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ABSTRACT  

A balanced cross section provides a viable subsurface geometry; however, multiple 

subsurface cross section geometries may be possible to match the observed surface geology. 

Low-temperature thermochronologic data and thermokinematic models can be used to test these 

multiple subsurface geometries. In this study, I use muscovite 40Ar/39Ar, apatite and zircon 

fission track, and zircon (U-Th)/He ages in conjunction with two balanced cross sections along 

the Karnali River in far western Nepal to determine if the cross sections are viable. The balanced 

cross sections are reconstructed to determine the kinematic sequence and then sequentially 

deformed in ~10 km increments with flexural loading and erosional isostatic unloading applied 

to each step. Ages are assigned to each 10 km increment of displacement and then used to create 

a 2-D thermokinematic model, which predicts the cooling ages along the section. By varying the 

location of the décollement ramp, shortening rates, and radiogenic heat production, the model is 

modified to better match the existing observed age data. Comparison of the modeled cooling 

ages to the thermochronologic data indicates that although the cross sections are valid and 

balanced, the subsurface fault geometry does not reproduce the existing observed cooling ages 

over the young uplift imparted by the active ramp in the décollement below the Lesser 

Himalayan duplex. Thus, a new balanced cross section is needed with a different location and 

geometry of the ramp to produce the existing cooling ages.  
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1. INTRODUCTION 

Balanced cross sections provide viable cross section geometries based on surface geology 

and geophysical constraints; however, multiple interpretations can be made for subsurface 

structures and the location and geometry of the décollement resulting in variable shortening 

estimates. Kinematic reconstructions of balanced cross sections further test the viability of 

balanced cross sections and the kinematic sequence of faulting and folding (e.g., Robinson, 

2008). However, balanced cross sections and their kinematic reconstructions only provide a 

spatial constraint in fold-thrust belts. To better understand a fold-thrust belt’s evolution, models 

need to incorporate timing of deformation and exhumation.  

In fold-thrust belt systems, the upper crust’s temperature distribution is constantly 

evolving from advection due to the lateral and vertical transport of rock packages along faults, 

erosional exhumation, and sedimentation (Stüwe et al., 1994; Rahn and Grasemann, 1999; Ehlers 

and Farley, 2003). Low-temperature thermochronometers record the time that the rock passed 

through a mineral system’s closure temperature and thus, yields information about the evolving 

thermal structure. The cooling ages of low-temperature thermochronometers are controlled by 

the timing, magnitude, and rate of exhumation in fold-thrust belts (e.g., Shi and Wang, 1987; 

Ehlers and Farley, 2003; Huerta and Rodgers, 2006; Lock and Willett, 2008; McQuarrie and 

Ehlers, 2015). The location, magnitude, and rate of exhumation is a function of fault geometry 

and deformation rates (Lock and Willett, 2008; McQuarrie and Ehlers, 2015; 2017). In fold-

thrust belts, the magnitude of uplift is greatest over fault ramps, which produces topographic 

highs where erosion is concentrated and exhumation rates increase at that location (Whipp et al., 
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2007; Lock and Willett, 2008; Robert et al., 2011; Coutand et al., 2014; McQuarrie and Ehlers, 

2015, 2017). Thus, fault geometry and kinematics have a significant impact on exhumation and 

cooling history of fold-thrust belts.  

The coupling of balanced cross sections and thermokinematic models can be used to test 

the validity of a cross section’s geometry and kinematic evolution. In this study, I expand upon 

previous work by making 2-D thermokinematic models from two sequentially forward modeled 

balanced cross sections in far western Nepal. This approach addresses the non-uniqueness of 

balanced cross sections by utilizing all available thermochronological and geologic data to 

generate a thermokinematic model. The methods used were introduced in McQuarrie and Ehlers 

(2015) and tested in the Bhutan Himalaya. 

Far-western Nepal has a duplex with eight imbricate thrust sheets (Robinson et al., 2006). 

Each thrust sheet has a unique exhumation history and therefore, a potentially, a distinct age for 

each low-temperature thermochronometer. By comparing the existing thermochronometric ages 

to the predicted thermochronometric ages from the models, I can determine if the proposed cross 

section and the fault geometries could have produced the existing ages. This method has 

applications for testing cross section geometry, testing the influence of fault geometry, timing 

and tempo on cooling ages, and can be applied to other convergent orogenic systems to better 

understand the kinematic evolution. 

In this study, I evaluate two balanced cross sections along the Karnali River in far-

western Nepal, the Simikot balanced cross section from Robinson et al. (2006) and a modified 

version of the Simikot cross section from Olsen et al. (2018). The flexural-kinematic models 

evaluate the flexural, erosional, and isostatic response throughout the formation of the 

Himalayan fold-thrust belt. The thermokinematic models investigate the evolution of the thermal 
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history and predict cooling ages along the cross section through time. These models test the 

viability of a cross section’s geometry by matching the predicted thermochronologic data to the 

observed data, if the observed and modeled thermochronologic data do not match, I can 

determine how to modify the balanced cross section to better match the existing 

thermochronologic data. 
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2. GEOLOGIC SETTING 

Convergence between the Indian and Eurasian plates over the past 55 Ma has resulted in 

approximately 2500 km of crustal shortening (Patriat and Achache, 1984; Besse and Courtillot, 

1988; Klootwijk et al., 1992). The Himalayan fold-thrust belt accommodates anywhere from one 

third to one half of that shortening as it migrates southward (Lyon-Caen and Molnar, 1985; Lillie 

et al., 1987; Srivastava and Mitra, 1994; Bilham et al., 1997; Powers et al., 1998; Larson et al., 

1999; Lavé and Avouac, 2000; DeCelles et al., 2002). The kinematic sequence that 

accommodates this deformation holds the key to understanding the evolution of the Himalayan 

thrust belt. Far-western Nepal accommodates the greatest magnitude of horizontal shortening 

across the entire Himalayan arc with estimates up to ~900 km (Robinson et al., 2006).  

The Himalayan rocks are divided into tectonostratigraphic groups that are separated by 

major fault systems (Fig. 1). From north to south the tectonostratigraphic groups and major fault 

systems include the Tibetan Himalaya (TH) rocks, Southern Tibetan Detachment system 

(STDS), Greater Himalaya (GH) rocks, Main Central thrust (MCT), Lesser Himalaya (LH) 

rocks, Ramgarh-Munsiari thrust (RMT), Lesser Himalayan duplex (LHD), Dadeldhura klippe 

(DK), Lesser Himalayan imbricate zone (LHIZ), Main Boundary thrust (MBT), Subhimalayan 

(SH) rocks, and the Subhimalayan thrust system (SHTS) with the frontal thrust being the Main 

Frontal thrust (MFT). Each tectonostratigraphic group is then subdivided into formations based 

on lithology and age. Table 1 contains lithologic descriptions of the stratigraphy (for more 

information, see DeCelles et al., 2001; Robinson et al., 2006). All thrusts in the Himalayan thrust 

belt converge at depth into the basal décollement, the Main Himalayan thrust (MHT).
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Figure 1: (A) Shaded relief map of the Himalayan-Tibetan orogen, with the Indus suture zone highlighted and Nepal outlined in white. 

(B) Generalized geologic map of the Nepal Himalaya, modified from Robinson and Martin (2014). Box indicates extent of far-western 

Nepal mapped by Robinson et al. (2006). (C) Simplified geologic map of far-western Nepal adapted from Robinson (2008). Simikot 

cross section trace from A to A’. 
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Table 1: Stratigraphy of far-western Nepal 

Unit Name Lithological Description Thickness 

Age 

Constraints 

    (m) (Ma) 

Greater Himalaya    

Unit III Granitic orthogneiss >2600 a  

Unit I Garnet and kyanite bearing gneiss, migmatite, metaquartzite 6000-15000a  

    

Lesser Himalaya 

Dumri Fm. Medium- to fine-grained quartzolithic sandstone, mottled red siltstone 1200 a 19.9 to 15.1 bc 

Bhainskati Fm. Black mudstone, thin beds of dark quartzolithic sandstone 100 a  

Gondwanan Unit Pebbly quartzose conglomerate, sandstone, black shale 300 a  

Lakharpata Group Blue-grey dolostone and limestone, black slate 3000 a  

Syangia Fm. Pink, green, and white quartzite, green phyllite 500 a  

Galyang Fm. Thinly bedded green, grey, and brown phyllite and black slate ~500-1000 a  

Sangram Fm. White medium-grained orthoquartzite 500 a <1680 d 

Ranimata Fm. Green chloritic phyllite, Paleoproterozoic augen orthogneiss 1500-3000 a <1830 d 

Kushma Fm. Medium- to coarse-grained white orthoquartzite  800-1500 a 1850 de 

    

Subhimalaya 

upper Siwalik unit Conglomerate with coarse sandstone f ~2000  b >4.6 cef 

middle Siwalik unit Medium-grained sandstone interbedded with mudstone f ~2200 b 10.8 to 4.6 cef 

lower Siwalik unit Fine to medium-grained sandstone interbedded with paleosols f ~2000 f 16 to 9.7 f 
a Robinson et al. (2006); b Decelles et al. (2001); c Ojha et al. (2009); d Decelles et al. (2000); e Quade et al. (1995);  

f Gautam and Fujiwara, (2000). 
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During Proterozoic time, the Indian passive margin was blanketed with a discontinuous 

sedimentary package sourced from the Indian craton that compose the LH rocks (Gansser, 1964; 

Upreti, 1996). Nd isotopic values (e.g., Ahmad et al., 2000; Robinson et al., 2001) and U-Pb 

detrital zircon ages (e.g., DeCelles et al., 2000) suggest that GH rocks are not derived from the 

Indian craton and are not Indian cratonic basement. Currently, GH rocks are placed next to LH 

rocks along the MCT; however, GH rocks were originally formed somewhere north and distal to 

cratonic India with an age that is bracketed by a maximum depositional age of ~1050 Ma from 

detrital zircons ages and igneous zircon ages of ~480 Ma (Gehrels et al., 2003; 2006; Martin et 

al., 2005). From Cambrian to Cretaceous time, the Indian passive margin was once again 

blanketed by a sedimentary sequence; these units compose the TH rocks that deposited in the 

Paleotethys Ocean (Brookfield, 1993; Garzanti, 1999; DeCelles et al., 2001) and covered the GH 

and LH rocks. The combined TH/GH/LH sequences formed the northern extension of the Indian 

craton known as Greater India (e.g., van Hinsbergen et al., 2011). 

Greater India collided with the Eurasian plate along the Indus-Yarlung suture zone 

between 59-54 Ma (DeCelles et al., 2014; Hu et al., 2016; Najman et al., 2017). The Tethyan 

thrust belt formed from the initiation of collision as the Indian plate subducted northward under 

the Eurasian plate (Ratschbacher et al., 1994; Murphy and Yin, 2003; Wang et al., 2011).  The 

Tethyan thrust belt migrated southward burying and metamorphosing GH rocks underneath the 

thrust belt to peak metamorphic temperatures around 700 °C in far western Nepal (Yakamchuk 

and Godin, 2012) during Eocene to Oligocene time (Hodges, 2003; Godin et al., 2001; Godin, 

2003). TH rocks continued deforming until at least 30 Ma (Ratschbacher et al., 1994; Webb et 

al., 2011). 
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Intra-GH thrusts were active from ~28-26 to 17 Ma (Carosi et al., 2013; Montomoli et al., 

2013). The High Himalayan discontinuity is a thrust that separates sillimanite-bearing gneiss and 

schist with peak pressures of 1.0-0.9 GPa in the hanging wall from kyanite-bearing gneiss and 

schist with peak pressures of 0.7 GPa in the footwall (Larson et al., 2010; Yakamchuk and 

Godin, 2012; Imayama et al., 2012; Montomoli et al., 2013; Carosi et al., 2013). After movement 

was accommodated along the High Himalayan discontinuity, GH rocks were transported 

southward along a shear zone, the MCT. In this study, the MCT is defined as the thrust fault that 

separates GH from LH rock. GH rocks have ƐNd(0) values between -19 to -12 and LH rocks have 

ƐNd(0) values between -20 to -26 (Martin et al., 2005). GH rocks have detrital zircon ages 

between ~1050 and ~480 Ma, and LH rocks have detrital zircon ages between ~1880 and ~1550 

Ma (Gehrels et al., 2003, 2006; Martin et al., 2005). The metamorphic discontinuity between the 

GH and LH rocks is interpreted as a faulted contact (e.g., Robinson et al., 2006; Carosi et al., 

2013; Montomoli et al., 2013; Martin, 2017) while other studies define the MCT as a strain 

discontinuity and place it further south in LH rock (e.g., Searle et al., 2008; Larson et al., 2010; 

Yakymhuk and Godin, 2012; Braden et al., 2017; 2018). 40Ar/39Ar cooling ages on muscovite 

~49 km the west of the Simikot cross section suggests that movement along the MCT began ~25-

21 Ma (DeCelles et al., 2001; Robinson et al., 2006). However, U-Pb ages in monazite ~51 km 

the east of the Simikot cross section is interpreted to date the initiation of motion on the MCT at 

~17 Ma and was active until 13 Ma (Montomoli et al., 2013).  

GH rocks were emplaced over and metamorphosed LH rocks in Early to Middle Miocene 

time (Robinson et al., 2003). The LH units include the Paleoproterozoic Kushma and Ranimata 

Formations, the Mesoproterozoic Sangram, Galyang, and Syangia Formations and the 

Lakharpata Group, the Late Paleozoic to Mesozoic Gondwana Group, and the Eocene to 



9 

Miocene, Bhainskati, and Dumri Formations (Table 1). The Ramgarh-Munsiari thrust (RMT) is a 

major intra-LH fault that translates Paleoproterozoic LH rocks (Kushma and Ranimata 

Formations) and GH rocks at least 100 km southward (DeCelles et al., 2001; Robinson and 

Pearson, 2013). Movement on the RMT is interpreted to have initiated after motion on the MCT 

ended around 13 Ma in a section ~51 km to the east of the Simikot cross section (Montomoli et 

al., 2013). Zircon rim age of 8 Ma (Braden et al., 2018) in an RMT imbricate thrust just ~1.5 km 

south of the RMT in the Simikot cross section suggests that movement on the RMT imbricate 

stopped before 8 Ma. Thus, the RMT may have formed and accommodated its total fault 

displacement somewhere between 13-9 Ma. Evidence of Paleoproterozoic LH rocks is first seen 

in the Siwalik Group at 10 Ma in the Karnali River section by a switch to more negative εNd(T) 

values (Huyghe et al., 2001; Szulc et al., 2006). The Lesser Himalayan duplex (LHD) is formed 

by a series of imbricate thrusts in the Lesser Himalayan imbricate zone forming a hinterland-

dipping antiformal duplex (Robinson et al., 2006). Formation of the duplex must be between the 

end of motion on the RMT and 4-5 Ma, the age of the MBT (DeCelles et al., 1998b). 

Synorogenic units deposited in the foreland basin of the Himalayan thrust belt in far-

western Nepal include the LH Bhainsakti Formation and Dumri Formation, and the lower, 

middle, and upper units of the Siwalik Group (SH rocks). The Bhainskati Formation was 

deposited in Early to Middle Eocene time with the TH as the source (Fuchs and Frank, 1970; 

Sakai, 1983; DeCelles et al., 2001; Najman et al., 2005). The Dumri Formation was deposited 

from at least 19.9 to 15.1 Ma; it is unclear whether the TH or GH rocks or both are the source 

rocks (DeCelles et al., 2001; Najman et al., 2005; Ojha et al., 2009). The lower Siwalik unit was 

deposited 16 to 9.7 Ma with TH as the dominate source until 12 Ma when lithic fragments 

sourced from GH rocks first appear (Gautam and Fujiwara, 2000; DeCelles et al., 2001; 
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Robinson and McQuarrie, 2012). The middle Siwalik unit was deposited 9.7 to 4.6 Ma with a 

continued source of the TH and GH rocks and the first appearance of LH derived clasts at 10 Ma 

(Gautam and Fujiwara, 2000; Ojha et al., 2000; Huyghe at al., 2001; Szulc et al., 2006; Robinson 

and McQuarrie, 2012). The upper Siwalik unit was deposited from 4.6 Ma to present with the 

same sources as the middle Siwalik unit of TH, GH, and LH rocks (Quade et al., 1995; DeCelles 

et al., 1998a; DeCelles et al., 1998b; Nakayama and Ulak, 1999; Gautam and Fujiwara, 2000; 

Ojha et al., 2000, 2009).
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Figure 2: Geologic map of far-western Nepal, modified from Robinson et al. (2006). Simikot 

cross section A to A'. 
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2.1 Structural and Other Published Data 

The structural data and balanced cross section are from Robinson et al. (2006) (Fig. 2). 

Along the Simikot cross section from south to north, A to A’ on Figure 2, the MFT marks the 

southern extent of the fold-thrust belt and separates the Quaternary sediments from the SH 

Neogene Siwalik Group. Three north-dipping thrust sheets within the Subhimalayan thrust 

system (SHTS) repeat stratigraphy of the three-part Siwalik Group and dip ~20-60°N (Robinson 

et al., 2006) and include the Main Dun thrust (Mugnier at al., 1999).  

Figure 3: Field photos of major structures along the Simikot cross section. (A) View to the 

south of the MBT and Siwaliks hills in the distance. (B) MCT or DT fault at the base of the 

southern end of the DK separating LH rocks from the GH DK rocks. (C) Photo looking to the 

north at a LHD thrust fault separating Kushma Formation from Ranimata Formation. (D) MCT 

separating GH rock from LH rock.  
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The Main Boundary thrust (MBT) is the southern boundary of the Lesser Himalayan 

imbricate zone (LHIZ) (Fig. 3A). The MBT places the LH Lakharpata Group, Bhainskati 

Formation and Dumri Formation over the SH Siwalik Group, a north-dipping thrust of the LHIZ 

repeats the LH Bhainskati and Dumri Formations. The LHIZ is bounded to the north by the 

Ramgarh-Munsiari thrust (RMT).  

The RMT is a major fault that translates the LH Kushma and Ranimata Formations at 

least 100 km southward (Robinson and Pearson, 2013). The RMT sheet of LH and GH rocks 

contains a syncline-anticline pair with a width of ~33 km along the section line due to this 

folding. The RMT sheet is folded underneath the Dadeldhura klippe with its root zone in the 

footwall of the MCT. North of the southern exposure of the RMT sheet, the Dadeldhura klippe 

(DK) is folded into an asymmetric syncline, and is bounded by a thrust that dips 35°N at the 

southern end of the klippe and 37°S at the northern extent of the klippe (Fig. 3B). The 

Dadeldhura klippe is comprised of medium-grade metamorphic rocks that are lithologically 

similar to GH rocks with εNd values of -7.6 to -11.8 and U-Pb detrital zircon ages of ~900 Ma, 

indicating the klippe is a southern continuation of GH rocks (Robinson et al., 2001; Gehrels et 

al., 2003; Mandel et al., 2014). Thus, the DK is an erosional remnant of the MCT or another 

intra-GH fault. The greenschist to amphibolite facies GH rocks of the DK are overlain by non-

metamorphosed calcareous sedimentary TH rocks (Arita et al., 1984; Hyashi et al., 1984). The 

TH rocks within the klippe, which are 18 km east of the cross section, either unconformably 

overlie GH rocks (Gehrels et al., 2003; 2006) or are separated by a fault (La Roche et al., 2016). 

Rocks at the base of this contact display a top-to-the-NE shear fabric interpreted as the STDS, 

with monzanite U-Pb ages indicating ductile shearing along the base of the STDS in the DK 

starting at 30 – 29 Ma and continuing until 19 Ma (La Roche et al., 2016). The top-to-the-north 



14 

Tila shear zone, north of the TH rocks within the DK, has also been interpreted as the STDS 

separating GH rocks from TH rocks, but this shear zone lacks a metamorphic discontinuity 

between hanging wall and footwall metamorphic grade (He et al., 2016; LaRoche et al., 2016). 

More work needs to be done on these contacts to determine if the STDS is present or not. 

Immediately north of the klippe along the cross section, the LH Ranimata Formation is present 

and its base is the RMT dipping 37°S.  

North of the RMT, the hinterland dipping LH duplex is exposed. The southern portion of 

the duplex consists of four thrust sheets that contain the Sangram, Galyang and Syangia 

Formations, and the Lakharpata Group. The northern portion of the LH duplex is composed of 

four thrust sheets one with the LH Ranimata and Kushma formations and three with only the 

Ranimata Formation, which dip 50-60°N (Fig. 3C). The northernmost thrust sheet of the LH 

duplex is the root zone for the RMT sheet, which is the roof thrust for the LH duplex. 

The MCT lies north of the RMT sheet; this major north-dipping thrust separates GH from 

LH rocks (Heim and Gansser, 1939) (Fig. 3D). GH rocks are amphibolite-facies 

metasedimentary and metaigneous rocks. Intra-GH thrusts were active from ~28-26 to 17 Ma 

(Montomoli et al., 2013; Carosi et al., 2013). GH rocks have a metamorphic pressure gradient 

that decreases upsection from 10 to 5 kbar (Yakymchuck and Godin, 2012). Foliations north of 

the MCT and LH rocks south of the MCT are parallel, indicating that the relationship between 

the underlying LH rocks as the GH thrust sheet was translated over top is likely a hanging wall 

flat on top of a footwall flat (Robinson et al., 2003; 2006). 

The Southern Tibetan detachment system (STDS) marks the northern most extent of the 

GH rocks. The STDS is a large detachment fault with TH rocks in the hanging wall and GH 

rocks in the footwall. Within the TH rocks, the Gurla Mandhata- Humla fault system is a strike-
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slip system that acts as an extensional stepover that was active after 15 Ma with a minimum slip 

of 24.4 to 32.4 km and a slip rate of ~5 to 3 mm yr-1 (Murphy and Copeland, 2005; McCallister 

et al., 2014). Movement along the STDS near Gurla Mandhata possibly continued until ~9 Ma 

(Murphy et al., 2002). If the DK contains the STDS, the shear zone has basal ductile shearing 

starting at 30 – 29 Ma and continuing until 19 Ma (La Roche et al., 2016). In the cross section, 

the STDS lies north from the mapped extent of Robinson et al. (2006). 
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Figure 4: (A) Balanced Simikot cross section from Robinson et al. (2006) with restored section below. (B) Modified version of the 

Simikot cross section from Olsen et al. (2018) with restored section below. 
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2.2 Balanced Cross Sections 

Balanced cross sections have a geometrically viable subsurface geometry in a fold-thrust 

belt. This study examines the Simikot cross section from Robinson et al. (2006) along with a 

modified version of this same section from Olsen et al. (2018). The Robinson et al. (2006) 

version has a single ramp in the décollement with the top at ~110 km and the bottom ~120 km 

north of the MFT (Fig. 4A). The modified version of Olsen et al. (2018) has an altered footwall 

geometry that places ramps in regions of physiographic transition (Fig. 4B) as explained by 

Harvey et al. (2015). These regions have active uplift through observations of high river 

steepness indices and seismic patterns suggesting that footwall ramps are likely located under 

these areas of physiographic transition (Harvey et al., 2015). The Olsen et al. (2018) version has 

two ramps in the décollement, one between 75 and 80 km north of the MFT and the other 

between 145 and 150 km north of the MFT (Fig. 4B). The different décollement geometries of 

Robinson et al. (2006) and Olsen et al. (2018) cross sections imply a different kinematic 

sequence of faulting, different rocks exhuming at different times and different shortening rate 

estimates for the two cross sections. Throughout this study, I will refer to the cross sections as 

the Robinson et al. (2006) and Olsen et al. (2018) cross sections. These studies provide the 

balanced cross sections; however, all subsequent modeling of these cross sections is new in this 

study. 

 

2.3 Thermochronologic Data 

40Ar/39Ar of muscovite (MAr), (U-Th)/He of zircon (ZHe), apatite fission track (AFT), 

and zircon fission track (ZFT) thermochronology ages from McCallister et al. (2014), Sakai et al. 

(2013), van der Beek et al. (2016), and unpublished data from Harvey (2015) and Mercier (2014) 
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are used. Ages are reported as the mean age with a 2σ error (Table 2). All of the ages are from 

within 20 km east or west of the cross section line and are projected to the line along strike of the 

rock units.  
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Table 2: Published MAr, ZHe, AFT, and AHe cooling ages along Simikot cross 

section 

Sample ID Thermochr- Latitude Longitude Elevation 

Cooling 

Age 

  onometer (°N) (°E) (m) (Ma) 

McCallister et al. (2014)     

zHUM02-10 ZHe 30.03698 81.81368 2900 3.45 ± 0.32 

zHUM02-11 ZHe 30.03767 81.81655 2900 3.92 ± 0.97 

zHUM02-12 ZHe 30.04433 81.82827 3200 4.22 ± 0.81 

zHUM02-13 ZHe 30.04425 81.82833 3190 3.97 ± 0.50 

      

Sakai et al. (2013)    

94112701a AFT 28.71983 81.69167 870 10.3 ± 0.5 

94112409 AFT 28.68017 81.63900 2170 14.4 ± 2.2 

      

van der Beek et al. (2016)    

KAR02 AFT 29.96325 81.82745 2840 8.5 ± 1.7 

KAR04 AFT 29.94185 81.85353 2115 1.3 ± 0.3 

KAR07 AFT 29.90685 81.88775 2080 3.3 ± 1.0 

KAR14 AFT 29.86348 81.87530 1940 2.0 ± 0.4 

KAR15 AFT 29.86348 81.87530 1940 1.4 ± 0.3 

KAR55 AFT 29.47520 81.71401 1085 7.0 ± 1.0 

KAR57 AFT 29.44860 81.70600 1145 7.8 ± 1.5 

KAR59 AFT 29.40070 81.71545 1085 6.2 ± 0.5 

KAR62 AFT 29.13928 81.58005 780 8.9 ± 1.5 

KAR68 AFT 29.08008 81.47740 690 6.2 ± 0.5 

      

Harvey (2015)   

SIM11-RT3-1 AHe 29.9619 81.7977 2225 2.3 ± 0.51 

SIM11-RT3-1 ZHe 29.9619 81.7977 2225 2.5 ± 0.47 

SIM11-RT3-2 ZHe 29.9584 81.7939 2400 2.1 ± 0.26 

SIM11-RT3-4b AHe 29.9536 81.7968 2729 1.3 ± 0.13 

SIM11-RT3-4b ZHe 29.9536 81.7968 2729 2.3 ± 0.88 

SIM11-RT3-4a AHe 29.9505 81.7981 2943 2.4 ± 0.80 

SIM11-RT3-4a ZHe 29.9505 81.7981 2943 2.3 ± 0.15 

SIM11-RT3-3 AHe 29.9534 81.7879 2600 1.1 ± 0.16 

SIM11-RT3-3 ZHe 29.9534 81.7879 2600 2.4 ± 0.60 

SIM11-RT3-6 ZHe 29.9478 81.7964 3214 2.3 ± 0.42 

SIM11-RT3-7 AHe 29.9454 81.7965 3429 2.3 ± 0.58 

SIM11-RT3-7 ZHe 29.9454 81.7965 3429 2.2 ± 0.18 

JUM13-RT3-0 AHe 29.1406 81.7916 1595 10.2 ± 1.32 



20 

Sample ID Thermochr- Latitude Longitude Elevation 

Cooling 

Age 

  onometer (°N) (°E) (m) (Ma) 

   

Harvey (2015) (contd.)   

JUM13-RT3-0 ZHe 29.1406 81.7916 1595 10.6 ± 1.20 

JUM13-RT3-1 AHe 29.1489 81.7876 1830 9.3 ± 2.17 

JUM13-RT3-1 ZHe 29.1489 81.7876 1830 9.9 ± 0.52 

JUM13-RT3-2 AHe 29.1552 81.7906 2086 8.8 ± 0.29 

JUM13-RT3-2 ZHe 29.1552 81.7906 2086 11.4 ± 1.20 

JUM13-RT3-3 AHe 29.1652 81.7887 2477 10.3 ± 3.50 

JUM13-RT3-3 ZHe 29.1652 81.7887 2477 13.0 ± 2.68 

JUM13-RT3-4 AHe 29.1729 81.7903 2735 8.4 ± 2.17 

JUM13-RT3-4 ZHe 29.1729 81.7903 2735 10.5 ± 0.61 

JUM13-RT3-5 AHe 29.1807 81.7950 3035 6.4 ± 2.59 

JUM13-RT3-5 ZHe 29.1807 81.7950 3035 11.2 ± 0.75 

JUM13-RT3-6 AHe 29.1851 81.7866 3339 7.5 ± 1.88 

JUM13-RT3-6 ZHe 29.1851 81.7866 3339 10.9 ± 0.45 

JUM13-RT3-8 AHe 29.1969 81.7799 3909 11.4 ± 1.28 

JUM13-RT3-8 ZHe 29.1969 81.7799 3909 11.6 ± 0.86 

JUM13-RT3-9 AHe 29.2050 81.7793 4190 9.6 ± 0.90 

JUM13-RT4-2 AHe 29.1692 81.6193 1118 7.4 ± 2.68 

JUM13-RT4-3 AHe 29.1663 81.6235 1366 9.9 ± 1.65 

JUM13-RT4-4 AHe 29.1613 81.6238 1533 8.4 ± 1.73 

JUM13-RT4-4 ZHe 29.1613 81.6238 1533 12.6 ± 3.10 

JUM13-RT4-5 AHe 29.1588 81.6194 1760 8.7 ± 2.63 

JUM13-RT4-5 ZHe 29.1588 81.6194 1760 12.2 ± 2.05 

JUM13-RT4-6 ZHe 29.1518 81.6234 2199 11.7 ± 0.73 

JUM13-RT4-7 AHe 29.1469 81.6339 2555 5.2 ± 1.33 

JUM13-RT4-7 ZHe 29.1469 81.6339 2555 12.3 ± 0.43 

      

Mercier (2014)   

KAR11-007 MAr 29.93784 81.88522 2620 6.16 ± 0.06 

KAR11-028 MAr 29.73382 81.83265 2489 5.85 ± 0.67 

KAR11-064 MAr 29.12493 81.56487 728 16.92 ± 0.33 

KAR11-069 MAr 29.07970 81.46932 687 18.60 ± 1.80 
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Figure 5: Published MAr, ZHe, AFT, and AHe thermochronometer cooling ages with 2σ error along Simikot cross section from 

Robinson et al. (2006). Data from McCallister et al. (2014), Sakai et al. (2013), van der Beek et al. (2016), and unpublished data 

from Harvey (2015) and Mercier (2014). 



22 

3. METHODS 

3.1 Sample Collection 

The GH and LH units along the Simikot section were sampled during 10 days of geologic 

mapping along the Karnali River (Fig. 2). Appendix A shows the new mapping conducted during 

this field season. However, in this study, I use the map and cross section from Robinson et al. 

(2006) and the cross section from Olsen et al. (2018).  

The main purpose of the field work was to collect samples to supplement the already 

existing apatite fission track (AFT), zircon (U-Th)/He (ZHe), and 40Ar/39Ar of white mica (MAr) 

samples (Table 2). Rock samples were collected in some of the same locations as those in Table 

2 and in areas where there are no samples to fill the gaps in data. Six new samples were analyzed 

for AFT, and 14 samples were analyzed for ZHe. Appendix B lists each sample, description, and 

location. Zircon and apatite grains were separated from the samples using the facilities at the 

University of Alabama. The minerals were separated by crushing, pulverizing, sieving, density 

separation with heavy liquids LST and MEI, and magnetic separation with a Frantz (e.g., Gehrels 

et al., 2008). However, due to delays in obtaining the analyses, the results are not included in this 

study. Instead, we use only the existing thermochronologic data in Table 2 and will incorporate 

the ZHe and AFT analyses into future work.
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3.2 Flexural and Kinematic Model 

3.2.1 Kinematic Analysis 

Inherently, each balanced cross section has an implied kinematic sequence. The first 

phase of modeling is to forward model the restored balanced cross section to its present 

geometry via the kinematic sequence required by the cross section. The restored balanced cross 

section was scanned, scaled, and digitized in 2D Move with lines representing stratigraphy, 

faults, and topography. The faults were sequentially deformed with the “fault-parallel flow” 

algorithm, which translates the stratigraphy in hanging wall parallel to the user defined fault 

surface, while the stratigraphy in the footwall remains undeformed. In all models, the thrust 

sheets were treated as a rigid bodies lacking internal strain. The amount of permissible 

displacement per fault was estimated from the balanced cross section. The displacement used 

varies from the estimate by up to several kilometers. 

 

3.2.2 Initial Model Configuration 

The balanced cross sections from Robinson et al. (2006) and Olsen et al. (2018) are 

drawn with the décollement at its present day depth and dip and all synorogenic sedimentary 

rocks deposited below present day surface (0 km) (Fig. 4). Before flexural modeling, the 

balanced cross sections were restored to the best estimate for the initial configuration of the 

Indian passive margin (Fig. 6A). The initial model configuration was restored to the Indian 

margin configuration after the formation of the Tethyan fold-thrust belt but before the initiation 

of the MCT so the flexural and isostatic response of the upper crust throughout the building of 

the Himalayan fold-thrust belt can be modeled. The LH units are overlain by wedge-shaped TH 

rocks with a topographic taper angle of 2° up to an elevation of 5 km above sea level and then 
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the topography levels out at 5 km (DeCelles et al., 2007; Hetzel et al., 2011; Rohrmann et al., 

2012). This wedge shaped geometry of TH rocks represents the Tethyan fold-thrust belt as a 

coulomb wedge; individual faults within this thrust belt are not represented, and it is treated as a 

cohesive unit. The LH stratigraphic basin that composes the Indian passive margin gently dips 

northward (0.6-1.3°). The Bhainskati and Dumri formations and all SH units are above sea level 

in the original configuration because they are synorogenic units that are deposited later as the 

foreland basin forms. The top of the Lakharparta Group was lowered to a depth of -0.31 km for 

the Robinson et al. (2006) cross section and -1.84 km for the Olsen et al. (2018) cross section to 

prevent the erosion of the Proterozoic LH units as the forebulge migrated southward in the 

model. The length of all stratigraphic units in the restored section was extended by 65 km at the 

southern end and 100 km at the northern end to eliminate any edge effect from the flexural and 

thermokinematic modeling (see section 3.2.3 and 3.3). 
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3.2.3 Flexural Isostasy Model 

The fault displacements obtained from the kinematic model were divided into 

approximately 10 km incremental steps and starting with the initial cross section configuration 

described in the previous section, each incremental step was deformed along the active fault, 

Figure 6: (A) Initial configuration of the Robinson et al. (2006) model, shown as an example of 

the initial model configuration of the Move models. (B-G) Simplified illustration of isostatic 

response to deformation and erosion. (B) Simplified restored cross section with future fault (red 

dashed line). (C) Motion on fault. (D) Isostatic loading (black arrows) of material moved by 

fault. (E) Erosion of material above new topography (black dashed line) generated using critical 

wedge angle. (F) Isostatic unloading (black arrows) from removal of eroded materials mass. (G) 

Sediment loading from deposition of sediments in the foreland basin. 
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flexurally loaded from thrust faulting, and isostatically unloaded after erosion (Fig. 6). Along 

with this, a 0.5 X 0.5 km grid of unique points was also sequentially deformed to produce vectors 

of displacement used in later thermokinematic modeling (see section 3.3). Deformation along a 

fault created a new uplifted topographic surface with the uplift concentrated above ramps in the 

décollement and at the deformation front (Figs. 6B & 6C). The vertical difference between the 

initial topographic surface and the newly deformed topographic surface represented the size and 

distribution of the load imposed by thrust faulting that must be flexurally accommodated. The 

magnitude of load was calculated from the difference in the area of the deformed topography 

from the area of the original topography before the deformation (McQuarrie and Ehlers, 2015) 

(Fig. 6D). The flexural load caused the depth and angle of the décollement to increase along with 

the depth and width of the foreland basin. As the foreland basin deepened due to the flexural 

response, the deformation front migrated southward towards the foreland basin.  

In 2D Move, the “compaction” feature within the “decompaction module” calculated 

compaction. This module distributed the isostatic load over a wavelength that was determined by 

flexural properties of the lithosphere. Equations from Turcotte and Schubert (1982) were used to 

calculate the deflection caused by a line load on an infinite plate using the load density, effective 

elastic thickness (EET) of the plate, mantle density, and Young’s modulus. The load density and 

EET values were systematically varied by the user to best recreate the present day surface 

geology, foreland basin depth, and décollement angle (section 3.2.4 details parameters used)  

The resulting deformed loaded topography was used to calculate the magnitude of 

erosion and create a new topographic profile. The deformed loaded topographic profile was 

exported from Move and run through the Python script “makeTopo”. This script created a new 

topographic profile using a user-specified topographic angle and the location of the deformation 
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front. The new topographic profile was at 0 km in elevation at the MBT and increased northward 

to the deformation front at the topographic angle set by the user, which could also be varied. The 

elevation of this line never exceeded 6.5 km to set a maximum elevation for topography realistic 

for the Himalaya. The topographic angle was systematically varied to best match the cross 

section geometry (see section 3.2.4). Material above this new topographic profile was eroded and 

area created below sea level in the foreland basin filled with sediment eroded from the fold-

thrust belt (Fig. 6E). 

All area above the new eroded topographic line was removed, which induced a flexural 

response of the lithosphere. In the model, erosional unloading was determined by the vertical 

difference in the area of the deformed isostatically loaded topography and the area of the new 

topographic profile that resulted from erosion (McQuarrie and Ehlers, 2015) (Fig 6F). In 2D 

Move, decompaction was calculated using the same “decompaction module” used to calculate 

the compaction. Erosional unloading resulted in an upward rebound of the décollement and 

foreland basin. 

Flexural loading and erosional unloading were applied to ~10 km incremental step for the 

Robinson et al. (2006) cross section, which had 87 steps. In addition, a sediment loading step 

was applied to the 90 incremental steps of the modified version from Olsen et al. (2018) section 

to determine the effect it had on foreland basin development (see section 4.2.1). The sediment 

load step was applied after the deformed section was loaded, eroded, and unloaded. This load 

was applied to the foreland basin and any piggyback basins that may form. The magnitude of 

sediment loading was determined with the difference vertical area between the deformed 

unloaded topography and the new eroded topography line (Fig. 5G). 
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3.2.4 Model Parameters 

 

Effective elastic thickness (EET), crustal bulk density, and the topographic angle were 

varied and tested throughout the flexural modeling process to improve the fit of the modeled 

cross section to the: (1) observed surface geology, (2) thickness of the foreland basin deposits, 

and (3) dip of the MHT décollement. If any of these three features did not match when 

comparing the final step of the modeled cross section was compared to the balanced cross 

section, the model was run again with different parameters. The range of parameters tested in the 

flexural model was within the range of acceptable values for the Himalaya (Karner and Watts 

1983; Bai et al., 2013; Chen et al., 2015). Table 3 shows the values tested for both the Robinson 

et al. (2006) and the Olsen et al. (2018) cross sections along with the resulting décollement dip 

Table 3: Flexural-kinematic model parameters tested in 2D-Move 

  Crustal Sediment Topography  Decollement Foreland 

Model name EET density  density erosion angle dip  basin thickness 

 (km) (g m-3) (g m-3)  (°)  (°) (km) 

Robinson et al. (2006) Simikot cross section   

SimiFlex1 100 2850 N/A 1.6 6.9 6.8 

SimiFlex2 90 2850 N/A 1.6 6.8 6.7 

SimiFlex3 90 2700 N/A 1.6 6.7 6.5 

SimiFlex4 95 2600 N/A 1.6 6.1 5.1 

SimiFlex5 100 2600 N/A 1.6 6.1 5.3 

SimiFlex6 100 2600 N/A 1.4 6.1 5.2 

SimiFlex7 100 2650 N/A 1.3 6.1 5.5 

SimiFlex8 100 2700 N/A 1.2 6.0 5.4 

SimiFlex9 100 2700 N/A 1.4 6.1 6.2 

SimiFlex10 105 2650 N/A 1.3 5.4 5.8 

SimiFlex11 105 2700 N/A 1.3 5.3 6.3 

SimiFlex12 110 2700 N/A 1.3 5.3 6.1 

       

Olsen et al. (2018) Simikot cross section   

SimiFlex39 95 2500 2300 1.75 3.9 7.4 

SimiFlex40 95 2550 2300 1.75 4.6 7.2 

SimiFlex41 95 2600 2300 1.75 4.1 7.6 

SimiFlex42 95 2600 2350 1.75 4.5 7.9 
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and foreland basin thickness. Twelve different flexural models were created for the Robinson et 

al. (2006) section with one matching all the criteria and four were created the Olsen et al. (2018) 

section with one best-fit model. The best fit models are highlighted in grey on Table 3.  

 

3.3 Thermokinematic Modeling 

The 0.5 X 0.5 km grid of unique points and topographic profile for each incremental step 

of the flexural isostasy model were exported from 2D Move and used to create the 

thermokinematic model. The grid of points tracks movement of material through the subsurface 

to the surface defined by the topographic profile. These data were the input for creating the 

thermal structure model in a University of Tübingen modified version of Pecube (Braun, 2003; 

Whipp et al., 2009; McQuarrie and Ehlers, 2015). Pecube solves a transient 3D heat transfer 

equation that derives the time-temperature history of exhumed rocks based on their transport 

path throughout an imposed tectonic history. The time-temperature path was used to calculate 

predicted thermochronometric ages for a suite of low temperature thermochronometers using 

approaches described in Ehlers et al. (2005) and Braun (2003).  

The 2D model extended 1250 km horizontally to represent the Indian passive margin 

(1085 km) and extended to a depth of 110 km to include all of the lithosphere. Constant 

temperature boundaries were applied at the surface and the base. Temperatures at sea level were 

24.7° C (yearly average temperature in Nepalgunj, Nepal) and decreased with elevation at a rate 

of 6° C km-1, the mean lapse rate measured in the western Himalaya (Jain et al., 2008). The 

lithospheric basal temperature was held at 1300° C at 110 km, similar to previous studies 

(Jiménez‐Munt and Platt, 2006; McQuarrie and Ehlers, 2015). Radiogenic heat production (A0) 

was varied from 2 to 3 μW m-3 (Herman et al., 2010). In the model, thermal conductivity was set 
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to 2.5 W mK-1, specific heat capacity at 800 J kgK-1, and e-fold depth of crustal heat production 

was set at 20 km (Table 4); these values are global averages for crustal rocks (Ehlers et al., 

2005). In the model, vertical movement on faults advects heat upward, rapid erosion of material 

results in isotherms near the surface (e.g., Lock and Willett, 2008), and rapid sedimentation in 

the foreland results in isotherms far from the surface (e.g., Husson and Moretti, 2002). 

Table 4: Pecube thermokinematic properties 

  Model Input Value 

Material Properties 

Crustal volumetric heat production 2.0 to 3.0 μW m-3 

e-fold depth 20 km 

Thermal conductivity 2.5 W mK-1 

Specific heat 800 J kgK-1 

  

Numerical Properties 

Temperature at base 1300° C 

Model base 110 km 

Surface temperature at 0 km 24.7° C  

Atmospheric lapse rate 6° C/km 

Kinematic grid spacing 0.5 km 

Displacement increment 10 km  

Model domain  1250 x 110 x 5 km 

Horizontal node spacing (numerical model) 0.5 km 

Vertical node spacing (numerical model) 1.0 km 

Model start time 50 Ma 

 

In Pecube, a range of radiogenic heat productions and velocities for fault movements 

were tested to compare the effects of radiogenic heat production, fault timing, and deformation 

rates on the modeled cooling ages. Table 5 summarizes the different velocity rates and 

deformation ages tested (See Appendix C for timing of deformation on each individual fault). All 

models began at 50 Ma with the MCT deformation starting at 25 Ma (DeCelles et al., 2001; 

Robinson et al., 2006). For both cross section models, a constant velocity model was ran 
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assuming a constant rate of shortening along all faults from 25 Ma to 0 Ma. Variable velocity 

models A through E were run for the Robinson et al. (2006) cross section and velocity models F 

through I were run for the Olsen et al. (2018) cross section (Table 5). For Velocity A and F, fault 

deformation timing was constrained by data from previous studies introduced in Section 2. 

Velocity B and G were based on the deformation ages and velocity rates introduced in Robinson 

and McQuarrie (2012) for far-western Nepal. For Velocity C, D, E, H, and I the velocity rates 

were systematically changed to speed up or slow down displacements on faults to better match 

the modeled ages to the observed ages. Table 5 summarizes time displacement occurred and the 

velocity rate that it occurred in the various velocity models. 
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Table 5: Deformation ages and rates tested for thermokinematic models 

 

Displ- Start End Start End Start End Start End Start End Start End

acement age age age age age age age age age age age age

(km) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)

Displ- Start End Start End Start End Start End Start End

acement age age age age age age age age age age

(km) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)

Robinson et al. (2006) model

Constant velocity Velocity A Velocity B Velocity C Velocity D Velocity E

Veloci-

ty (mm 

yr
-1

)

Olsen et al. (2018) model

Constant velocity Velocity F Velocity G Velocity H Velocity I

SHTS & 

OOST

LHD

RMT

Fault 

System

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

63.0

43.3

43.3

Fault 

System

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

Veloci-

ty (mm 

yr
-1

)

MCT 252

185.9

302.49

88.4

25.0

17.4

11.8

2.7

25.0 13.0 21.0

46.59.013.0

9.0 5.0

17.4 33.2

11.8 33.2

2.7 33.2

50.4

20.0 16.0 46.5

25.0 20.0

20.0 16.1

72.6

25.0 20.0

5.016.0

47.6 22.0 17.3 39.7 24.0 19.7

50.4 25.0 22.0 84.0 28.0 24.0

39.7 19.7 13.0

0.0 17.7 10.0 0.0 10.1 10.0 0.0

48.5 - 

15.6
16.1 10.0 47.6 17.3 10.0

10.1 13.0 0.0 7.7

SHTS & 

OOST

25.0 18.7 35.0 25.0 13.0

5.0 0.0 20.1 5.00.0 33.2

44.1 25.0 18.0 31.5

18.7 12.8 35.0 13.0 9.0 51.4

18.4 25.0 20.0 44.1 25.0 20.0

12.8 2.0 35.0 9.0 5.0 91.4 16.0

20.0 16.0

5.0
52.2 - 

28.9
16.4 10.0 57.1 15.1

18.0 15.1 71.451.4 20.0 16.4 57.1

8.3

MCT

RMT

LHD

220.5

205.65

379

69.4 16.7 10.0 0.0 8.3 10.0 0.0

10.0 71.4

2.0 0.0 35.0 5.0 0.0 16.7 5.0 0.0
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4. RESULTS 

4.1 Robinson et al. (2006) Simikot cross section 

4.1.1 Flexural-kinematic model 

Table 6: Simikot cross section Robinson et al. (2006) 

flexural-kinematic model displacement. 

Fault Step 

Displacement Cumulative  

(km) Displacement (km) 

 A 0 0 

MCT B 252 252 

RMT C 185.9 437.9 

LHD 1 D 66.9 504.8 

LHD 2 E 36.65 541.45 

LHD 3 F 36.35 577.8 

LHD 4 G 36.35 614.15 

LHD 5 H 48.5 662.65 

LHD 6 I 31.7 694.35 

LHD 7 J 19.7 714.05 

LHD 8 K 14.2 728.25 

MBT L 12.14 740.39 

SHTS 1 M 21.7 762.09 

SHTS 2 N 15.8 777.89 

SHTS 3 O 17.6 795.49 

MFT P 13.9 809.39 

OOST 1 Q 2.9 812.29 

OOST 2 R 11 823.29 

OOST 3 S 5.5 828.79 

 

Table 6 lists the minimum shortening estimates of the Robinson et al. (2006) Simikot 

cross section based on the regional cross section and shortening amounts determined from the 

flexural-kinematic modeling. The minimum initial length of the undeformed Indian passive 
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margin from the future location of the MFT to the northernmost extent of the GH rocks is 

1180.40 km (Robinson et al., 2006). The cross section predicts 817-919 km of total shortening 

(Robinson et al., 2006). The total shortening determined by the flexural-kinematic model is 

828.79 km. The final length of the cross section from the MFT to the northernmost extent of the 

GH is 351.61 km. Therefore, the total shortening is ~70% of the original length of the 

undeformed cross section. The displacement along this section can be divided into five major 

fault systems consisting of multiple individual thrust sheets, these include: the MCT, the RMT, 

the LHD thrust sheets, the SHTS, and out-of-sequence thrust (OOST) faulting. Table 6 lists the 

shortening amount on each of these individual thrust sheets.  

Figure 7A shows the initial configuration of the model. This model begins at 25 Ma at the 

onset of the MCT or another intra-GH fault. Shortening that occurred in the Tethyan thrust belt is 

not included. The MCT accounts for 30% of the total minimum shortening (Fig. 7B). The RMT 

accommodates 22% of the total shortening (Fig. 7C) The nine faults of the LHD, including the 

MBT accommodate 37% of the total shortening (Fig. 7D-L) Four thrust sheets of the SHTS 

including the MFT account for 9% of the total shortening (Fig. 7M-P). Finally, there are three 

late OOST faults that accommodate 2% of the total shortening (Fig. 7Q-S). GH rocks are 

exposed after 682.65 km of shortening during movement on thrust sheet LHD 6 and was 

deposited in the foreland basin lower and middle Siwalik units. LH rocks are exposed after 

740.39 km of shortening during movement on the MBT and was deposited in the foreland basin 

middle and upper Siwalik units.  

The EET, bulk density, and topographic angle were changed methodically to find a 

flexural-kinematic model that best matched the surface geology, dip of décollement, and depth of 

foreland basin. Table 3 summarizes the 12 flexural-kinematic models with the various 
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parameters tested with the final best fit model highlighted. The parameters for the best fit model 

are a bulk density of 2700 kg m-3, an EET of 110 km, and a topographic erosion angle of 1.3°. 

This resulted in a foreland basin depth measured from the top of the MFT ramp of 6.1 km 

compared to 6.4 km in the original section, and a décollement dip of 5.3° compared to the 4.6° in 

the original section.  
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Figure 7: (A-S) Sequential flexural kinematic Robinson et al. (2006) cross section reconstructions. (A-C) has a vertical 

exaggeration of 1.5 and (D-S) has no vertical exaggeration. Active fault is red, dotted black line is the topographic surface, and 

solid black lines are inactive future fault ramp locations. Details of deformation are discussed in text and listed in Table 6. 

Individual stratigraphic units are identified by colored lines the line represents the top of unit and white area below line is the 

rock unit. GH rocks (dark pink), Kushma Formation (light green), Ranimata Formation (dark green), Sangram Formation (light 

purple), Galyang Formation (brown), Syangia Formation (light pink), Lakharpata Group (blue), Bhainskati Formation (dark 

purple), Dumri Formation (orange), and Siwaliks Group (yellow). 
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Figure 8: Predicted (A) MAr, (B) ZHe, (C) AFT, and (D) AFT cooling age outputs for Robinson 

et al. (2006) cross section Pecube models with variable radiogenic heat production values and a 

constant velocity rate. Predicted cooling ages are lines: black for A0 of 2.0 μW m-3, red for A0 of 

2.5 μW m-3, and blue for A0 of 3.0 A0. Observed cooling ages are represented with symbols and 

2 σ error. MAr (red star), ZHe (orange diamond), AFT (blue circle), and AHE (green star). 
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4.1.2 Thermokinematic model 

4.1.2.1 Effect of variable radiogenic heat production on predicted cooling ages 

Figure 8 compares the published/observed cooling ages to the predicted cooling ages of 

MAr, ZHe, AFT, and AHe modeled with a constant velocity of 33.15 mm yr-1 for displacements 

on all faults and radiogenic heat production (A0) values of 2.0, 2.5, and 3.0 μW m-3. The 

predicted cooling ages for all four thermochronometers are younger with higher A0 (2.0 to 3.0 

μW m-3) because the temperature throughout the crust is increased resulting in younger cooling 

ages. Changes in the A0 value have the most influence on the MAr system with the average 

difference in predicted ages for A0 of 2.0 and 3.0 μW m-3 being approximately 3 Ma (Fig. 8A). 

The active ramp is located between 110 and 120 km in this cross section. GH rocks north of the 

MCT that did not travel over the active ramp have predicted MAr ages that vary by 

approximately 8 Ma between A0 values of 2.0 and 3.0 μW m-3. The MAr ages between ~125 – 

135 km varies from ~12 Ma for an A0 of 2.0 μW m-3 and ~4 Ma for an A0 of 3.0 μW m-3. The 

predicted ZHe ages show the greatest variation in age south of the top of the active ramp at 110 

km. South of the ramp, the predicted ZHe ages ranges from ~1 to 2 Ma for an A0 value of 3.0 

μW m-3 to ~2.5 to 4.5 Ma for an A0 of 2.0 μW m-3 (Fig. 8B). Varying the radiogenic heat 

production had the least effect on the lowest-temperature thermochronometers of AFT and AHe. 

For both AFT and AHe, the resulting predicting cooling ages for each value of A0 are practically 

identical, with the largest variations in the predicted cooling ages for the different radiogenic 

heat occurring between ~110 – 140 km, which is the location of the active décollement ramp of 

the MHT and from north of the MCT where the rocks were not transported over the ramp (Figs. 

8C & 8D). Predicted AFT and AHe ages are controlled by the movement over the active ramp of 
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the MHT between ~110 - 120 km. The predicted cooling age from ~40 – 110 km for AFT and 

AHe are young ages (~2 - >1 Ma) with the youngest ages at the active ramp. 

The model cooling ages for all three radiogenic heat production values reproduce only 4 

to 10 of the 57 observed cooling ages. In evaluating the fit between the observed and modeled 

cooling ages for all three different heat production values, an A0 value of 2.0 μW m-3 is the best 

match; although, the predicted ages are still much younger than the observed ages for MAr, ZHe, 

AFT, and AHe thermochronometer ages. These underestimations of the predicted cooling ages 

with a constant rate of deformation indicate that a more complex and variable history of 

deformation and exhumation is required to better match the observed cooling age data or the 

cross section geometry itself is incorrect.  

 

4.1.2.2 Effect of variable shortening rates on predicted cooling ages 

 Models with a constant deformation rate, predict cooling ages that underestimate the 

observed ages; thus, I vary the velocity rates to try and better match the observed cooling ages. I 

present five thermokinematic models, each with different and variable velocity rates and a 

radiogenic heat production value of 2.0 μW m-3. Table 5 lists all five variable velocity rates 

tested with the start and stop time and rate of deformation of each major fault system, Appendix 

C lists the start and stop time for each individual fault and the velocity rate of deformation. 

Velocity A, B, C, and D begins movement on the MCT at 25 Ma and ran to present day. Velocity 

E begins at 28 Ma. Figure 9 shows all five Pecube output for the variable velocity rates with the 

modeled cooling curves and observed cooling data plotted along the cross section. Table 7 lists 

the observed cooling ages and the modeled cooling ages for different velocity profiles tested, 
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highlighted cells are modeled cooling age values that match the observed cooling age within 2σ 

error. 
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Table 7: Observed cooling ages compared to modeled cooling ages for Robinson et al. (2006) 

Simikot cross section. 

Thermo- 

chronometer 

system 

 

Cooling age 

(Ma) 

Velocity 

A ages 

(Ma) 

Velocity 

B ages 

(Ma) 

Velocity 

C ages 

(Ma) 

Velocity 

D ages 

(Ma) 

Velocity 

E ages 

(Ma) 

Distance 

(km) 

MAr 184 6.16 ± 0.06 6.53 10.97 12.35 12.83 15.59 

 164 5.85 ± 0.67 5.85 10.62 11.37 11.67 14.53 

 86 16.92 ± 0.33 7.44 13.74 14.45 15.35 17.90 

 74 18.60 ± 1.80 8.44 14.82 15.24 16.29 18.76 

        

ZHe 196 4.22 ± 0.81 4.97 8.72 10.37 10.77 13.50 

 196 3.97 ± 0.50 4.97 8.72 10.37 10.77 13.50 

 195 3.92 ± 0.97 4.96 8.67 10.35 10.74 13.47 

 195 3.45 ± 0.32 4.96 8.67 10.35 10.74 13.47 

 186 2.5 ± 0.47 4.31 7.21 9.47 9.76 12.51 

 186 2.1 ± 0.26 4.31 7.21 9.47 9.76 12.51 

 185 2.3 ± 0.88 4.07 6.68 9.15 9.44 12.17 

 185 2.3 ± 0.15 4.07 6.68 9.15 9.44 12.17 

 185 2.4 ± 0.6 4.07 6.68 9.15 9.44 12.17 

 185 2.3 ± 0.42 4.07 6.68 9.15 9.44 12.17 

 184 2.2 ± 0.18 3.81 6.02 8.75 8.98 11.69 

 103 11.6 ± 0.86 4.06 5.17 8.27 8.29 10.44 

 102 10.9 ± 0.45 4.11 5.24 8.33 8.35 10.51 

 102 11.2 ± 0.75 4.11 5.24 8.33 8.35 10.51 

 101 10.5 ± 0.61 4.18 5.38 8.50 8.53 10.75 

 100 13 ± 2.68 4.21 5.43 8.55 8.58 10.81 

 99 11.4 ± 1.2 4.29 5.65 8.70 8.76 11.01 

 98 9.9 ± 0.52 4.28 5.55 8.64 8.68 10.90 

 97 10.6 ± 1.2 4.26 5.39 8.53 8.55 10.73 

 97 12.6 ± 3.1 4.26 5.39 8.53 8.55 10.73 

 97 12.2 ± 2.05 4.26 5.39 8.53 8.55 10.73 

 96 11.7 ± 0.73 4.28 5.41 8.54 8.56 10.72 

 96 12.3 ± 0.43 4.28 5.41 8.54 8.56 10.72 

        

AFT 187 8.5 ± 1.7 3.13 4.37 7.42 7.56 10.09 

 186 1.3 ± 0.3 2.78 3.82 6.78 6.88 9.18 

 184 3.3 ± 1 2.05 2.88 5.40 5.49 7.42 

 179 2 ± 0.4 1.54 2.24 4.37 4.44 6.06 

 179 1.4 ± 0.3 1.54 2.24 4.37 4.44 6.06 

 134 7 ± 1 4.09 5.30 9.03 9.04 11.93 
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Thermo- 

chronometer 

system 

  

Cooling age 

(Ma) 

Velocity 

A ages 

(Ma) 

Velocity 

B ages 

(Ma) 

Velocity 

C ages 

(Ma) 

Velocity 

D ages 

(Ma) 

Velocity 

E ages 

(Ma) 

Distance 

(km) 

AFT 130 7.8 ± 1.5 4.11 5.21 8.99 9.01 11.88 

(contd.) 126 6.2 ± 0.5 3.45 4.31 7.80 7.82 10.42 

 90 8.9 ± 1.5 2.45 2.91 5.20 5.19 6.72 

 50 10.3 ± 0.5 3.76 4.19 7.72 7.67 10.06 

 46 14.4 ± 2.2 3.55 3.83 7.00 6.93 9.13 

        

AHe 186 2.3 ± 0.51 1.52 2.04 3.77 3.80 5.02 

 185 1.3 ± 0.13 1.20 1.61 3.04 3.06 4.04 

 185 2.4 ± 0.8 1.20 1.61 3.04 3.06 4.04 

 185 1.1 ± 0.16 1.20 1.61 3.04 3.06 4.04 

 184 2.3 ± 0.58 0.69 0.96 1.91 1.92 2.54 

 104 9.6 ± 0.9 1.64 1.85 3.38 3.37 4.41 

 103 11.4 ± 1.28 1.70 1.92 3.50 3.49 4.57 

 102 7.5 ± 1.88 1.77 2.00 3.61 3.61 4.70 

 102 6.4 ± 2.59 1.77 2.00 3.61 3.61 4.70 

 101 8.4 ± 2.17 1.82 2.05 3.74 3.74 4.86 

 100 10.3 ± 3.5 1.86 2.09 3.80 3.79 4.93 

 99 8.8 ± 0.29 1.89 2.12 3.82 3.82 4.96 

 98 9.3 ± 2.17 1.89 2.13 3.83 3.83 4.98 

 98 7.4 ± 2.68 1.89 2.13 3.83 3.83 4.98 

 98 9.9 ± 1.65 1.89 2.13 3.83 3.83 4.98 

 97 10.2 ± 1.32 1.88 2.11 3.82 3.81 4.95 

 97 8.4 ± 1.73 1.88 2.11 3.82 3.81 4.95 

 97 8.7 ± 2.63 1.88 2.11 3.82 3.81 4.95 

 96 5.2 ± 1.33 1.89 2.13 3.86 3.85 5.02 
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Figure 9: Predicted MAr (red line), ZHe (orange line), AFT (blue line), and AFT (green line) 

cooling age outputs for Robinson et al. (2006) cross section Pecube models with variable 

velocity models, summarized in Table 5. (A) Velocity A, (B) Velocity B, (C) Velocity C, (D) 

Velocity D, and (E) Velocity E all with A0 = 2.0 μW m-3. 
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In Velocity A, the MCT moved from 25 to 13 Ma, the RMT moved from 13 to 9 Ma, the 

LHD formed from 9 to 5 Ma, and the SHTS and OOST faults moved from 5 to 0 Ma (Table 5). 

Predicted cooling ages match 5 out of 57 existing observed cooling ages (Fig. 9A & Table 7). All 

five predicted ages that match are in the north between 160 and 200 km. These predicted ages are 

not reset by traveling over the active MHT ramp between 110 and 120 km. The predicted MAr 

ages in the DK are ~10 Ma younger than the observed ages. Modeled ZHe cooling ages are too 

young in the DK (~75 – 130 km) with modeled ages ~4 Ma and observed ages between ~9 – 13 

Ma. ZHe modeled ages are too old north of the MCT in the GH with modeled cooling ages of ~4 

– 5 Ma compared to the observed ~2 – 4 Ma ages. Velocity A reproduces 1 of the 11 AFT and 2 

of the 19 AHe ages north of the MCT that did not travel over the active ramp. All AFT and AHe 

predicted ages south of the active ramp are reset by moving over the ramp, and the predicted 

cooling ages are much younger than the observed ages south of the ramp. 

Velocity B was based on foreland basin data compiled in Robinson and McQuarrie 

(2012). In the flexural kinematic model, the cross section is sequentially deformed in the 

hinterland where units are exposed, eroded, and deposited into the foreland basin. Deposition 

ages of synorogenic units and the appearance of hinterland derived clasts in the Siwalik Group 

brackets the deformation timing of faults (Robinson and McQuarrie, 2012). In this model, the 

MCT moves from 25 – 20 Ma, the RMT moves from 20 – 16 Ma, the LHD forms from 16 – 5 

Ma, and the SHTS and OOST faults move from 5 – 0 Ma (Table 5). Predicted cooling ages 

match 4 out of 57 existing observed cooling ages (Fig. 9B & Table 7). The model overestimates 

the ages of MAr in the LHD and GH rocks just north of the MCT with predicted ages ~11 Ma, 

which is >5 Ma older than the observed ages. Modeled MAr ages are too young in the DK and 

just south of it between ~75 – 130 km with modeled ages between 13 – 14 Ma, which is <4 Ma 
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younger than the observed ages. Modeled MAr ages pass through the closure temperature 

window during formation and movement on the RMT. Modeled ZHe cooling ages are too young 

in the DK with modeled ages ~5 – 6 Ma and observed ages between ~9 – 13 Ma. ZHe modeled 

ages are too old north of the MCT in the GH with modeled cooling ages of ~6 – 8 Ma compared 

to the observed ~2 – 4 Ma ages. Velocity B reproduces 2 of the 11 AFT and 2 of the 19 AHe 

ages. The modeled AFT and AHe ages that match are north of the MCT and did not travel over 

the active ramp; therefore, the model only reproduces AFT and AHe ages that are not reset by 

moving over the ramp. All AFT and AHe predicted ages south of the active ramp are too young. 

 Velocity C attempts to increase the age of the predicted cooling ages in the DK. To 

produce old MAr ages in the DK, movement on the MCT and RMT needs to start early and end 

early because these are the faults that carry the rock in the DK and the cooling ages in the DK are 

set during movement on the MCT and RMT. In this model, the MCT moves from 25 – 20 Ma, 

the RMT and LHD thrust sheets move from 20 – 10 Ma, and the SHTS and OOST faults move 

from 10 – 0 Ma. Predicted cooling ages match 4 out of 57 published cooling ages, with 2 AFT 

and 2 AHe predicted ages matching the observed ages north of the MCT in GH that did not 

travel over the active ramp (Fig. 9C & Table 7). This velocity model shifted the pattern of 

predicted ages upward producing older ages across the entire section, particularly for the ZHe, 

AFT, and AHe thermochronometers systems (Fig. 9C).  

 With Velocity D, the shortening rate of the MCT is increased to produce older predicted 

cooling ages in the DK. The MCT moves from 25 – 22 Ma, the RMT and LHD thrust sheets 

move from 22 – 10 Ma, and the SHTS and OOST faults moves from 10 – 0 Ma. The shortening 

rate on the MCT is 84 mm yr-1, which is an unrealistically high rate; however, it is tested to 

determine the result it would have on the predicted cooling ages. Predicted cooling ages matched 
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4 out of 57 published cooling ages, with 2 AFT and 2 AHe predicted ages matching the observed 

ages north of the MCT in GH that did not travel over the active ramp (Fig. 9D & Table 7). 

Despite the higher shortening rate for the MCT, the resulting modeled ages fit the observed ages 

in the same was that Velocity C did. This is because the ZHe, AFT, and AHe ages all become 

reset as they travel over the active ramp from 17 to 10 Ma. Velocity D produces slightly older 

predicted cooling ages for ZHe, AFT, and AHe than previous models (Fig. 9). 

 Velocity E begins movement on the MCT at 28 Ma, which is 3 Ma earlier than 40Ar/39Ar 

data suggests that movement began on the MCT (DeCelles et al., 2001; Robinson et al., 2006) to 

allow the MCT and RMT to deform early to produce the older cooling ages in the DK, without 

having unrealistically high shortening rates. The MCT moves from 28 – 24 Ma, the RMT and 

LHD thrust sheets move from 24 – 13 Ma, and the SHTS and OOST faults moves from 13 – 0 

Ma. Velocity model E reproduces the most cooling ages of all the variable velocities tested for 

the Robinson et al. (2006) cross section with the predicted cooling ages matching 15 of the 57 

published cooling ages (Fig. 9E & Table 7). This model reproduces 1 of 4 MAr ages south of the 

DK, and has a close age prediction for the MAr age in the DK; however, the ages are too old 

north of the DK by >8 Ma. Modeled ZHe ages reproduces 8 of the 23 observed ages, all in the 

DK. To the north of the DK, modeled ZHe ages are 12-13 Ma, and the observed ages are only 

between 2 – 4 Ma. This model reproduces 2 of the 11 AFT ages, and the modeled ages in the DK 

are older than the observed ages. This model reproduces 4 of the 19 AHe ages with 3 of them in 

the DK and one north of the MCT. Although the timing of deformation in Velocity E results in a 

better fit of the modeled ages to the observed data compared to Velocity A through D, there is 

still a large discrepancy between the modeled and observed ages (Fig. 9). This discrepancy 

between modeled and observed cooling ages for all velocity models tested indicates the cross 
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section geometry is unable to reproduce the cooling ages along the cross section and therefore 

must be incorrect.  

 

4.2 Modified version of Simikot cross section from Olsen et al. (2018) 

4.2.1 Flexural-kinematic model 

Table 8 lists the minimum shortening estimates of the modified Olsen et al. (2018) 

version of the Simikot cross section based on the regional cross section and the shortening 

amounts determined from the flexural-kinematic modeling of this section (Fig. 10). The 

minimum initial length of the undeformed Indian passive margin from the future location of the 

MFT to the northernmost extent of the GH rocks is 1180.40 km. The total shortening determined 

by the flexural-kinematic model is 874.89 km. The final length of the cross section from the 

MFT to the northernmost extent of the GH is 305.51 km. Therefore, total shortening is ~74% of 

the original length of the undeformed cross section.  
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Table 8: Simikot cross section Olsen et al. (2018) flexural-

kinematic model displacement. 

Fault Step 

Displacement Cumulative  

(km) Displacement (km) 

 A 0 0 

MCT B 220.5 220.5 

RMT C 205.65 426.15 

LHD 1 D 56.95 483.1 

LHD 2 E 51.6 534.7 

LHD 3 F 48.48 583.18 

LHD 4 G 9.24 592.42 

LHD 5 H 52.2 644.62 

LHD 6 I 39.82 684.44 

LHD 7A J 10 694.44 

LHD 7B K 27.7 722.14 

LHD 8 L 37.65 759.79 

LHD 9 M 31.8 791.59 

MBT N 13.95 805.54 

SHTS 1 O 5 810.54 

SHTS 2 P 19.55 830.09 

SHTS 3A Q 8 838.09 

OOST 1 R 12.1 850.19 

OOST 2 R 2.8 852.99 

SHTS 3B S 7.7 860.69 

MFT T 14.2 874.89 

 

Just as with the Robinson et al. (2006) cross section, the modified section displacements 

along each fault were adjusted to best match the geometry of the final modeled cross section to 

the original balanced cross section. The displacement along this section are divided into five 

major fault systems consisting of multiple individual thrust sheets: MCT, RMT, LHD, SHTS, 

and OOST faulting. The sequence of faulting for this cross section is different than the sequence 

for the Robinson et al. (2006) Simikot cross section. The Olsen et al. (2018) cross section has 

one more LHD thrust fault and one less OOST with the two OOST faulting occurring in between 
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movement of SHTS 3A and SHTS 3B rather than at the end like it does in Robinson et al. 

(2006). 

Figure 10A shows the initial configuration of the model. The MCT accounts for 25% of 

the total minimum shortening (Fig. 10B). The RMT accommodates 24% of the total shortening 

(Fig. 10C). The ten faults of the LHD, including the MBT accommodate 43% of the total 

shortening (Fig. 10D-N). Four thrust sheets of the SHTS including the MFT account for 6% of 

the total shortening (Fig. 10O-Q and Fig. 10S-T). The two OOST faults accommodate 2% of the 

total shortening (Fig. 10R). GH rocks are exposed after 513.1 km of shortening during 

movement on the LHD 1. LH rocks are exposed after 722.14 km of shortening during movement 

of LHD 7B. 

The bulk density, sediment density, EET, and topographic angle varies systematically to 

find a flexural-kinematic model to best match the surface geology, dip of the décollement, and 

depth of foreland basin. Table 3 summarizes the 4 flexural-kinematic models with the various 

parameters tested with the final best fit model highlighted. The parameters for the best fit model 

are a bulk density of 2600 kg m-3, a sediment density of 2350 kg m-3, an EET of 95 km, and a 

topographic erosion angle of 1.75°. This resulted in a foreland basin depth measured from the 

MFT of 7.9 km compared to 9.4 km on the original section, and a décollement dip of 4.5° 

compared to 4.0° on the original section.
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Figure 10: (A-T) Sequential flexural kinematic Olsen et al. (2018) cross section reconstructions. (A-C) has a vertical exaggeration of 

1.5 and (D-T) has no vertical exaggeration. Active fault is red, dotted black line is the topographic surface, and solid black lines are 

inactive future fault ramp locations. Details of deformation are discussed in text and listed in Table 8. Individual stratigraphic units are 

identified by colored lines the line represents the top of unit and white area below line is the rock unit. Rock unit colors are the same 

as in Figure 7. 
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Figure 11: Predicted (A) MAr, (B) ZHe, (C) AFT, and (D) AFT cooling age outputs for Olsen et 

al. (2018) cross section Pecube models with variable radiogenic heat production values. Symbols 

same as in Figure 8. 
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4.2.2 Thermokinematic model 

4.2.2.1 Effect of variable radiogenic heat production on predicted cooling ages 

Three radiogenic heat production values are tested in the Pecube models for the Olsen et 

al. (2018)  section using a constant shortening rate of 35.00 mm yr-1 from 25 Ma to present. 

Radiogenic heat production (A0) values tested are 2.0, 2.5, and 3.0 μW m-3. Figure 11 compares 

the predicted cooling ages of MAr, ZHe, AFT, and AHe to the published data.  

 Similar to the Robinson et al. (2006) models, the predicted cooling ages for all four 

thermochronometers systems become younger as A0 increases from 2.0 to 3.0 μW m-3 in the 

Olsen et al. (2018) models. Variable A0 values have the largest effect on the predicted MAr ages 

with the difference in predicted ages ranging as much as ~7 Ma in the DK. Observed MAr ages 

north of the northern ramp are ~6 Ma with the predicted cooling ages matching for A0 values of 

2.5 and 3.0 μW m-3 and predicted ages for 2.0 μW m-3 within 1 Ma of the observed ages (Fig. 

11A). ZHe predicted ages vary from different A0 values with the largest south of the northern 

ramp with a difference of ~3 Ma between an A0 of 2.0 and 3.0 μW m-3. North of the northern 

ramp, the predicted ZHe ages are fairly similar with the difference in predicted ages ~0.5 Ma 

between A0 of 2.0 and 3.0 μW m-3 (Fig. 11B). AFT predicted ages within the DK range ~1.5 Ma 

between A0 of 2.0 and 3.0 μW m-3. North of the northern ramp, the AFT predicted ages range ~1 

Ma between A0 of 2.0 and 3.0 μW m-3. AFT is the only thermochronometer system with 

observed data south of the southern ramp of the décollement with ages of ~10 Ma and ~14.5 Ma 

(Fig. 11C). All three heat production values underpredicted the cooling ages south of this ramp 

with predicted cooling ages of ~1 Ma. The predicted cooling ages for AHe varied very little with 

different A0 values with the greatest difference in predicted ages for different A0 values being 

north of the northern ramp; however, the predicted ages only varied by >1 Ma (Fig. 11D).  
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All three values of radiogenic heat productions predict cooling ages significantly younger 

than the observed thermochronology data in the DK between 75 – 128 km, where all the 

predicted ages for the different thermochronometers systems are significantly younger than the 

observed data. The predicted cooling ages north of the northern ramp are close to the observed 

cooling ages for MAr and AHe; however, all A0 values overpredict cooling ages for ZHe and 

AFT in the same location. The cooling age models for A0 values of 2.0 and 3.0 μW m-3 

reproduces 4 of the 57 cooling ages and the A0 value of 2.5 μW m-3 reproduces 5 of the 57 

cooling ages. All three values for radiogenic heat production produced poorly fitting modeled 

ages; therefore, best-fit for A0 value is 2.0 μW m-3 because it produces a cool crust and the oldest 

predicted cooling ages in the DK of all the A0 values. The poor fit of modeled cooling ages to 

observed cooling ages indicates that a constant rate of shortening cannot reproduce the cooling 

ages along this cross section.  

 

4.2.2.2 Effect of variable shortening rates on predicted cooling ages 

 To better match the predicted cooling ages to the observed ages, four different fault 

velocity rates were used to create thermokinematic models (Table 5). All variable velocity 

models use a radiogenic heat production value of 2.0 μW m-3 with the MCT initiating at 25 Ma. 

Figure 12 shows the four Pecube outputs for the variable velocity rates with the modeled cooling 

curves and the observed thermochronometers ages. Table 9 lists the observed cooling ages and 

the modeled cooling ages for different velocity profiles with the highlighted cells where the 

modeled cooling age values that match the observed cooling age within 2σ error.   



66 

Table 9: Observed cooling ages compared to modeled cooling ages for Olsen et al. (2018) 

Simikot cross section. 

Thermo- 

chronometer  

system 

 

Cooling age 

(Ma) 

Velocity F 

ages (Ma) 

Velocity G 

ages (Ma) 

Velocity H 

ages (Ma) 

Velocity I 

ages (Ma) 

Distance 

(km) 

MAr 184 6.16 ± 0.06 6.55 10.34 12.75 12.05 

 164 5.85 ± 0.67 5.88 10.76 11.44 11.14 

 86 16.92 ± 0.33 8.04 13.59 14.87 13.89 

 74 18.60 ± 1.80 8.15 18.22 15.04 14.03 

       

ZHe 196 4.22 ± 0.81 5.65 8.76 11.36 10.92 

 196 3.97 ± 0.50 5.65 8.76 11.36 10.92 

 195 3.92 ± 0.97 5.64 8.64 11.34 10.91 

 195 3.45 ± 0.32 5.64 8.64 11.34 10.91 

 186 2.5 ± 0.47 5.50 8.20 11.18 10.74 

 186 2.1 ± 0.26 5.50 8.20 11.18 10.74 

 185 2.3 ± 0.88 5.48 8.13 11.11 10.70 

 185 2.3 ± 0.15 5.48 8.13 11.11 10.70 

 185 2.4 ± 0.6 5.48 8.13 11.11 10.70 

 185 2.3 ± 0.42 5.48 8.13 11.11 10.70 

 184 2.2 ± 0.18 5.47 8.05 11.07 10.66 

 103 11.6 ± 0.86 6.24 10.43 12.47 11.73 

 102 10.9 ± 0.45 6.24 10.42 12.46 11.73 

 102 11.2 ± 0.75 6.24 10.42 12.46 11.73 

 101 10.5 ± 0.61 6.24 10.43 12.47 11.73 

 100 13 ± 2.68 6.25 10.45 12.48 11.74 

 99 11.4 ± 1.2 6.31 10.59 12.57 11.82 

 98 9.9 ± 0.52 6.37 10.72 12.65 11.89 

 97 10.6 ± 1.2 6.40 10.79 12.71 11.93 

 97 12.6 ± 3.1 6.40 10.79 12.71 11.93 

 97 12.2 ± 2.05 6.40 10.79 12.71 11.93 

 96 11.7 ± 0.73 6.40 10.78 12.70 11.92 

 96 12.3 ± 0.43 6.40 10.78 12.70 11.92 

       

AFT 187 8.5 ± 1.7 4.94 7.12 10.74 10.42 

 186 1.3 ± 0.3 4.94 7.07 10.72 10.41 

 184 3.3 ± 1 4.94 7.02 10.68 10.41 

 179 2 ± 0.4 4.93 6.72 10.59 10.39 

 179 1.4 ± 0.3 4.93 6.72 10.59 10.39 
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Thermo- 

chronometer  

system 

  

Cooling age 

(Ma) 

Velocity F 

ages (Ma) 

Velocity G 

ages (Ma) 

Velocity H 

ages (Ma) 

Velocity I 

ages (Ma) 

Distance 

(km) 

AFT 134 7 ± 1 3.59 3.83 8.01 8.00 

(contd.) 130 7.8 ± 1.5 3.85 4.11 8.40 8.37 

 126 6.2 ± 0.5 4.16 4.56 9.08 8.96 

 90 8.9 ± 1.5 4.61 4.87 9.36 9.34 

 50 10.3 ± 0.5 2.56 2.38 4.41 4.42 

 46 14.4 ± 2.2 2.30 2.19 4.21 4.22 

       

AHe 186 2.3 ± 0.51 3.93 5.11 8.78 8.52 

 185 1.3 ± 0.13 3.92 5.10 8.77 8.52 

 185 2.4 ± 0.8 3.92 5.10 8.77 8.52 

 185 1.1 ± 0.16 3.92 5.10 8.77 8.52 

 184 2.3 ± 0.58 3.92 5.09 8.76 8.52 

 104 9.6 ± 0.9 3.85 3.90 7.71 7.72 

 103 11.4 ± 1.28 3.85 3.89 7.69 7.70 

 102 7.5 ± 1.88 3.81 3.84 7.60 7.61 

 102 6.4 ± 2.59 3.81 3.84 7.60 7.61 

 101 8.4 ± 2.17 3.81 3.83 7.56 7.58 

 100 10.3 ± 3.5 3.78 3.79 7.50 7.52 

 99 8.8 ± 0.29 3.85 3.89 7.61 7.63 

 98 9.3 ± 2.17 4.04 4.16 8.01 8.01 

 98 7.4 ± 2.68 4.04 4.16 8.01 8.01 

 98 9.9 ± 1.65 4.04 4.16 8.01 8.01 

 97 10.2 ± 1.32 4.18 4.38 8.34 8.33 

 97 8.4 ± 1.73 4.18 4.38 8.34 8.33 

 97 8.7 ± 2.63 4.18 4.38 8.34 8.33 

  96 5.2 ± 1.33 4.28 4.50 8.57 8.55 
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Figure 12: Predicted MAr (red line), ZHe (orange line), AFT (blue line), and AFT (green line) 

cooling age outputs for Olsen et al. (2018) cross section Pecube models with variable velocity 

models, summarized in Table 5. (A) Velocity F, (B) Velocity G, (C) Velocity H, and (D) 

Velocity I all with A0 = 2.0 μW m-3. 
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Velocity F is comparable to velocity A for the Robinson et al. (2006) models. The MCT 

moved from 25 to 13 Ma, the RMT moved from 13 to 9 Ma, the LHD formed from 9 to 5 Ma, 

and the SHTS and OOST faults moved from 5 to 0 Ma (Table 5). Predicted cooling ages match 3 

out of 57 existing observed cooling ages (Fig. 12A & Table 9). The predicted MAr ages in the 

LHD and north of the MCT either match or are very close to matching the observed cooling 

ages. The predicted MAr ages in the DK are ~10 to 9 Ma younger than the observed ages. 

Modeled ZHe cooling ages are too young in the DK (~85 – 135 km) with modeled ages ~6.5 Ma 

and observed ages between ~9 – 13 Ma. ZHe modeled ages are too old north of the MCT in GH 

rocks with modeled cooling ages of ~5 – 6 Ma compared to the observed ~2 – 4 Ma ages. The 

predicted AFT ages north of the MCT are ~5 Ma, which is ~1.5 to 3.5 Ma older than the 

observed ages. Predicted AFT ages south of the MCT are much younger than the observed 

cooling ages. Predicted AHe ages have a similar pattern to predicted AFT ages, with predicted 

ages north of the MCT ~3 – 2 Ma older than observed ages and predicted ages in the DK ~2 – 8 

Ma younger than observed ages.  

Velocity G is based off of constraints for fault movement from Robinson and McQuarrie 

(2012). In this model, the MCT moves from 25 – 20 Ma, the RMT moves from 20 – 16 Ma, the 

LHD forms from 16 – 5 Ma, and the SHTS and OOST faults moves from 5 – 0 Ma (Table 5).  

Predicted cooling ages match 10 out of 57 observed cooling ages (Fig. 12B & Table 9). The 

model overestimates MAr ages in the LHD and GH just north of the MCT with predicted ages 

~10.5 Ma, which is >4 Ma older than the observed ages. The modeled MAr age in the DK is ~3 

Ma younger than the observed age. South of the DK between 75 – 85 km, the modeled MAr age 

falls within 2σ of the observed age. Modeled ZHe cooling ages are too old north of the northern 

ramp with modeled cooling ages are ~5 – 6 Ma older than the actual observed ages. This velocity 
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model predicts 6 of the 12 ZHe ages in the DK with modeled ages ~10 – 11 Ma and observed 

ages between ~9 – 13 Ma. Velocity G reproduces 1 of the 11 AFT ages. The modeled AFT age 

that matched is north of the MCT and the observed age is 8.5 ± 1.7 Ma, which is much older than 

the other observed ages in this area which are ~1 – 3 Ma. All other modeled AFT ages north of 

the MCT are ~4 – 5 Ma older than the observed ages. The predicted AFT ages in the LHD are ~3 

Ma younger than the observed cooling ages and in the DK is ~4 Ma younger than the observed 

ages. Most notably, there are two AFT ages south of the southern ramp with predicted ages of ~2 

Ma and observed ages ~10 and 14 Ma. The AHe predicted ages north of the MCT are ~5 Ma 

with the observed ages between ~1 – 2 Ma. Within the DK, the predicted AHe ages are between 

3 – 4.5 Ma, and the observed ages range from ~5 – 11 Ma.  

 The shortening rate for the RMT is faster in Velocity H to make the predicted ages older 

in the DK. To produce old MAr ages in the DK, movement on the MCT and RMT needs to start 

and end early because the cooling ages in the DK are set during movement on the MCT and 

RMT. In this model, the MCT moves from 25 – 20 Ma, the RMT and LHD sheets move from 20 

– 10 Ma, and the SHTS and OOST faults moves from 10 – 0 Ma (Table 5). Modeled cooling 

ages match 15 out of 57 published cooling ages (Fig. 12B & Table 9). While the fit for the 

predicted ZHe, AFT, and AHe ages in the DK improves when compared to Velocity G, the fit for 

the predicted cooling ages north of the MCT is worse than Velocity G (Fig. 12C & Table 9). For 

all four thermochronometer systems, the predicted cooling ages north of the MCT are much 

younger than the observed ages. Predicted ages north of the MCT are older than the observed 

cooling ages by ~6 Ma for MAr, ~9 – 7 Ma for ZHe, ~8 – 9 Ma for AFT, and >6 Ma for AHe. 

Predicted AFT ages for the 2 observed AFT ages south of the southern ramp are younger than 

the observed ages by ~6 and 10 Ma, which is less than the ~8 and 12 Ma of Velocityl A. In 
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summary, Velocity H better predicts the cooling ages in the DK than Velocity G but produces a 

worse fit for cooling ages north of the MCT.  

 Velocity I keeps the older cooling ages in the DK while attempting to lower the cooling 

ages north of the MCT. The MCT moves from 25 – 18 Ma, the RMT and LHD thrust sheets 

move from 18 – 10 Ma, and the SHTS and OOST faults moves from 10 – 0 Ma. The velocity of 

the MCT is slowed to 31.50 mm yr-1 and the velocity of the RMT and LHD thrust sheets is 

increased to 71.39 mm yr-1 (Table 5). Predicted cooling ages matches 19 out of 57 published 

cooling ages (Fig. 12D & Table 9). This model predicts the ages for ZHe, AFT, and AHe ages in 

the DK well; however, fails to reproduce ages north of the MCT, although the predicted ages 

north of the MCT are closer to the observed ages than Velocity H. In the DK, the predicted 

cooling ages reproduces 8 of 12 ZHe ages, 1 of 2 AFT ages, and 8 of 14 AHe ages. Predicted 

MAr ages north of the north ramp are too old with predicted ages of ~11 and 12 Ma compared to 

the observed ages of ~6 Ma. In the DK and south of the southern ramp, the predicted MAr ages 

are too young with predicted ages of ~14 Ma and observed ages ~17 and 19 Ma. Predicted ages 

north of the MCT for ZHe are ~6 – 8 Ma, AFT are ~7 – 9 Ma, and AHe >6 Ma older than the 

observed cooling ages.  

While Velocity I makes the predicted ages north of the MCT younger compared to 

Velocity H, the predicted ages are not young enough to match the observed cooling ages. 

Although Velocity I for the Olsen et al. (2018) cross section successfully reproduces the most 

observed cooling ages of all the models for both this cross section and the Robinson et al. (2006) 

cross section, there is still a large discrepancy between the modeled and observed cooling ages 

that cannot be resolved by adjusting the radiogenic heat production value or the fault velocity 

rates. This cross section geometry cannot reproduce the cooling ages along the cross section.  
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5. INTERPERTATIONS AND DISCUSSION 

5.1 Evaluating the sensitivity of predicted cooling ages 

The geothermal field determines the spatial and temporal changes in the predicted 

cooling ages. The horizontal and vertical temperature distribution evolves at each time step in the 

model, based on thermal parameters, location and magnitude of fault displacement and erosion, 

and rates of deformation and exhumation. In the thermokinematic modeling process, changing 

the radiogenic heat production value and the timing of fault movements changes the evolution of 

the geothermal gradient throughout the model resulting in predicted cooling ages. 

 The radiogenic heat production value controls the thermal state in the crust, lower A0 

values will produce a cooler crust and higher A0 values produce a hotter crust. Multiple models 

with the same exhumation rate but different radiogenic heat production values produce different 

predicted cooling ages for rocks at the present-day surface (Figs. 8 and 11). In cooler models (A0 

= 2.0 μW m-3), the rocks pass through the thermal closure temperatures earlier in the model due 

to the lower thermal gradient. In the hotter models, rocks pass through the higher thermal 

gradient of hotter models (A0 = 3.0 μW m-3) later. The result is different predicted cooling ages 

at the present-day surface depending on the thermal state of the crust, with higher A0 values 

producing younger cooling ages and lower A0 values predicting older cooling ages. Notably, 

radiogenic heat production values do not affect the shape of the predicted cooling curve; 

however, it shifts the cooling curves ages younger with increasing A0 values (Figs. 8 and 11). 

Therefore, radiogenic heat production does not control the across-strike shape of cooling curves, 
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rather it affects the thermal gradient in the crust and varying A0 values shifts cooling curves older 

or younger (Figs. 8 and 11).  

 

Figure 13 compares the thermal structure of the crust at the final step of the Robinson et 

al. (2006) cross section for an A0 of 2.0 and 3.0 μW m-3. The thermal structure for the model 

with an A0 of 3.0 μW m-3 is a relatively hot model similar to the thermal structure presented in 

Herman et al. (2010) in central Nepal. This hot model does not predict the older cooling ages 

found in the DK along the Simikot cross section. The predicted ages are too young because this 

part of the crust is too hot and rocks move through the isotherm for closure temperatures later in 

the model. The thermal structure for the model with an A0 of 2.0 μW m-3 is a cold model similar 

Figure 13: Thermal structure of crust in final step of Robinson et al. (2006) Pecube models for 

(A) A0 = 2.0 and (B) A0 = 3.0 μW m-3. 
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to the thermal structure presented in Bollinger et al. (2006) in central Nepal. A cold crustal 

model predicts older cooling ages in the DK compared to the hot model. The cold model is used 

in this study because it produces predicted cooling ages that more closely match the observed 

cooling ages. 

 Deformation and exhumation rates at each time step affects the evolution of the thermal 

field and the resulting predicted cooling ages. Timing of deformation and exhumation is limited 

by existing data on the initiation of movement on specific faults, timing of deposition of 

synorogenic units, and tectonic rates. A variety of velocity models are tested to best match the 

predicted cooling ages to observed cooling ages while staying within the limiting parameters of 

fault movements from previous studies (Table 5). Timing of fault movement changes the thermal 

field of the crust as heat is advected upward along thrust faults. The thermokinematic models 

show that as the velocity of movement on the MCT and RMT is increased, the predicted cooling 

ages in the DK become older matching more of the observed data. However, the predicted ages 

north of the MCT are much older than the observed ages for both the Robinson et al. (2006) and 

Olsen et al. (2018) cross sections. Realistic velocity rates poorly reproduce the cooling ages. 

More extreme velocity models (i.e., Velocity D) reproduce a few more of the cooling ages in 

specific locations; however, these still fail to overall produce the cooling pattern across the entire 

section, indicating an invalid cross section geometry. 

 

5.2 Evaluating cross section geometry 

 Décollement geometry has a first order control on thermochronometers cooling ages 

(Lock and Willett, 2008; McQuarrie and Ehlers, 2015, 2017; Gilmore et al., 2018). The 

Robinson et al. (2006) and Olsen et al. (2018) versions of the Simikot cross section have 
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different décollement geometries and kinematic sequence of faulting, resulting in different 

predicted cooling curves across the cross section. The timing and location of exhumation affects 

the overall shape of the predicted cooling ages. 

Changing the décollement fault geometry changes the location of “U-shape” cooling 

pattern associated with the location of the active ramp, which produces young cooling ages 

(Lock and Willet; McQuarrie and Ehlers, 2015; 2017). In the Robinson et al. (2006) section, the 

active ramp in the MHT is located between ~110 and 120 km north of the MFT. The predicted 

cooling ages above this ramp, particularly ZHe, AFT, and ZHe predicted ages, are younger than 

the predicted ages just to the north or south of the ramp because of the deep rock moving up and 

over the ramp results in predicted cooling ages at the present day surface younger than the 

surrounding rocks. The Olsen et al. (2018) version has two ramps in the décollement, the 

southern ramp between ~75 and 80 km and the northern ramp between ~145 and 150 km. The 

southern ramp produces young ages on the southern end of the DK. The northern ramp of the 

Olsen et al. (2018) model is 35 km further north than the ramp in the Robinson et al. (2006) cross 

section. All velocity models for the Robinson et al. (2006) cross section have a worse fit in the 

predicted vs. observed ages in the DK than the Olsen et al. (2018) models (Fig. 9 and 12) 

because the thermochronometer ages are reset later in the model as rock moves over the active 

ramp, which is located 35 km further south. By shifting this ramp to the north, rocks that are 

exposed in the modern day DK move over the ramp and are reset earlier, producing older 

predicted cooling ages in the DK that match the trend of the observed ages (Tables 7 and 9). 

However, the Olsen et al. (2018) cross section still has predicted cooling ages that are too old for 

all thermochronometer systems north of the MCT (Table 9). The predicted AFT and AHe 

cooling ages north of the MCT in the Robinson et al. (2006) models more closely match the 
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observed data than the Olsen et al. (2018) models because of the magnitude and location of the 2 

OOST that move at the very end of the model diving uplift and exhumation north of 140 km 

from the MFT. The maximum uplift and exhumation is focused where the OOST faults are 

located (140 and 155 km from the MFT) while the youngest observed chronometers are 180-190 

km from the MFT.  

The most notable difference in the sequence of faulting for these cross sections is the 

sequence of the SHTS and OOST as well as the number of OOST. In the Robinson et al. (2006) 

models, the three OOST faults occur as the last steps after deformation in the SHTS ends (Table 

6 & Fig. 7P-S). In the Olsen at al. (2018) model, the two OOST faults move in the time between 

deformation on the SHTS 3A and SHTS 3B sheets (Table 8 & Fig. 10Q-T). Both cross sections 

have an OOST at ~40 km and ~ 150 km and the Robinson et al. (2006) cross section has an 

additional OOST at ~140 km (Fig. 4). The Robinson et al. (2006) models produce much younger 

ages at these OOST faults at ~150 and 140 km because they move in the final steps. This pattern 

is not produced in the Olsen et al. (2018) models because the OOST move earlier in the model, 

so the ages are reset earlier and become older as the last of the SHTS faults move after the 

OOST. Young thermochronometer ages exist at the locations of the OOST and the OOST 

faulting occurring at the end of the model best reproduces the young cooling ages. The sequence 

of faulting changes the thermal field and the resulting predicted cooling ages along section and 

can cause changes in the pattern of cooling. 

 

5.3 Proposed New Cross Section 

 The results from the thermokinematic modeling of the Simikot cross section and the 

modified version of the cross section provide insight into the viability of the two cross section 
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geometries and why they do not work. These cross section geometries failed to predict most of 

the cooling ages, with the best model only predicting 33% of cooling ages. The location of the 

ramp in the Robinson et al. (2006) cross section is too far south to reproduce the older ages in the 

DK. The northern ramp in the Olsen et al. (2018) cross section is 35 km further north, and it 

more accurately reproduces the cooling ages in the DK but the cooling ages are to old north of 

the MCT. While the location of the Olsen et al. (2018) ramp is a better location than the 

Robinson et al. (2006) cross section for the modeled ages, it still does not reproduce all the 

cooling ages. To keep the old predicted cooling ages in the DK and reproduce the younger ages 

north of the MCT, a better location for that ramp would be between ~180 – 185 km. This would 

produce cool ages north of the MCT because the rock would be directly above the active ramp, 

and the predicted cooling ages in the DK would be older because they move over the active ramp 

early in the model.  

The Olsen et al. (2018) cross section incorporates a southern ramp between ~75 – 80 km 

based on the physiographic transition zones of Harvey et al. (2015). Seismic interpretations in 

Hoste-Colomer et al. (2018) also indicate a ramp at the same location as Harvey et al. (2015) just 

south of the DK. Two observed AFT ages south of this ramp along the cross section have ages of 

14 and 10 Ma. These ages are much older than any of the predicted cooling ages for Velocity F 

through I, which predicts these two ages between ~2 to 4 Ma. These predicted AFT ages are 

young because they are reset late in the model as they pass over the ramp at 75-80 km producing 

very young predicted AFT ages. In the Robinson et al. (2006) Pecube models, there is no 

southern ramp and the predicted ages for the two AFT ages are ~9 – 10 Ma, which is closer to 

the observed 14 and 10 Ma ages. More thermochronology data south of the DK is necessary to 
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argue for the presence of the southern ramp suggested by Harvey et al. (2015) and Hoste-

Colomer et al. (2018).  

Along with changes to the MHT fault geometry, the proposed cross section needs an 

intra-GH fault to account for the movement on the High Himalayan discontinuity. Movement 

along the MCT starts at 25 Ma in this study, although recent studies suggest that movement 

along the MCT did not initiate until around 17 Ma (Carosi et al., 2013; Montomoli et al., 2013). 

If the MCT senso stricto did not move until 17 Ma, an intra-GH thrust must have transported the 

rocks that compose the DK because the MAr observed ages show cooling between ~19 to 17 Ma. 

Thus, there must be an earlier fault within the GH that moves before the MCT and places GH 

rock overtop of LH rock. This would produce the older MAr ages found in the DK and fit the 

thermochronometer data, which suggests that this intra-GH thrust was active from ~25 – 17 Ma. 

The DK was likely emplaced along an intra-GH thrust, possibly the Higher Himalayan 

discontinuity (Larson et al., 2010; Yakamchuk and Godin, 2012; Imayama et al., 2012; Carosi et 

al., 2013; Montomoli et al., 2013). Then, the MCT became active around 17 Ma (Carosi et al., 

2013; Montomoli et al., 2013).  
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6. CONCLUSIONS 

 This study presents thermokinematic models that test the viability of two proposed cross 

section geometries for the Simikot cross section in far-western Nepal. Both cross section 

geometries fail to accurately reproduce the existing observed cooling ages along the cross 

section, with the most successful model only matching 33% of the observed cooling ages. 

Evaluation of the sensitivity of the modeled cooling ages to changes in the timing and magnitude 

of deformation and exhumation, and décollement geometry illustrates how these models can be 

improved. I propose a new cross section geometry with the MHT décollement ramp located 

between ~180 – 185 km and an intra-GH thrust that moves the DK rather than the MCT. This 

study highlights the importance of pairing cross section reconstructions with thermokinematic 

models to test the validity of cross section geometry by comparing the modeled 

thermochronometer ages with the observed cooling ages. 
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91 

APPENDIX B: NEW THERMOCHRONOLOGY SAMPLES COLLECTED ALONG 

SIMIKOT CROSS SECTION 

        

Sample ID Latitude (°N) Longitude (°E) Rock unit 

ZHe Samples    

FWN17-015 29.86481 81.87433 LH Ranimata 

FWN17-031 29.76806 81.83283 LH Kushma 

FWN17-042 29.70733 81.83181 LH Ranimata 

FWN17-046 29.67467 81.85525 LH Syangia 

FWN17-061 29.54381 81.78969 LH Kushma 

FWN17-069 29.47178 81.71067 LH Ranimata 

FWN17-076 29.40461 81.71561 Klippe 

FWN17-083 29.31128 81.74856 Klippe 

FWN17-089 29.12022 81.55456 Klippe 

FWN17-091 29.08028 81.47753 LH Ranimata 

FWN17-098 28.85772 81.72558 LH Kushma 

FWN17-100 28.76467 81.66450 LH Kushma 

FWN17-102 28.68400 81.63558 LH Kushma 

FWN17-107 28.64656 81.62178 LH Dumuri 

    

AFT Samples    

FWN17-042 29.70733 81.83181 LH Ranimata 

FWN17-069 29.47178 81.71067 LH Ranimata 

FWN17-083 29.31128 81.74856 GH Klippe 

FWN17-089 29.12022 81.55456 GH Klippe 

FWN17-096 28.90111 81.79336 GH Klippe 

FWN17-100 28.76467 81.66450 LH Kushma 
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APPENDIX C: VELOCITY MODELS WITH TIMING OF MOVEMNT ON INDIVIDUAL FAULTS 

 

  

Robinson et al. (2006) model

Displ- Start End Start End Start End Start End Start End Start End

acement age age age age age age age age age age age age

(km) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)

MCT 252 25.00 17.40 33.15 25.00 13.00 21.00 25.00 20.00 50.40 25.00 20.00 50.40 25.00 22.00 84.00 28.00 24.00 63.00

RMT 185.9 17.40 11.79 33.15 13.00 9.00 46.48 20.00 16.00 46.48 20.00 16.10 47.63 22.00 17.32 39.69 24.00 19.71 43.30

LHD 1 66.9 11.79 9.77 33.15 9.00 8.08 72.59 16.00 14.06 34.52 16.10 14.69 47.63 17.32 15.63 39.69 19.71 18.16 43.30

LHD 2 36.65 9.77 8.67 33.15 8.08 7.57 72.59 14.06 13.00 34.52 14.69 13.92 47.63 15.63 14.71 39.69 18.16 17.31 43.30

LHD 3 36.35 8.67 7.57 33.15 7.57 7.07 72.59 13.00 12.00 36.35 13.92 13.16 47.63 14.71 13.79 39.69 17.31 16.47 43.30

LHD 4 36.35 7.57 6.47 33.15 7.07 6.57 72.59 12.00 11.00 36.35 13.16 12.40 47.63 13.79 12.87 39.69 16.47 15.64 43.30

LHD 5 48.5 6.47 5.01 33.15 6.57 5.90 72.59 11.00 10.00 48.50 12.40 11.38 47.63 12.87 11.65 39.69 15.64 14.52 43.30

LHD 6 31.7 5.01 4.06 33.15 5.90 5.47 72.59 10.00 7.96 15.55 11.38 10.71 47.63 11.65 10.85 39.69 14.52 13.78 43.30

LHD 7 19.7 4.06 3.46 33.15 5.47 5.20 72.59 7.96 6.69 15.55 10.71 10.30 47.63 10.85 10.36 39.69 13.78 13.33 43.30

LHD 8 14.2 3.46 3.03 33.15 5.20 5.00 72.59 6.69 5.78 15.55 10.30 10.00 47.63 10.36 10.00 39.69 13.33 13.00 43.30

MBT 12.14 3.03 2.67 33.15 5.00 4.40 72.59 5.78 5.00 15.55 10.00 8.79 10.05 10.00 8.79 10.05 13.00 11.43 7.73

SHTS 1 21.7 2.67 2.01 33.15 4.40 3.32 20.11 5.00 3.77 17.68 8.79 6.63 10.05 8.79 6.63 10.05 11.43 8.62 7.73

SHTS 2 15.8 2.01 1.54 33.15 3.32 2.53 20.11 3.77 2.88 17.68 6.63 5.06 10.05 6.63 5.06 10.05 8.62 6.58 7.73

SHTS 3 17.6 1.54 1.00 33.15 2.53 1.66 20.11 2.88 1.89 17.68 5.06 3.31 10.05 5.06 3.31 10.05 6.58 4.31 7.73

MFT 13.9 1.00 0.59 33.15 1.66 0.96 20.11 1.89 1.10 17.68 3.31 1.93 10.05 3.31 1.93 10.05 4.31 2.51 7.73

OOST 1 2.9 0.59 0.50 33.15 0.96 0.82 20.11 1.10 0.93 17.68 1.93 1.64 10.05 1.93 1.64 10.05 2.51 2.13 7.73

OOST 2 11 0.50 0.17 33.15 0.82 0.27 20.11 0.93 0.31 17.68 1.64 0.55 10.05 1.64 0.55 10.05 2.13 0.71 7.73

OOST 3 5.5 0.17 0.00 33.15 0.27 0.00 20.11 0.31 0.00 17.68 0.55 0.00 10.05 0.55 0.00 10.05 0.71 0.00 7.73
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Displ- Start End Start End Start End Start End Start End

acement age age age age age age age age age age

(km) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)

MCT 220.5 25.00 18.70 35.00 25.00 13.00 18.36 25.00 20.00 44.10 25.00 20.00 44.10 25.00 18.00 31.50

RMT 205.65 18.70 12.82 35.00 13.00 9.00 51.41 20.00 16.00 51.41 20.00 16.40 57.11 18.00 15.12 71.39

LHD 1 56.95 12.82 11.20 35.00 9.00 8.38 91.36 16.00 14.43 36.18 16.40 15.40 57.11 15.12 14.32 71.39

LHD 2 51.6 11.20 9.72 35.00 8.38 7.81 91.36 14.43 13.00 36.18 15.40 14.50 57.11 14.32 13.60 71.39

LHD 3 48.48 9.72 8.34 35.00 7.81 7.28 91.36 13.00 11.32 28.86 14.50 13.65 57.11 13.60 12.92 71.39

LHD 4 9.24 8.34 8.07 35.00 7.28 7.18 91.36 11.32 11.00 28.86 13.65 13.49 57.11 12.92 12.79 71.39

LHD 5 52.2 8.07 6.58 35.00 7.18 6.61 91.36 11.00 10.00 52.20 13.49 12.57 57.11 12.79 12.06 71.39

LHD 6 39.82 6.58 5.44 35.00 6.61 6.17 91.36 10.00 8.65 29.39 12.57 11.88 57.11 12.06 11.50 71.39

LHD 7A 10 5.44 5.16 35.00 6.17 6.06 91.36 8.65 8.31 29.39 11.88 11.70 57.11 11.50 11.36 71.39

LHD 7B 27.7 5.16 4.36 35.00 6.06 5.76 91.36 8.31 7.36 29.39 11.70 11.22 57.11 11.36 10.97 71.39

LHD 8 37.65 4.36 2.29 35.00 5.76 5.35 91.36 7.36 6.08 29.39 11.22 10.56 57.11 10.97 10.45 71.39

LHD 9 31.8 2.29 2.38 35.00 5.35 5.00 91.36 6.08 5.00 29.39 10.56 10.00 57.11 10.45 10.00 71.39

MBT 13.95 2.38 1.98 35.00 5.00 4.16 16.66 5.00 4.16 16.66 10.00 8.33 8.33 10.00 8.33 8.33

SHTS 1 5 1.98 1.84 35.00 4.16 3.86 16.66 4.16 3.86 16.66 8.33 7.73 8.33 8.33 7.73 8.33

SHTS 2 19.55 1.84 1.28 35.00 3.86 2.69 16.66 3.86 2.69 16.66 7.73 5.38 8.33 7.73 5.38 8.33

SHTS 3A 8 1.28 1.05 35.00 2.69 2.21 16.66 2.69 2.21 16.66 5.38 4.42 8.33 5.38 4.42 8.33

OOST 1 12.1 1.05 2.21 2.21 4.42 4.42

OOST 2 2.8 0.63 35.00 1.31 16.66 1.31 16.66 2.63 8.33 2.63 8.33

SHTS 3B 7.7 0.63 0.41 35.00 1.31 0.85 16.66 1.31 0.85 16.66 2.63 1.70 8.33 2.63 1.70 8.33

MFT 14.2 0.41 0.00 35.00 0.85 0.00 16.66 0.85 0.00 16.66 1.70 0.00 8.33 1.70 0.00 8.33
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Olsen et al. (2018) model


