fluid flow)



(Tavani et al., Earth Science Reviews, 2015)



Reconstruction of paleostress orientations and regimes by inversion of calcite twins (and striated meso-faults) at Sheep Mountain and Rattlesnake Mountain anticlines



Etchecopar (1984) and Parlangeau et al. (2018) technique of inversion of calcite twin data for stress



* Orientation of principal stresses * Differential stress magnitudes



 1   3 



and



 2   3 



[e1;r2] Twinning sense



Twin lamella



Calcite from S and L-I veins and/or rock matrix



e {01-12] twin plane



Twinning direction



Sheep Mountain anticline



(Amrouch et al., Tectonics, 2010)



Pre-folding stage:



Set S formed under a WNW horizontal 1 in a strike-slip stress regime (pre-Laramide : Sevier ?)



Sheep Mountain anticline



Early-folding stage:



(Amrouch et al., Tectonics, 2010)



Set L-I formed under a NE horizontal 1 either in strike-slip or compressional stress regime = Laramide Layer-Parallel Shortening (LPS).



Sheep Mountain anticline



Late-folding stage: (Amrouch et al., Tectonics, 2010)



Faults and calcite twins also reveal Laramide late fold tightening under NE horizontal 1 in a strike-slip stress regime



Paleostress orientations and regimes in the Bighorn Basin



?



?



?



?



?



(Beaudoin et al., Tectonophysics, 2012)



(Weil and Yonkee, 2012)



Stress history of the Bighorn Basin = polyphase Laramide stress + pre-Laramide (Sevier ?) stress +… Based only on (1) orientations of microstructures and (2) relative chronology between microstuctures and with respect to folding



Direct time constraints ?



Absolute (U-Pb) dating of calcite veins in the Bighorn basin : constraints on stress build-up and on the sequence of folding and basement thrusting



TERA-WASSERBURG DIAGRAM



U-Pb



0.8



Pb/206Pb



0.6



207



0.4



4000 Ma



Technically challenging because of low U concentrations ( 10
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