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Abstract 
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Supervisor:  Daniel F. Stockli 

 

   

The Gotthard Base Tunnel provides a unique window into the subsurface of the 

Swiss Alps and into the complex thermal evolution of the Gotthard massif.  The 58 km 

tunnel trends roughly N-S and provides an orogen perpendicular cross section through the 

backbone of the Swiss Alps - the Aar and Gotthard massifs and parts of the Lepontine 

Dome.  In the tunnel, the measured rock temperatures increase from 11°C at the north 

entrance to a maximum of 42°C in the tunnel where overburden exceeds 2300 meters.  The 

observed temperature profile shows negative anomalies underneath major valleys (e.g., 

Upper Rhine) and directly mimics the topography, with high temperatures under peaks.  

Not correlated with topography, a marked 15°C negative temperature anomaly exists 35 

km south of the Erstfeld portal centered around the Piora Zone syncline and related aquifer.  

The Piora Zone is a syncline comprised of a deformed and kartsified, porous Triassic 

dolomite that is infolded into the gneissic basement of the Gotthard massif.  This water 
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infiltration zone forms a conduit that funnels meteoric water deep into the massif.  The 

water flow cooled the syncline and adjacent bedrock, creating an advective thermal regime 

and a pronounced local negative temperature anomaly.   

The interplay of uplift and erosion conductive heat loss, and radiogenic heat 

production, along with the coupled effect of topography and meteoric fluids can influence 

near surface geothermal gradients and therefore, apatite (U-Th)/He cooling histories.  

Numerical modeling demonstrates that the Piora thermal anomaly is in dynamic 

equilibrium and thus older than 50 kyr.  (U-Th)/He low temperature thermochronometry 

was employed to examine both the regional cooling history of the Gotthard massif and the 

age of the fluid-induced thermal anomaly.  High-density sampling across the Piora syncline 

from tunnel and surface transects allows for a comprehensive reconstruction of the Alpine 

exhumation and cooling history since 12 Ma.  Apatite (U-Th)/He ages from along the 

Gotthard base tunnel show reproducible background cooling ages of ~ 2.5 Ma that increase 

to ~ 5.5 Ma in the Piora Zone, recording dramatic isotherm depression due to meteoric 

fluid infiltration.  Zircon (U-Th)/He ages from the tunnel and surface (~8.0-10.0 Ma) show 

rapid cooling related to exhumation of the Alpine External Massifs. In addition, 1-D and 

2-D thermal modeling was used to determine the topology of the AHe partial retention 

zone and its deflection due meteoric fluid flow consistent with the (U-Th)/He data.  Inverse 

thermal modeling quantifies both the Alpine exhumation and the thermal history of the 

Piora Zone.  The results show that the Piora anomaly is at least 5.5 Ma old, but cannot be 

older than ~8 Ma.  These results point to late Miocene onset of fluid infiltration in the Piora 

Zone that is likely driven by the exhumation and uplift of the External Massifs and response 
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to increase in relief and regional hydrologic head, but predates the onset of Alpine 

glaciation.  This case study demonstrates the power of low-temperature 

thermochronometry in examining the interface between endogenic and exogenic thermo-

tectonic processes and forcing factors. 



 ix 

Table of Contents 

Introduction ..............................................................................................................1 

Geologic Background ..............................................................................................7 

Meteoric fluid flow and (U-Th)/He ages in the Piora zone ...................................13 

Methodology ..........................................................................................................16 

Sampling strategy..........................................................................................16 

(U-Th)/He thermochrochronometry..............................................................16 

Forward and inverse thermal modeling parameters ......................................19 

(U-Th)/He Results ..................................................................................................23 

Apatite (U-Th)/He surface results .................................................................23 

Zircon (U-Th)/He surface results ..................................................................23 

Apatite (U-Th)/He tunnel results ..................................................................24 

Zircon (U-Th)/He tunnel results ...................................................................25 

(U-Th)/He Inverse Modeling thermal history ........................................................26 

Elevation multi-sample transects ..................................................................26 

Gotthard Base Tunnel single sample arrays..................................................27 

DISCUSSION ............................................................................................................30 

Modern Subsurface Temperature Field ........................................................30 

Meteoric Fluid-induced Cooling ...................................................................33 

Thermal Evolution Of The Piora Zone .........................................................36 

Longevity of thermal anomaly ......................................................................38 

Ramifications of meteoric fluid flow on (U-Th)/He dating ..........................39 



 x 

CONCLUSIONS .........................................................................................................41 

FIGURES ..................................................................................................................45 

(U-TH)/HE TABLES .................................................................................................77 

Table 1) Apatite (U-Th)/He Surface ......................................................................78 

Table 2) Zircon (U-Th)/He Surface .......................................................................80 

Table 3) Apatite (U-Th)/He Tunnel .......................................................................81 

Table 4) Zircon (U-Th)/He Tunnel ........................................................................83 

APPENDICES ............................................................................................................85 

Appendix A ............................................................................................................86 

Raw (U-Th)/He data ..............................................................................................86 

Appendix B ..........................................................................................................111 

Raw apatite fission track data ..............................................................................111 

REFERENCES .........................................................................................................112 

  



1 

 

Introduction 

The potential role of meteoric fluid infiltration in determining shallow subsurface 

and upper-crustal isotherms and geothermal gradients has been established in recent studies 

(Kohl, 2001; Sharp, 2005, Ehlers, 2005).  In zones of deep meteoric fluid infiltration 

subsurface temperature isotherms are depressed with respect to the background conductive 

thermal structure, causing deflections in (U-Th)/He partial retention zones (Sharp et al, 

2005; Reiners 2007; Reinecker 2008; Glotzbach 2010).  (U-Th)/He age patterns associated 

and correlated with these isotherm deflections can be used to examine the role of 

paleohydrologic systems and other subsurface thermal perturbations such as topographic 

relief development (Reiners, 2007; Glotzbach et al., 2010).  The shape of subsurface 

isotherms is controlled by the combined effects of topographic relief (magnitude and 

wavelength) and meteoric or magmatic/metamorphic fluid infiltration (e.g., Glotzbach et 

al., 2009; Gorynski et al., 2014a).  A quantitative understanding of how the topology of 

these isotherms evolves over time is crucial to the proper and geologically meaningful use 

and interpretation of low-temperature thermochronometry and its application to 

exhumation and landscape evolution studies.  The impact of cooling in response to long-

term meteoric fluid infiltration on the thermal structure and on (U-Th)/He data is poorly 

constrained, but essential to build comprehensive thermal histories and deduce proper 

denudation rates (Ehlers, 2005; Dempster and Persano, 2009). 

In order to properly understand and quantify the effect of long-term fluid flow on 

apatite (U-Th)/He (AHe) and zircon (U-Th)/He (ZHe) thermochronometric data, it is 
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critical to first constrain the background thermal structure and evolution away from the 

hydrologically-induced anomaly to properly deconvolve the effect of long-term 

exhumation, topographic cooling, and fluid infiltration.  Several studies have used 

thermochronometric data from Alpine tunnels to build comprehensive thermal histories 

and examine the effect of topography on the thermal structure in the subsurface (Foeken et 

al., 2007; Reinecker et al., 2008; Wölfer et al., 2008; Glotzbach et al., 2010; Glotzbach et 

al., 2011).  In this study from the new 58 km long NEAT Alptransit railroad tunnel, we use 

(U-Th)/He thermochronometric data and modeling to elucidate the background thermal 

history of the Gotthard massif and northern Lepontine Dome as well as the long-term 

thermal evolution of the Piora Zone and its associated thermal anomaly that is not related 

to topographic cooling or relief generation. 

 Low-temperature thermochronometry has been used to reconstruct long-term 

landscape and topographic evolution (e.g., relief generation) in response to fluvial or 

glacial canyon cutting (e.g., House et al., 1998; Braun, 2002; Reiners, 2007; Foeken et al., 

2007; Glotzbach et al., 2009; Schildgen et al., 2010).  This approach is based on the fact 

that upper crustal isotherms in the upper 1-3 km are depressed below valleys and elevated 

below ridges and tend to mimic overlying topography in a dampened fashion (Stuwe et al., 

1994; Mancktelow and Graseman, 1997).  The AHe PRZ is systematically deflected as a 

function of the amplitude and wavelength and the temporal changes in topography and 

relief (Braun, 2002).  This has also been exploited using apatite 4He/3He dating and 



3 

 

inversion of 4He diffusion profiles (e.g., Schildgen et al., 2010; Shuster et al., 2005, 2011; 

Flowers and Farley, 2012).   

It has also been shown that the AHe system is sensitive to fluid-flow induced 

thermal perturbations of the upper crust and has been successfully applied to constraining 

the timing and maximum temperatures of hot fluid advection in blind geothermal systems 

(Gorynski et al, 2014a; MacNamee, 2015).  In these extensional geothermal systems, hot 

fluids migrate along extensional faults and fracture apertures and fully to partially reset the 

AHe system, dramatically rejuvenating AHe ages compared to the country rocks in 

geothermal “hot spots”.  

 Numerous studies have shown that meteoric water flow can cause significant 

reductions in the subsurface temperature field (Forster and Smith, 1989, Pasquale et al., 

2005; Sharp et al., 2005).  Cold meteoric fluids can infiltrate from the surface to depth 

along fractures and cool the surrounding bedrock and depress isotherms.  In the central 

Alps, Sharp and others (2005) showed that meteoric fluids, as identified by their stable 

isotopic signature, infiltrate to depths of ~8-10 km along fractures, changing the subsurface 

thermal structure and potentially the local deformation behavior.  Meteoric fluid flow is 

driven by hydrological head controlled by topographic relief, therefore the subsurface 

thermal structure is shaped by the coupled effects of meteoric water infiltration and relief 

development which further complicate the interpretation of thermochronometric data 

(Ehlers, 2005; Whipp and Ehlers, 2007).  The depression of isotherms due to meteoric 

fluids quenches underlying rocks causing anomalously old AHe ages, (Reiners, 2007; 



4 

 

Whipp and Ehlers, 2007; Aramowicz, 2008) as opposed to the anomalously young and 

possibly reset ages associated with geothermal fluids.   

The 58 km Gotthard Base Tunnel (GBT) provides unique access to a thermal 

anomaly deep in the subsurface of the central Swiss Alps (Fig. 1).  During Tunnel 

construction (1995-2017), the rock temperature profile in the tunnel, particularly in the 

Piora Zone was measured in detail and became the focus of many engineering and geologic 

studies (Kovári and Anagnastou, 1996; Busslinger and Rybach, 1997; Jaboyedoff and 

Pastorelli, 1999; Rybach and Busslinger, 2013).  The tunnel rock temperature increases 

with increasing overburden and mimics the topography, reaching temperatures as high as 

42°C under the high-elevation section of the Gotthard massif.  This high temperature is 

uniformly maintained in the southern half of the tunnel with exception of the Piora Zone, 

where the temperature in the tunnel drops 15°C despite the uniform overburden (Fig. 2).  

The negative temperature anomaly in the GBT is located directly underneath the Piora 

Zone syncline, which is comprised of karstified, high-permeability sugary dolomite that 

funnels cold meteoric water deep into the massif (Fig. 3).  Presently, water influx into the 

Piora Zone is depressing isotherms and forming a significant long-wavelength temperature 

anomaly (Fig. 4), which has been widely studied, but not investigated in terms of its thermal 

history over geologic times.  This study uses (U-Th)/He thermochronometry on samples 

collected from both the southern portion of the GBT and the overlying surface trace to 

reconstruct the evolution of the 2D upper crustal thermal field and to examine the 

magnitude and longevity of this fluid-induced anomaly during the Miocene and Pliocene. 
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The temperature profile along the entire the GBT clearly shows that the subsurface 

thermal structure and isotherm topology are the result of tectonic exhumation, long-term 

topographic and relief development (e.g., Maderaner and Rhine Valleys), and infiltration 

of meteoric fluids (Piora Zone).  The collected high-density sample suite from the southern 

GBT provides unprecedented access to study the effect of fluid flow on the (U-Th)/He 

system and provides a high-precision thermochronometric data set to track this advective 

perturbation through time in the absence of major topographic cooling effects.  The sample 

transect is orthogonal to the Piora Zone axial trace and allows for sampling of apatite-

bearing gneisses and granitoids every few hundred meters right underneath the pinchout of 

the infolded high-permeability Piora Zone dolomite where the measured temperature 

anomaly is greatest.  This horizontal sampling transect is characterized by modern rock 

temperatures within the thermal sensitivity window for AHe, making this system is ideal 

for providing a long-term thermal history for the Piora Zone and investigating the role 

fluids play in the region’s thermal evolution.  These new zircon and apatite (U-Th)/He data 

from the GBT and surface track the meteoric fluid induced temperature anomaly through 

time and quantify its effect on the overall thermal evolution of the Gotthard massif and 

overlying nappes.  Inverse modeling of the observed data are used to quantitatively 

reconstruct the overall thermal history of the Gotthard massif in and outside the Piora Zone.  

In addition, the results are coupled with forward models to explore the possible effects of 

Piora Zone thermal evolution and its effects on the AHe system.  This study demonstrates 

that meteoric fluids can significantly affect thermal histories and this effect should be 
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considered even when present day evidence is not so obvious.  AHe thermochronometry 

can be a powerful tool to quantify the thermal impact of paleohydrologic systems and thus 

shed light on the tectonic, climatic, or topographic drivers of the fluid flow regime. 
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Geologic Background 

The Gotthard Base Tunnel (GBT) between the northern portal in Erstfeld, and 

southern portal in Bodio, Switzerland, spans ~58 km and transects the backbone of the 

central Swiss Alps, including the Aar and Gotthard massifs and parts of the Lepontine 

Dome with a maximum overburden of ~2500 m.  The samples used in this study are from 

the southern half of the GBT in the Canton of Ticino.  This portion of the GBT crosses 

three major tectonic units of the sub-Penninic nappe pile from N to S; the basement of the 

Gotthard massif, the overlying lower Mesozoic para-autochthonous sedimentary cover of 

the Piora Zone, and the crystalline Lucomagno-Leventina nappe (Fig. 5).  Sampling for 

(U-Th)/He was conducted between 30 and 40 km south of the Erstfeld portal to encompass 

the Piora Zone (35 km south of Estfeld) and to observe the entirety of the thermal 

anomaly’s wavelength. 

The Gotthard massif (GM) is comprised of Caledonian poly-deformed basement 

gneisses, schists, amphibolites and migmitites (440 to 470 Ma) that were intruded by two 

phases of late Variscan granitoids at 301-303 Ma and 293-295 Ma (Michalski and Soom, 

1990, Zangerl et al., 2006, Glotzbach et al., 2009; Glotzbach et al., 2010).  These intrusives 

(Fibbia, Gamsboden, Winterhorn, Mt. Prosa, Rotondo granites) were emplaced late during 

the Variscan orogeny during transtensional deformation (Schaltegger et al., 1994, Zangerl 

et al., 2006).  The GM is one of the external crystalline massifs (ECM) of the Swiss Alps 

that represent pre-Alpine European crust on the proximal Tethyan rifted margin (Reinecker 

et al., 2006).  
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To the south of the Piora syncline is the Penninic gneiss zone, containing the 

Leventina and Lucomagno gneisses (Timar-Geng et al., 2004; Zangerl et al., 2006).  The 

late-Variscan Leventina gneisses, intruded at ~270 Ma, are trondhjemitic to leucogranitic 

in composition, and contain host-rock lenses of paragneisses, mica schists and amphibolites 

(Rütti et al., 2008; Wiederkehr, 2009).  The Lucomagno is comprised of high-grade 

Proterozoic paragneisses and amphibolites, intruded by Lower and Middle Paleozoic 

granitoids (Pastorelli et al., 1998; Berger et al., 2005; Rütti et al., 2005; Rütti et al., 2008).  

The Variscan Leventina gneisses and the Lucomagno metasediments occupy a similar 

structural position and are commonly lumped at the base of the sub-Penninic nappe stack 

(Berger et al., 2005; Rütti et al., 2005).  Prior to Alpine tectonics the Leventina-Lucomagno 

complex was part of the continental shelf of the European Tethyan margin (Berger et al., 

2005; Rütti et al., 2008).  

The focal point of this study is the para-autochthonous Piora Zone (Fig. 6) that is 

structurally infolded between the southern margin of the Gotthard massif and the northern 

boundary of the Penninic domain (Otz et al., 2003; Zangerl et al., 2006).  During the Permo-

Triassic, the region was subjected to extension-related subsidence and deposition of a 

marine transgressive sedimentary sequence on top of the Variscan basement (Berger et al., 

2005; Gieré et al., 2011).  The base of the Permo-Triassic cover sequence are Helvetic 

siliciclastic rocks, known as the Melser sandstone, overlain by Lower to Middle Triassic 

quartzite, dolomite, dolomitic marble, greywacke and capped by pelitic and marl strata of 

the Upper Triassic Quartenschiefer unit (e.g. Berger et al., 2005; Gieré et al., 2011).  It has 
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been proposed that Jurassic normal faults associated with extension related to the formation 

of the Tethyan rifted margin were later inverted and reactivated as thrusts during Alpine 

orogenesis (e.g. Galster et al., 2012). 

The entire neo-Tethyan margin including Gotthard, the Penninic gneiss zone (or 

northern Lepontine Dome), and the Piora Zone were overthrust by the Austro-Alpine 

domain during the Alpine orogeny (Fig. 7) and subjected to multiple prograde and 

retrograde deformation phases during Tertiary Alpine deformation (Mancktelow et al., 

2004; Maxelon and Mancktelow, 2005; Rütti et al., 2005; Rütti et al., 2008; Gieré et al., 

2009; Wiederkehr, 2009).  The primary HP/LT (1GPa, 500°C) folding and thrust event of 

Alpine orogenesis, or D1, resulted in the original emplacement and stacking of Penninic 

nappes (Rütti et al., 2005; Bousquet et al., 2008).  The Leventina-Lucomagno nappe was 

emplaced at the structural base of the sub-Penninic nappe stack and is structurally overlain 

by the Simano and Adula nappes, each separated by lower Mesozoic metasedimentary 

cover units (e.g., Timar-Geng et al., 2004; Zwingmann et al., 2006, Rütti et al., 2005, 

2008).  Subsequently, the nappe stack was subjected to isoclinal refolding (D2) between 

~30-40 Ma (Wiederkehr, 2009).  The D2 phase transposed primary bedding and created 

the dominant regional foliation (S2) (Maxelon and Mancktelow, 2005).  The 

parautochtonous Piora unit is thought to be a highly asymmetric D2 synclinal structure that 

acted as a glide horizon between the GM and adjacent Penninic gneiss zone during isoclinal 

refolding (Michalski and Soom, 1990; Otz et al., 2003).  Back-folding and thrusting due to 

rigid indentation and motion along the Insubric Line (Wiederkehr, 2009), initiating at ~30 
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Ma, is expressed as regional-scale upright folding of the nappe stack at P-T conditions of 

0.7-0.8 GPa, 650°C (Rütti et al., 2005).  In the Lepontine Dome, the D3 axial traces (e.g. 

Leventina antiform) trend N-S and rotate towards E-W in the northern and southern steep 

belts (Maxelon and Mancktelow, 2005; Rütti et al., 2005; Rütti et al., 2008).  Continued 

back-thrusting and back-folding (D4) during exhumation of the Aar and Gotthard massifs 

(~25-30 Ma) resulted in tightening and amplifying of earlier folds including the Piora and 

Chiera synforms (Mancktelow et al., 2004; Rütti et al., 2008.)  The northern edge of the 

Lepontine Dome contains the overturned and back-folded (D3-4) limb of the F2 Leventina 

Lucomagno nappe and is characterized by a sub-vertical D2 foliation described as the 

Northern Steep Belt (Mancktelow et al., 2004, Rütti et al., 2005; Wiederkehr, 2009).  

Subsequent to stacking the Penninic zone was affected by both syn-convergent extension 

(e.g., Mancktelow, 1992) and simultaneous northward propagation of thrusting leading to 

the juxtaposition of the external massifs, including the GM being thrust onto the Tavetsch, 

from ~12-20 Ma (Schmid et al., 1996; Pfiffner et al., 1997).  Neogene deep-crustal wedging 

and duplexing in the external massifs led to uplift of the Gotthard and Aar massifs and thin-

skinned deformation in the foreland (Juras) after 10 Ma during the “Grindelwald phase” 

are largely responsible for the modern topographic expression of the Alps (Schmid, 1996; 

Pfeiffner, 1997; Reinecker et al., 2008; Glotzbach et al., 2009; Wiederkehr, 2009). 

As a result of multi-stage Alpine deformation and late-Alpine 

alteration/dissolution, the Piora Zone forms a sub-vertical infiltration zone for meteoric 

water within deformed and heavily karstified dolomitic aquifers (Jaboyedoff and Pastorelli, 
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1999; Marechal and Etcheverry, 2003; Otz et al., 2003; Zangerl et al., 2006).  The Piora 

Zone funnels meteoric water ~1.8 km into the subsurface to near the depth of the GBT 

(Wilhelm and Rybach, 2002; Otz et al., 2003), but the permeable sugary dolomite of the 

Piora Zone is sealed at its base by an impermeable dolomite and anhydrite sequence, 

preventing even deeper water infiltration (Otz et al., 2003). 

 This study is focused on the Miocene and younger cooling and exhumation of the 

Piora Zone area coupled with wholesale exhumation in on the Gotthard Massif and the 

Lepontine Dome of Ticino, Switzerland.  Published surface apatite fission track and (U-

Th)/He data along the trace of the southern GBT predominantly reflect Miocene cooling 

of the Lepontine Dome due to backfolding and syn-convergent extension (e.g., Hurford, 

1986; Vernon et al., 2008; Elfert et al., 2013).  In contrast, the adjacent external crystalline 

massifs (ECM) experienced massive Mio-Pliocene cooling due to late-state uplift and 

exhumation during the “Grindelwald phase”.  In the Gotthard massif, AFT ages range from 

7.5 Ma to 14.0 Ma with the majority of ages between 8.0-10.0 Ma (Michalski and Soom, 

1990; Vernon et al., 2008; Glotzbach et al., 2010).  Apatite fission track data discussed in 

Glotzbach and others (2010) from the GM reveal ages of 6.0-10.0 Ma and an exhumation 

rate of between 0.45 km/Myr and 0.5 km/Myr.  AFT ages from the Gotthard Road Tunnel 

(~20 km to the west of the GBT) are 6.2 Ma +/- 0.6 Ma and samples analyzed from an 

elevation of 1.3 km along the surface line of the road tunnel are 7.4 +/- 0.2 Ma (Glotzbach 

et al., 2010).  In the Penninic gneiss zone the ages are notably younger, with the AFT ages 

ranging from 3.7 Ma to 10.0 Ma (Hurford, 1985; Timar-Geng et al., 2004; Vernon et al., 
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2008).  This study adds to the regional thermochronology dataset, but is primarily focused 

on ZHe and AHe data from the GBT and surface trace in order to explore and quantify the 

magnitude and longevity of the thermal anomaly related to fluid infiltration in the Piora 

Zone.  
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Meteoric fluid flow and (U-Th)/He ages in the Piora zone 

Stable isotope evidence (low δD values) from quartz veins coupled with structural 

studies in the central Swiss Alps show Miocene meteoric water infiltrating to a depth of 10 

km along fractures and potentially cooling rocks by up to 100°C over 5 Myr at this depth 

(Sharp et al., 2005).  Studies utilizing water inflow data from Alpine tunnels highlight the 

meteoric fluid-induced thermal disequilibrium in the Alpine subsurface since the last 

glacial period (Jaboyedoff and Pastorelli, 1999; Maréchal et al., 2003; Reiners, 2007; 

Pasquale et al., 2011; Rybach and Buslinger, 2013).  Measured equilibrium temperatures 

in local springs also indicate modern meteoric water infiltration to depths of 4-5 km 

(Jaboyedoff and Pastorelli, 1999).  It is apparent from these studies that meteoric fluid flow 

has played a significant role in influencing the local and possibly regional Alpine thermal 

structure and thermal gradients in the upper 10 km of crust dating back to the Miocene.  

Hence, (U-Th)/He thermochronometry has the potential to quantify the temporal and 

thermal aspects of these local and regional processes throughout the Neogene exhumation 

history. 

The equation governing heat conservation in 1D during exhumational cooling is 

(Kohl, et al., 2001): 
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where ρcp is specific heat capacity [(kg/m3)(J/kg*K)]of the saturated rock, T is temperature, 

t is time, [ρcp]f is the thermal capacity of the fluid, the Darcy fluid velocity υ is a transient 

flux, [cm3*cm-2*yr-1] and Q is radiogenic heat production in [W/m3].  This equation 

illustrates in a simple fashion how the thermal history is a result of the interplay of 

conductive heat loss, fluid advection, mass advection (exhumation/erosion), and radiogenic 

heat production.  While conductive heat loss, mass advection, and radiogenic heat 

production work on the entire rock column and over larger wavelengths, the fluid advection 

term can be explored by comparison between the thermal evolution of the regional 

background and the local, fluid-induced anomaly.  In the Piora system, the fluid-induced 

anomaly only affects the geothermal gradient in the top few kilometers of the crust centered 

at the Piora syncline (Busslinger et al., 1998; Schweighofer et al., 2001).  The erosion term 

works on a regional scale to raise isotherms up toward the surface and the fluid term works 

in the opposite direction to locally depress these isotherms.  The cold meteoric water 

depresses the thermochronometric closure isotherms downward and essentially overrides 

the conductive background exhumational cooling (Ehlers, 2005, Reiners, 2007).  Thus at 

greater depth (Z) the depressed closure temperature isotherm leads to earlier cooling for a 

given uniform vertical exhumation rate, resulting in older thermochronometric age (e.g., 

House et al., 1998; Braun, 2002; Reiners, 2007).  In the Piora Zone system, a sample 

travelling through a depressed closure temperature isotherm has to travel a greater distance 

(Z) between that isotherm and tunnel level and will therefore be older than an adjacent 

sample outside the fluid infiltration zone (Fig. 8).  In a borehole transect in an actively 
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exhuming massif, the sample exhuming through depressed isotherms with show a curved, 

initially slow and later fast, t-T path as opposed to a linear t-T path of a sample influenced 

entirely by erosion and conductive cooling (Ehlers, 2005).  

The fluid term in this equation is an advection term, but as the fluid is introduced 

and continually pumped into the system through permeable dolomite, the wavelength of 

the anomaly spreads via conductive relaxation of isotherms through impermeable granitic 

rock adjacent to the infiltration anomaly.  The quasi-steady state thermal anomaly is similar 

to the thermal relaxation of an intruded dike that is not cooling (Turcotte and Schubert, 

1982).  Theoretically, the temperature anomaly associated with fluid advection in the Piora 

dolomite initially resembles a step function that over time conductively cools the 

neighboring country rock (Fig. 9).  The wavelength is proportional to the time since fluid 

was introduced into the system, but eventually a dynamic steady state is attained between 

the background geothermal gradient and the temperature of the infiltrating fluid where 

vertical advection and lateral conduction balance.  In this case, tunnel AHe ages should be 

sensitive to the topologic evolution of the closure temperature isotherm and constrain the 

timing and longevity of the fluid-induced thermal anomaly.  The oldest ages in the center 

of the Piora Zone should record inception of fluid infiltration and gradually decrease away 

from the anomaly into the purely conductive background thermal regime.  If a dynamic 

equilibrium between exhumation rate and meteoric fluid flux is reached and sustained over 

time, the AHe closure temperature isotherm perturbation will maintain a constant 

amplitude and wavelength throughout the exhumation history (Fig. 10).  
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Methodology 

SAMPLING STRATEGY 

 

Apatite and zircon (U-Th)/He thermochronometry are used to reconstruct both the 

Neogene background exhumation of the Gotthard massif and the Penninic gneiss zone and 

fluid cooling history in the Piora Zone.  For this dual purpose approach, samples were 

collected from along the GBT and parallel to the tunnel along the surface.  ZHe and AHe 

age pairs from the tunnel and surface were modeled to reconstruct the background cooling 

history against which the AHe ages in the Piora Zone can be compared to quantify the 

long-term thermal effects of meteoric fluid infiltration.  30 samples were selected for 

analysis from the southern half of the GBT centered on the Piora Zone where the measured 

present-day temperature anomaly is greatest (35 km south of the northern portal in 

Erstfeld).  AHe ages from the high-resolution sample transect (every 200-500 meters on 

average) through the Piora Zone (Fig. 11) allow for the detailed documentation of the 

presence and spatial extent of any paleohydrologically-induced thermal anomalies.  In 

addition, 15 samples were collected along two north-south trending transects paralleling 

the tunnel at the surface (Fig. 12) to build a more comprehensive thermal history and gain 

additional temporal constraint on the thermal anomaly in 3D. 

(U-TH)/HE THERMOCHROCHRONOMETRY 
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The (U-Th)/He thermochronometry is based on accumulation of radiogenic He 

from the decay of radioactive 238U, 235U, 232Th, and 149Sm apatite and zircon crystals (e.g., 

Zeitler et al., 1987; Farley et al., 1996; Wolf et al., 1996) and its subsequent loss due to 

thermally-activated volume diffusion as a function of temperature, mineral-specific 

diffusion kinetics, and the crystal lattice properties (e.g., radiation damage) (e.g., Ehlers 

and Farley, 2002; Shuster and Farley, 2005).  The apatite and zircon (U-Th)/He systems 

are characterized by closure temperatures for apatite and zircon of 55-65°C and ~180°C, 

respectively, assuming a nominal cooling rate (10°C/Myr) (e.g., Farley, 2000, Ehlers, 

2005; Reiners, 2005; Flowers et al., 2009).  However, these values are only approximate 

as the He diffusion kinetics (D0 and Ea) are modulated by grain (domain) size and 

accumulated radiation damage (e.g., Reiners et al., 2001; Flowers et al., 2012). 

Combined ZHe and AHe thermochronometry allows for reconstruction of an 

exhumation history and examination of thermal processes in the upper 8 km of crust.  The 

partial retention zone (PRZ) is the temperature range over which 4He is only partially 

retained in the grain during the cooling process and represents the temperature sensitivity 

of these thermochronometers (Wolf et al., 1998; Harrison and Zeitler, 2005; Stockli, 2005).  

For the AHe system, all He is diffusively lost above 80°C and quantitatively retained below 

40°C (Wolf et al., 1998; Stockli, 2005), translating into a depth range of ~1-3 km, assuming 

a typical geothermal gradient of ~25°C/km (Ehlers and Farley, 2003; Stockli, 2005).  The 

ZHe PRZ temperature range is 200°C to 140°C with an associated depth range of 6-8 km 

(Reiners, 2005; Stockli, 2005; Wolfe and Stockli, 2010).  As rock temperatures in the GBT 
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reach up to 42°C, tunnel samples currently reside in the low-temperature portion of the 

PRZ and AHe ages should be the most likely to record isotherm perturbations.  A lack of 

any discernable AHe or ZHe age anomalies would suggest a negligible long-term influence 

fluid flow and possibly a very young and shallow perturbation. 

Tunnel and surface samples for this study were separated using standard heavy-

liquid density and magnetic susceptibility separation techniques to concentrate apatite and 

zircon.  Mineral grains were hand-picked from each sample for analysis under a hybrid 

stereo-petrographic microscope.  For apatite He dating, the selection of inclusion-free and 

unbroken grains are of utmost importance and the biggest hurdle for obtaining reproducible 

and reliable data.  Undetected zircon or monazite micro-inclusions can result in erroneous 

and irreproducible age data. This can be further compounded by very low U and Th parent 

nuclide concentrations.  Thus all apatite grains analyzed were carefully screened for 

inclusions in isopropanol at 180x magnification, prior to He analysis.  Pt foil-wrapped 

apatite and zircon single grains were degassed using in-vacuo diode laser heating at 1050°C 

and 1300°C, respectively.  Liberated 4He was analyzed using a quadrupole ultra-high 

vacuum noble gas extraction and mass-spectrometry system with a cryogenic trap by 

isotope dilution using a 3He spike.  Apatites were degassed 2x in order to detect inclusions 

and to ensure complete degassing whereas zircons were repeatedly heated until He yields 

were <1%.  Degassed single grains are retrieved and dissolved for 238U, 232Th, 149Sm 

determinations by isotope dilution using an Element 2 ICP-MS.  Apatites were dissolved 

using HNO3 and zircon using a HF-HCl two-step pressure vessel procedure.  All data were 
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reduced and age calculated using Helios software and using a commonly adapted FT 

correction based on pre-analysis morphometric measurements (Farley, 1996).  All ages are 

reported with standard errors of 6% for apatite and 8% for zircon.  All analyses were 

conducted at the University of Texas UTChron Geo- and Thermochronology facilities. 

Despite very careful sample screening and analytical work, the dataset contains age 

outliers significantly outside a reasonable reproducibility envelop due to due to undetected 

inclusions, He implantation from high U-Th neighbors in the case of apatite and partial 

grain loss (Pt tube unpacking) or incomplete dissolution in the case of zircon.  Criteria used 

to not include AHe analyses in the mean age calculations were older than corresponding 

ZHe ages or outliers more than 3σ different from reproducible subset mean of the data.  

Similarly ZHe ages outliers in the tunnel were identified by being statistically significantly 

older than ZHe at the surface or more than 3σ different from reproducible subset mean of 

the data.  All data, however, are reported in the appendices. 

FORWARD AND INVERSE THERMAL MODELING PARAMETERS 

 

The goal of this project is to investigate and quantify the effects of meteoric water 

infiltration on the long-term thermal structure and the AHe thermochronometric system.  

In order to explore how temperature conditions in the Piora Zone would affect the AHe 

system, a forward model predicting the Piora Zone upper crustal thermal structure 

underneath the GBT allows comparison to the observed (U-Th)/He results and the topology 

of the AHe PRZ in the predictive model.  
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A 2-D COMSOL model was created that uses modern rock temperature profile 

along the GBT as a fixed boundary condition along with thermal properties of the basement 

rock in order to see how deep in the crust the temperature anomaly persists.  The 

geothermal gradient starts at the measured rock temperature in the tunnel (top fixed 

boundary) and a basal heat flux of 60 mW/m2 is added along with generic gneiss thermal 

properties: specific heat capacity is 790 J/(kg*K), thermal conductivity is 3.2 W/(m*K), 

and rock density of 2800 kg/m3.  In the Piora Zone, there is a 15°C drop in the measured 

tunnel rock temperature, illustrating the fact that isotherms are significantly deflected.  The 

model uses the thermal properties of the underlying basement rock in order to estimate how 

the isotherm deflection changes with depth.  It is important that the isotherm deflection 

persists to the AHe PRZ depth, as otherwise AHe ages will not be affected by Piora Zone 

fluids. 

  These foward modeling results provide a 2-D view of the AHe closure temperature 

isotherm, and predict the trend in AHe ages along the tunnel provided that fluids were 

active at the time of closure.  The age trend with no fluid input would simply be a function 

of the background conductive cooling history, with a relatively uniform and young age 

profile going through the Piora Zone due to its high topography and elevated tunnel 

temperatures.  

To supplement the forward modeling and explore the effects of fluid infiltration, 

inverse modeling of the observed (U-Th)/He results collected from the tunnel and surface. 

HeMP inverse thermal modeling software (Lee et al., 2011; Hager, 2014) was utilized to 
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reconstruct the thermal history of individual samples and sample arrays.  The arrays use 

user defined spacing (surface sample and tunnel sample) and although the user defined 

geothermal gradient was permitted to go up to 50°C/km, the good fits are displayed only 

for an appropriate Alpine gradient range from 20- 30 °C/km.  The RDAAM  radiation 

damage correction (Flowers et al., 2009) was chosen for all models, as Dpar analyses 

conducted in apatites in the Gotthard Road tunnel shows that apatites are undamaged and 

kinetically uniform (Glotzbach et al., 2010).  Sample arrays were chosen for modeling 

outside of the temperature anomaly to observe wholesale cooling of the area surrounding 

the Piora Zone, as these reflect the background exhumation and thermal history.  For each 

sample array inverse model, a ZHe and AHe age pairs from a surface sample and a 

corresponding underlying tunnel sample were modeled in a 1-D fashion: the tunnel sample 

adding additional thermal constraint, but the model results reflect the surface sample 

thermal history.  The thermal constraints from this study are ZHe and AHe, so the thermal 

history is undefined above 200°C, so the starting box was put in above this temperature to 

allow all possible thermal paths through the zircon PRZ.  The attempts to model 

generate100,000 random cooling paths paths that show both good and acceptable fits to the 

data. 

Additional single-sample ZHe/AHe pairs were modeled using HeMP from tunnel 

samples in and around the Piora Zone to identify how the thermal models differ from inside 

and outside the thermal anomaly.  Single sample thermochronometric pairs in HeMP do 
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not impose a geothermal gradient so they can appropriately be applied both outside and 

inside the anomaly.  
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(U-Th)/He Results 

APATITE (U-TH)/HE SURFACE RESULTS 

From the two tunnel parallel surface transects, 14 samples were analyzed for AHe 

ages. These two north-south trending transects span the Piora Zone with one directly above 

the tunnel and one ~5 km to the west (Fig. 13). Sample location elevations range from 1089 

to 1479 m.  Given the analytical scatter, a total of 5-6 single-grain AHe analyses were 

carried out for each sample (Table 1).  The average ages range from 5.5 Ma to 9.9 Ma, with 

the older ages overlapping with the surface ZHe ages.  The ages are significantly older than 

the tunnel AHe ages (see below).  In contrast to the tunnel samples, AHe ages appear to be 

relatively uniform along the surface transects without any anomalously old ages adjacent 

to the Piora Zone. 

ZIRCON (U-TH)/HE SURFACE RESULTS 

A total of 13 samples were analyzed for zircon (U-Th)/He from the same surface 

transects above the tunnel (Table 2).  Three to four single-grain zircon aliquots were 

analyzed for each sample and the average and standard deviation were calculated for each 

sample.  The average ages range from 9.7 Ma to 12.5 Ma and are very close to average 

tunnel zircon ages, despite being up to 2 km higher in elevation (Fig. 13).  Dispersion and 

population standard deviations for average sample ages are low for all analyses. The 

surface samples have a greater precision than tunnel samples, and provide a control on 

some of the older tunnel samples with high dispersion.  
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APATITE (U-TH)/HE TUNNEL RESULTS 

A total of 24 samples were analyzed for AHe from the GBT in the vicinity of the 

Piora Zone, starting in the north at tunnel meter 31550 and going south to tunnel meter 

40678 (Fig. 14).  The maximum modern temperature anomaly in the Piora Zone 

temperature anomaly is located at tunnel meter 35080.  Three to four grains per sample 

were analyzed initially, and more were added to increase reproducibility and to compensate 

for outliers.  In general, AHe ages were more reproducible in samples from the Penninic 

Gneiss zone to the south of Piora Zone.  Several AHe age ranges from 1.9 Ma to 2.8 Ma 

with a notable, reproducibly older sample at tunnel meter 37098 with an average age of 4.9 

Ma.  Within the Piora Zone, average ages increase to ~5 Ma, with an extremely 

reproducible example at tunnel meter 35456, right in the middle of the modern-day 

temperature anomaly.  In the granitoids and orthogneisses of the GM to the north, the 

dispersion is generally significantly higher – a fact that appears to be attributable to lower 

parent nuclide concentrations (~1.1- 51.5 ppm U, < 1 ppm Th).  To improve sample age 

reproducibility, up to 7 to 10 apatite aliquots were analyzed (Table 3).  The average ages 

increase from 3.0 Ma in the GM to 5.5 Ma in the Piora Zone, although average ages in the 

GM tend to be higher and much closer to Piora Zone ages than in the PGZ.  The AHe ages 

are significantly younger (5-6 Myr difference in the PGZ) than the corresponding tunnel 

ZHe ages. 



25 

 

ZIRCON (U-TH)/HE TUNNEL RESULTS 

Seventeen samples were analyzed for zircon (U-Th)/He from the GBT in the 

proximity of and across the Piora zone from the northernmost at tunnel meter 31550 

(elevation 483 m) and the southernmost at tunnel meter 42634, elevation 409 m (Table 4).  

Three to four single grain aliquots were run for each sample and average ZHe ages range 

from 7.5 Ma to 14.7 Ma (Fig. 14).  Samples with an average age >10 Ma tend to have 

higher dispersion; all sample averages under 10.0 Ma have low sample standard deviations 

with 1σ <1.0 myr, all averages >10.0 Ma are suspect and a high sample standard deviation 

(1σ of 2.0 -4.0 myr) is common.  This is likely due to incomplete and variable dissolution 

of single grains, leading to parentless daughter and in some cases, an erroneously old age.  

The average ages are slightly older to the south of Piora in the Penninic gneiss zone where 

the present day topography is lower. 
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(U-Th)/He Inverse Modeling thermal history 

ELEVATION MULTI-SAMPLE TRANSECTS 

 HeMP inverse thermal modeling (Lee et al., 2011; Hager, 2014) using ZHe and 

AHe ages from the tunnel and surface outside the Piora Zone that are characteristic of the 

data set are used to examine the background thermal history and whole sale exhumation of 

the massif (Fig. 15).  One model uses characteristic surface-tunnel age pairs from north of 

the Piora Zone (GM) and the second model uses characteristic ages from the PGZ.  The 

starting temperature range is set at >225°C to allow the thermal models to fit the ZHe PRZ.  

The thermal path is completely unconstrained above the ZHe PRZ and this part of the 

thermal history has no bearing on exhumation.  The results are displayed for a range in 

geothermal gradients from 20 - 30°C/km with 1,118 good fits for the northern model and 

1,140 good fits for the southern model.  Both thermal histories show rapid exhumation 

prior to ~6 Ma, followed by a decrease in cooling and exhumation from ~6 Ma to present.  

The surface samples appear to move rapidly through the ZHe PRZ, and maintain a slightly 

slower cooling rate during their ascent through the AHe PRZ.  The horizon containing the 

GBT, some 2 km lower, moved much slower through the AHe PRZ, allowing meteoric 

fluids to play a larger role in controlling the geothermal gradient.  This is shown on the 

right half of the HeMP multi-sample figures, (Fig 15) where the slope of the age-elevation 

relationship is much steeper for the zircons from surface and tunnel than the apatites.  The 

slowed cooling due to decelerating exhumation allows for the fluid advection term to have 

a larger impact on the thermal history (Kohl et al., 2001); in this case the cold Alpine 
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meteoric water inflows significantly lower the geothermal gradient in the Piora Zone.  The 

PGZ thermal path has a tightly constrained good fit envelope in comparison to the GM 

model.  The large uncertainties on the GM apatite ages allow for many different paths 

through the AHe PRZ whereas the more reproducible ages from the PGZ rule out fringe 

AHe cooling paths. 

GOTTHARD BASE TUNNEL SINGLE SAMPLE ARRAYS 

 

HeMP inverse models were also applied to single samples from the tunnel 

transecting the Piora Zone (Fig. 16) to observe any differences in the thermal history from 

inside and outside the Piora Zone.  Three individual samples, utilizing the ZHe and AHe 

age pair from the GM, Piora Zone and PGZ.  The first model uses sample 234365, (Fig. 

16a) from north of the Piora Zone and the results show 328 good fit thermal paths.  This 

model has slower cooling in comparison with the other two models before ending in the 

tunnel at a fixed temperature of 33°C, which possibly accounts for the high AHe dispersion 

seen in the GM apatites.  Slower exhumation through the partial retention zone allows for 

individual grain diffusion kinetics (diffusion domain size, radiation damage) to play a 

bigger role in controlling closure temperature (Flowers et al., 2009).  Large sample 

standard deviations in GM apatite ages could be partly a function of differences in closure 

temperature from grain to grain.  Although this sample is within the wavelength of the 

present day thermal anomaly, there is nothing distinguishable about the thermal history 

from a sample completely outside the anomaly, sample 38355.  This indicates that the focal 
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point of the maximum thermal disturbance due to the Piora Zone infiltration might have 

shifted over time, possible as new subsurface water pathways develop through the 

weathering dolomite.  There is evidence in sample 237098 that the Mio-Pliocene meteoric 

inflows could have been active south of the present day vertex of the anomaly.  Furthermore 

this sample is currently cooled by meteoric fluids, but only to ~33°C (fixed ending model 

temperature) so there might be a thermal threshold that prevents meteoric cooling to 

increase the AHe age and conductive cooling and erosion might play a bigger role in AHe 

closure at this distance (500 m) from the center of the anomaly.  In the Mio-Pliocene, water 

flow through the dolomite, due to less weathering (fewer fluid pathways), might not have 

been as efficient, preventing a thermal anomaly at this sample location.  The surface 

exposure of the dolomite may have been in a different location, which may have the thermal 

anomaly in a different location.  There is evidence of this in that the oldest AHe ages are 

slightly to the south of the current vertex of the anomaly.  

The second sample, 35456, (Fig. 16b) is located in the maximum amplitude part of 

the Piora Zone temperature anomaly with a fixed model ending temperature of 29°C.  The 

good fit envelope is much narrower between 8 and 6 Ma compared with the other samples, 

allowing only rapid late Miocene cooling paths as good fits to the data.  The cooling rate 

significantly decelerates at 5 Ma, then maintains a slower rate until the present-day 

temperature is reached.  Since the isotherms are depressed underneath the fluid infiltration 

zone, the PRZ becomes much narrower, and the sample is quenched as it cools through the 

AHe PRZ, accounting for high reproducibility.  Qualitatively, the model results and good-
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fit envelopes look very similar for the two conductively cooled samples whereas this 

sample shows earlier closure of the AHe system, as well as a different shape to the 

envelopes.  The interpreted thermal path shows rapid ascent through AHe PRZ isotherms 

compressed by cool fluids, then slow, linear cooling after closure of the system to its 

present temperature. This model has only 180 good fits, the fewest of the three single 

sample arrays.  

The third sample is south of Piora Zone in the Penninic gneiss zone and outside the 

present thermal anomaly (Fig 16c).  This sample (238355) is used in the PGZ multi-sample 

model as well as the single sample array.  This location represents a characteristic, 

reproducible background exhumation control point that should be uninfluenced by fluid 

infiltration.  This sample is in a purely conductive thermal regime and therefore maintains 

a relatively linear cooling path through an unperturbed AHe PRZ with evenly spaced 

isotherms.  There are 1126 good fits to this model due to the high reproducibility of both 

the AHe and ZHe ages. 
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DISCUSSION 

MODERN SUBSURFACE TEMPERATURE FIELD 

The modern temperature field shows a long-wavelength (~900 m) isotherm 

depression in the GBT under the Piora Zone.  When the fluid was first introduced into the 

system, the step-over function topology of the depressed isotherms began to relax.  As 

meteoric water is continually pumped into the permeable dolomite, the wavelength of the 

anomaly spread laterally, cooling adjacent impermeable country rock via conductive 

relaxation of isotherms.  Finite element numerical modeling in MATLAB (Fig. 17) shows 

that using solely conductive thermal processes, a dynamic equilibrium is reached between 

the thermal anomaly caused by the constant inflow of cool Alpine waters and hot 

surrounding bedrock, and a maximum wavelength is attained after ~ 50 kyr.  The model 

space is 2 km deep and 5 km, beginning from the edge of the Piora Zone dolomite, 

extending south along the GBT tunnel trace, using a simplified geometry of the Piora Zone. 

The material parameters are the same as those used in the COMSOL model and uses 100 

m grid spacing.  The top boundary represents the surface and is fixed at a constant elevation 

and temperature of 10°C.  The left boundary represents the edge of the fluid 

infiltration/advection zone (Piora Syncline) that is fixed at the anomalously low Piora Zone 

geothermal gradient that goes from 10°C at the surface to 26°C at a depth of 1.8 km (GBT 

depth).  The bottom boundary is free between the left and right boundaries and is at a 

constant depth of 2.0 km extending laterally for 5 km away from the Piora Zone.   The right 

boundary is insulating with a vertical gradient of 20°C/km, subjected to purely conductive 
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cooling (uninfluenced by fluids) throughout the duration of the model. This holds true for 

the entirety of the model space, except within the wavelength of the cooling front (extends 

from the left boundary as time progresses) where the geothermal gradient is anomalously 

low and cooling is anomalously fast due to infiltrating fluids.  At T0, the anomalously low 

Piora Zone gradient is imposed on the left boundary, and is held throughout the duration 

of the model.  The half wavelength of the anomaly (or cooling front) increases via lateral 

conduction as time progresses until a dynamic thermal equilibrium is reached between the 

cool Piora Zone and the hotter Alpine geothermal gradient of the adjacent rocks. That is to 

say that the lateral conduction of the Piora cooling front balances with the regional 

geothermal gradient and a maximum thermal anomaly wavelength is sustained through 

time.  This equilibrium takes 50 kyr to attain and the half wavelength of the anomaly is 

then held constant for as long as cold water continues to infiltrate at the Piora Zone and 

can sustain the boundary’s anomalously low geothermal gradient.  Figure 17 shows the 

evolution of a horizontal 1D temperature profile at a depth of 1.8 km resulting from the 

calculation and the measured GBT temperature profile is superimposed on the maximum 

wavelength for reference.   

The model results are a product of a simplified Piora Zone geometry which 

incorporates conductive cooling processes only, and does not incorporate advective 

cooling due to erosion.  Advection works to cool the rocks even more, so the modeled 

equilibrium temperature profile is slightly hotter than the measured temperature profile.  

Also fractures extending from the edge of the permeable dolomite (in the vicinity of the 
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left boundary) could make the thermal conductivity higher in this region, allowing the 

wavelength to grow larger, closer to the true value.   

Some studies suggest that subsurface cooling due to meteoric fluids has only been 

affecting the subsurface geothermal gradient since the last glacial maximum, 12,000 years 

ago (Maréchal et al., 1999).  The present Piora Zone temperature anomaly is in equilibrium 

with surrounding bedrock, shown by similar rock and water temperatures in the GBT 

(Jaboyedoff and Pastorelli, 1999).  The numerical modelling from this study indicates that 

this process takes 50 kyr, so the thermal impact of Piora Zone fluids must date back at least 

this far.  Therefore thermochronology can must be used in conjunction with thermal models 

in order to properly constrain a fully comprehensive thermal history of the Piora Zone.   

The COMSOL multiphysics thermal model (Fig. 18) shows that the present 

anomaly persists at the depth of the AHE PRZ.  Surficial thermal anomalies quickly 

dampen and equilibrate with depth, so it is important to esablish that the AHe PRZ is 

perturbed, as otherwise the thermal anomaly seen in the tunnel will have no bearing on 

thermochronometric ages.  The model shows that at present, AHe closure temperature 

isotherms are significantly depressed in the Piora Zone.  The low closure temperatures 

(55°C) predicted by Flowers and others (2009) for these types of low radiation damage 

apatites are especially susceptible to cooling from meteoric water.  The deepest isotherm 

showing deflection is 80°C  and there is no significant warping of isotherms below ~5km 

that would indicate potential for the AFT partial annealing zone or ZHe PRZ to be 

depressed.  Even though the closure temperature isotherms for AFT and ZHe are not 
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depressed, these systems help build a comprehensive thermal history and provide a 

maximum age and depth of the anomaly.  

METEORIC FLUID-INDUCED COOLING  

The temperature profile in the tunnel shows evidence a long-lived, high amplitude 

thermal anomaly at a depth of 1.8 km.  Modeling from the previous section shows that the 

anomaly persists at the depth of the AHe PRZ and that the anomaly has been active for at 

least 50 kyr, both must be true for the thermal history of Piora Zone samples to be altered 

in the Mio-Pliocene.  While the wavelength of the modern temperature field in the tunnel 

points to evidence of a long-lived paleohydrologic system in thermal equilibrium, the 

amplitude of the anomaly, as shown in the average AHe ages, reveals an even larger 

thermal perturbation in the Mio-Pliocene.  The average AHe ages are reproducible at 

between 2.0 and 3.0  Ma  in the PGZ (tunnel meter 38355, 1.9 Ma; 37988, 2.3 Ma; 37553, 

2.8 Ma; 36460, 2.6 Ma; 36178 2.7 Ma) which represent the background conductive cooling 

age, a baseline from which the effect of meteoric water cooling can be measured  (Fig. 19).  

Inside the present wavelength of the anomaly the ages increase to >5.5 Ma with a 

particularly reproducible sample at meter 35456 with an average age of 5.6 Ma, showing 

that the AHe PRZ isotherms were significantly warped at this time.  This age provides a 

minimum age of fluid infiltration, meaning meteoric water must have been lowering the 

geothermal gradient in the Piora Zone at this time in order to produce this anomalously old 

age.  The GBT AHe age trend is consistent with the shape of the AHe closure temperature 

isotherms in the COMSOL model, but with a higher amplitude.  The high amplitude offset 
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in AHe ages is due to the fact that the permeable Piora syncline extended further down into 

the crust during the Mio-Pliocene.  A larger syncline allows water to flow deeper into the 

subsurface, causing the thermal structure at the AHe PRZ depth to be more perturbed.  

Active denudation has since eroded much of the structure away, leaving behind only the 

core hinge region of the syncline which only penetrates to 1.8 km.  

There is one anomalously old AHe age in the PGZ (tunnel meter 37098) outside 

the Piora Zone that is extremely reproducible with a mean age of 4.9 Ma which could also 

be related to fluids.  This sample is positioned between the young ages associated with pure 

background conductive cooling, and is not represented in the modern temperature profile 

or the COMSOL model.  The fluid conduit and thermal anomaly associated with the Piora 

Zone at tunnel meter 35000 are still present, so the evidence of fluid-related cooling is 

strong.  There is no present day temperature anomaly or permeable dolomite at tunnel meter 

37098, but it is possible that there were extensions of the Piora syncline or similar Mesozoic 

cover in the Miocene which would allow fluids to depress isotherms at this sample location.  

If this fluid conduit was present in the Miocene and has since been eroded away, the AHE 

PRZ isotherms would have equilibrated back to a purely conductive structure, leaving only 

the theomochronometric evidence behind.  The anomalously old age at 37098 could be 

related to an ancient paleohydrologic system, the geologic evidence of which is no longer 

present due to active denudation. 

The AHe ages gradually increase approaching the Piora Zone from GM as opposed 

to the sharp increase in AHe ages approaching the Piora Zone from the south, on the border 
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of Piora and PGZ.  This suggests that the wavelength of the anomaly is longer on the 

northern side due to difference in heat conduction or increased permeability due to 

lithologic or structural inequities. The volume of the shallow portion of the syncline is 

larger in the northern side (Fig 4), which could account for increased fluid flow near the 

surface, causing the wavelength of anomaly to extend more gradually toward the north.  

The asymmetry of the tunnel AHe age profile is stark and is not accounted for in thermal 

modeling.  The anomalously old AHe ages in the vicinity of tunnel meter 35000 capture 

the paleohydrologic depression of isotherms and the asymmetry in average age profiles on 

either side can be a function of sample density and amount of grains analyzed, both of 

which increase in the north.  The southern boundary of the Piora Zone also marks a 

significant lithologic change and structural boundary, and it’s possible that these factors 

account for the decrease in AHe ages on the northern rim of the Lepontine Dome.  

Ehlers (2005) shows that cold meteoric fluids in the top few km of crust can 

significantly alter the underlying geothermal gradient and therefore the thermal history of 

a sample that is being exhumed through that zone.  The proposed age-elevation relationship 

cannot be tested in the Piora Zone, as the fluid signature in the AHe data is only seen in the 

horizontal tunnel transect.  The anomalously old ages in the Piora Zone are consistent with 

a non-linear age-elevation trend, but a borehole would be necessary to directly test this 

theory.  The high-density horizontal transect is the most accurate way to examine the full 

amplitude and wavelength of the closure temperature isotherm perturbation.   
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THERMAL EVOLUTION OF THE PIORA ZONE 

The zircon (U-Th)/He ages reflect a period of rapid exhumation and coincide with 

K/Ar fault gauge dates (Zwingmann, et al., 2010) on normal faults in PGZ section of the 

GBT.  The mode of exhumation during this time is normal faulting due to orogen parallel 

extension (Sue et al., 2007) and erosion (Jaboyedoff, and Pastorelli, 1999) as the Adriatic 

indenter pushed northward into the European margin underneath Penninic nappe pile.  The 

surface and tunnel ZHe ages record this rapid Miocene uplift of the Aar and Gotthard 

massifs, and are most useful to add additional constraints on thermal models which provide 

information about the area’s bulk thermal history.  

The similarity and in some cases overlap of surface AHe and ZHe ages (8-10 Ma) 

show that the surface is exhuming rapidly through the ZHe partial retention zone (Fig 20).  

Mass advection is the dominant factor in controlling heat loss (fast exhumation) up to 7-6 

Ma, so the fluid advection term is too subtle in comparison to be seen in the AHe data.  No 

systematic trend of older ages are associated with closer proximity to the Piora Zone (Fig 

21).  Also it is possible that the surface AHe ages predate deep circulation meteoric fluids, 

so the closure temperature isotherm would reflect only conductive heat loss and no fluid 

component.  The mode of average surface AHe ages is ~ 8.0 Ma and this could provide an 

additional rough baseline for the maximum age of the fluid-induced anomaly, however the 

dolomitic Piora syncline is wider at the surface, preventing sampling access to the 

maximum temperature anomaly zone, which is provided at depth by the GBT.  In any case, 

no fluid component is resolved in the surface ZHe ages. 
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The tunnel samples are taken at a lower elevation and along a relatively horizontal 

transect, so they are expected to be younger and more consistent crossing the orogen than 

the surface samples that were taken at varied high elevations along present day topography.  

The zircon results reveal ages that are very similar from both the tunnel and on the surface, 

representing an exhumation phase of this upper 2 km of the massif passing through the 

ZHe PRZ at 8 to 10 Ma.  The rapid ascent of both tunnel and surface levels through the 

ZHe PRZ is noteable due to the slight age overlap between the two data sets at ~ 10 Ma 

(Fig 10).  Peak Alpine metamorphism was at 35 Ma (Michalski and Soom, 1990; Reiecker 

et al., 2008; Rütti et al., 2008), and then exhumation occurred and the ZHe ages represent 

the exhumation of the GM from peak overthrusting depth (greenschist to amphibolite 

facies) into the upper 10 km of crust on its way to surface exposure.   

The younger subset (8-10 Ma) of the tunnel data that are consistent along the tunnel 

length and are trusted to be more representative of a true ZHe cooling age, the older ages 

with high dispersion are outliers (Fig 16).  The average zircon age for sample 32049 in the 

GM  is 7.5 Ma and in the Penninic Gneiss zone at sample 38355, the average age is 8.9 

Ma.  This trend is in agreement with the comsol model showing the ZHe clousure 

temperature isotherm dipping very slightly to the south due to the lower overlying 

topography compared with the northern massifs.  The slight age increase reflects the greater 

distance (z) the southern samples have traveled from the ZHe PRZ to tunnel level (Fig 18). 

Figure 22 shows a model of the thermal history of the Piora Zone with the effect of 

fluids superimposed on the background exhumation history using insights from the 2-D 
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thermal forward modeling and (U-Th)/He data and its inverse modeling results.  In the 

middle Miocene the Gotthard massif and PGZ move rapidly through both the ZHe and 

AHe PRZs, continuing until surface horizon passes through the AHE PRZ.  At ~6 Ma, 

exhumation appears to slow and fluids begin to infiltrate at depth, depressing the AHe 

closure isotherm and changing the topology of the AHe PRZ.  The tunnel apatites are still 

experiencing diffusive loss, until the Piora Zone is super rapidly cooled at 5.5 Ma, followed 

by the background conductive cooling of the surrounding rocks at 2.0-3.0 Ma. 

LONGEVITY OF THERMAL ANOMALY 

The oldest reproducible average AHe (U-Th)/He age in the Piora Zone is 5.6 Ma.  

In order for this sample to be cooled by fluids, the thermal anomaly must be at least this 

old, assuming constant fluid infiltration.  The formation of the Piora Zone temperature 

anomaly occurred when the GM and Piora syncline were exhumed, reached the surface, 

and weathered such that meteoric waters can percolate > 2 km into the subsurface.  Rapid 

denudation in the late Miocene –Pliocene has been attributed to relief generation due to 

active convergence and ongoing deformation in the central Swiss Alps, (Persaud and 

Pfiffner, 2004; Schlunegger and Mosar, 2011; Valla et al., 2011) and conversely, orogen 

perpendicular extension in the mid-Pliocene (Reinecker et al., 2008).  These mechanisms 

are responsible for creating sufficient relief and hydraulic head to drive fluids deep into 

the subsurface and are coincident with the Piora Zone AHe ages.  Abnormally wet 

conditions due to a cooler climate (Driscol and Haug, 1998;Valla et al 2011) in the 

Pliocene would have added to increased water input in the Piora Zone, as well as the 
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weathering and karstification of the dolomite (Otz et al., 2003) allowing for deep and 

continuous subsurface fluid circulation.  It is possible that fluid infiltration temporarily 

ceases since the Miocene, but the anomaly is seen at 5.6 Ma and today.  Sharp and others 

(2005) suggest Alpine meteoric fluid systems infiltrate to the brittle-ductile transition at > 

15 Ma during Alpine exhumation and persist for ~8 myr.  Since the Piora Zone anomaly 

is not seen in the zircon data, we know the anomaly must be younger than the zircon ages 

(8-10 Ma), or the ZHE PRZ too deep to be deflected by this anomaly during closure. 

(shallow system).   

RAMIFICATIONS OF METEORIC FLUID FLOW ON (U-TH)/HE DATING 

The Piora Zone fluid anomaly accounts for a 3 Myr offset in AHe ages with respect 

to purely conductively cooled rocks.  This shows that meteoric fluids had a drastic effect 

on the subsurface thermal structure and on (U-Th)/He ages in the Miocene.  This data set 

shows that AHe can be used as a tool to track paleohydrologic systems, and possibly use 

these data to examine driving climatic forces.  All AHe data need to be mined for meteoric 

fluid cooling trends in order to obtain correct denudation rates, as the assumptions made to 

calculate exhumation rates can be undermined by warping of isotherms due to fluid 

infiltration (Dempster and Persano, 2006; Whipp and Ehlers, 2007).  The 3 Myr age 

increase and would drastically overestimate exhumation rates calculated in the Piora Zone 

with the ZHe, AHe pair.  This offset is also seen in sample 237098 outside the Piora Zone 

where there is no present-day meteoric water infiltration.  For this reason it is always 

important to consider meteoric water induced cooling when analyzing a new AHe data set.  
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AHe is often used to look at landscape and topographic evolution.  Depression of isotherms 

due to meteoric fluid can resemble a paleo valley, which can lead to false interpretations 

of paleotopography and erroneous exhumation rates. 

The influence of meteoric fluids on subsurface isotherms is not always obvious but 

is very important to consider when analyzing AHe data.  In zones of subsurface water 

infiltration, isotherms can be deflected and create distinctive patterns in AHe data.  If the 

influence of meteoric fluids is not recognized, false interpretations of U-Th)/He data sets 

can be made.  Although meteoric fluids can make (U-Th)/He interpretations more 

complicated, the presence of fluids can create an opportunity to investigate 

paleohydrologic systems and their effect on cooling through time. 
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CONCLUSIONS 

The central conclusion from this paper is that meteoric water depressed the upper 

crustal thermal structure in the Piora Zone leading to older average AHe ages in 

comparison with samples from nearby conductively cooled areas including the GM and 

northern Lepontine Dome.  The fluid-induced anomaly is significantly long-lived (>5.5 

Myr) and has a significant effect cooling during Alpine exhumation.  The surface samples 

do not show evidence of fluid-induced cooling because either infiltration of meteoric 

waters post-dates the surface AHe ages or the surface horizon could have been exhuming 

too quickly during the Miocene to be affected by fluid cooling.  It is impossible to sample 

directly above the maximum temperature anomaly at the surface because there is a 

kilometer of dolomite (does not bear apatite for analysis) along the GBT surface trace at 

the center of the anomaly.  

The zircons from the tunnel and the surface are very close in age and in some cases 

overlap, showing that this horizon moved very quickly through the ZHe PRZ and were 

unaffected by fluid cooling.  Meteoric water has the power to depress underlying AHe 

isotherms, and create anomalously old ages but isotherms completely flatten out at the 

depth of the ZHe PRZ so no age anomaly is seen in these data.  The ZHe system is still 

very useful in this kind of analysis to build an exhumation history but should not be used 

as a primary tool to investigate cooling due to meteoric water.  If the apatite samples are 

high in U, AFT would provide additional thermal history constraint, and a baseline between 

the temperatures of the AHe and ZHe systems.  Additionally, a comparison in track length 



42 

 

analyses between fluid-cooled and conductively cooled samples will reveal any potential 

differences in their cooling histories.   

In order to analyze a currently active meteoric fluid system, one needs access to a 

tunnel or borehole where samples can be taken close to PRZ temperatures to get as recent 

of a history as possible.  Meteoric fluid systems are relatively short-lived, so the younger 

the history the better.  Boreholes are ideal for building age-elevation relationships and a 

detailed change in AHe age with elevation can reveal a larger, more continuous portion of  

the thermal history. 

Meteoric fluids and associated conduits to the shallow upper crust are ubiquitous 

in many tectonic settings where thermochronology is used.  A small meteoric water flux at 

depth can drastically alter the upper crustal thermal structure, and should be considered 

when analyzing thermochronometric data sets.  The GBT provides evidence that active 

orogens can contain meteoric fluid-induced anomalies that can depress the AHe PRZ 

significantly enough to create anomalously old AHe ages.  AHe dating can be used to track 

paleohydrologic systems, and paleohydrologic systems can undermine assumptions about 

upper crustal thermal structure that are essential to a variety of thermochronometric 

techniques.  This study provides a framework to analyze AHe data in a way that accounts 

for fluids and for perturbed geotherms in the upper crust.  

Dispersion needs to be minimized as much as possible in high-resolution AHe 

analysis of young grains in order to quantitatively measure the amplitude of closure 

temperature isotherm perturbations.  Computed Tomography (CT) scanning apatite grains 
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prior to analysis could drastically reduce dispersion caused by inclusions.  Multi-grain 

aliquots combined with high pressure dissolution procedures that can dissolve He rich 

inclusions can also increase precision of (U-Th)/He samples with inclusions (Vermeesch 

et al., 2006).  Inclusions are very common in apatites and can limit the ability to accurately 

determine the amount of age offset in fluid-cooled samples. 

The increased use of 4/3He dating will allow for more quantitative analyses of 

transient thermal perturbations on thermal histories.  This method provides a 4/3He 

diffusion profile, which can be matched against a modeled thermal path through the AHe 

PRZ.   The topology of the 4He profile in the outer 10 microns of the grain is shaped by its 

path through the AHe PRZ.  This method can discern a ‘quenched’ path through the apatite 

PRZ from a slow, linear cooling path (Shuster and Farley, 2005).  UTChron facilities is 

currently building a split flight tube mass spectrometer for exactly this kind of high 

precision AHe dating.  The AHe method only gives us a snapshot in time of the closure of 

the AHe system that can correspond to an infinite number of thermal paths, whereas the 

4/3He system reveals the entire continuous thermal path from 80°C to 40°C.  In the future, 

samples from the GBT can be analyzed in this fashion, which can provide a more 

quantitative analysis of fluid-induced thermal perturbations. 

Water is advecting heat away in two dimensions in the Piora Zone; from surface to 

depth, and from west to east.  Therefore the Piora Zone thermal anomaly needs to be 

modeled in 3-D.  Although the 1-D and 2-D thermal modeling are sufficient given the 

orientation of the tunnel sampling transect, a transient shallow 3-D thermal model that can 
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be directly tested with additional rock samples from nearby boreholes would allow for 

more complete a 3-D thermal history.   
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FIGURES 

 

 
 

Figure 1.  Shaded digital relief map of Switzerland and adjacent areas, showing the location of the 57 km Gotthard base tunnel going 

through the Aar and Gotthard massifs of the Central Swiss Alps.  From Wikimedia commons 
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Figure 2.  



47 

 

 
Figure 2.  Rock temperature of the entire tunnel, where temperature (black line that mimics overlying topography; 10°C at the surface 

level entrances, and where overburden is high under the Aar and Gotthard massifs,  the temperature is >40°C, finally at the Piora Zone 

temperature drops 15°C   at a topographic high. The red is predictive, also showing the T profile without anomaly. From Rybach and 

Busslinger (2013).
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Figure 3.  Cross section through the central Alps of Switzerland along the entire length of the GBT showing from north to south, showing 

the main tectono-stratigraphic units, incl. Aar Massif, Gotthard massif, Piora Zone and the Penninic Gneiss Zone of the Leventina valley 

to the south of the ECMs.   This study is focused on the area called Pizzo dell’Uomo containing the Piora Zone labeled at the bottom. 

From Schmid (2013). 
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Figure 4. 
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Figure 4  The Piora section of the GBT from tunnel meters 30,000 m to 42,500 m, across the 

Gotthard massif, the Piora Zone and Penninic Gneiss Zone. The red line is the Gotthard Base 

Tunnel with sampling locations (black dots).  b) The measured rock temperature profile taken 

within the tunnel provided by AlpTransit Gotthard.  The elevated background rock temperatures 

(~ 43°C) are associated with high overburden and the temperature drops to 26°C at tunnel meter 

35000, in the Piora Zone. 
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Figure 5.   
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Figure 5. Simplifed tectonic map of the central Alps of Switzerland. The GBT passes through 

three major tectonic units: Aar Massif, Gotthard massif and the Penninic gneiss zone (Leventina-

Lucomagno nappe).  The GM is overlain by the Piora syncline, which is structurally overlain by 

the sub-Penninic nappe pile, listed from bottom to top: (Leventina-Lucomagno, Simano, Adula, 

Maggia). Digitized after Rybach and Busslinger, 2013.  
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Figure 6.  Geological cross-section through the Piora Zone syncline is comprised of karstified, 

sugary dolomite, which funnels cold meteoric water some 2 km into the massif before pinching 

out with and anhydrite seal just above the depth of the tunnel.  The tunnel passes directly 

underneath the pinch out of the Piora syncline, allowing access to apatite bearing rock samples 

that are located in the Zone of maximum thermal perturbation. From Flat All The Way- and 

Faster Too; AlptTransit, 2012 
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Figure 7.  
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Figure 7.  This figure shows the original pre-Alpine deposition and geometry of Variscan country 

rock and Mesozoic cover, and subsequent deformation, nappe formation and structural evolution, 

including the formation of the Piora syncline (The scale shows this unit to be much larger than its 

present size, as much of the structure has been eroded away) of the area during Alpine orogenesis. 

The top panel shows the original geometry of the European Margin basement units and Mesozoic 

cover at the onset of Alpine deformation.   Peak burial and Alpine metamorphism is at 35 Ma as 

the European margin is overthrusted by the Austro-Alpine domain forming the Penninic nappes.  

At 20 Ma, the Adriatic indenter is pushing northward, driving exhumation of the massifs as 

Grindelwald thrusting propagates northward.  Backfolding and thrusting along the Insubric line 

forms the southern steep belt (SSB). The northern steep belt is created during D3, D4 at the 

northern rim of the Lepontine dome where the Lucomagno is in contact with the Piora Syncline. 

Modified after Rütti et al, 2008.   
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Figure 8.  Schematic cross-section through the Piora Zone fluid infiltration zone, show how cold 

meteoric fluids depress PRZ isotherms, quenching samples in the fluid Zone. The effect on the 

geothermal gradient is highest at the surface and dampens with depth as isotherms begin to flatten 

out.  The AHe system is most susceptible to this kind of perturbation due to the proximity of the 

PRZ to the surface. A sample in the perturbed Zone has to travel a greater distance (z) to tunnel 

level than a nearby dry sample.  Given a constant exhumation rate across the tunnel distance, the 

sample in the perturbed Zone will be older.  
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Figure 9.  This figure shows the temperature evolution of the Piora Zone anomaly, as the wavelength increases laterally through time with 

a consistently active fluid flux.  At ~5.5 Ma, the fluids infiltrate the Piora Zone, depressing the AHe closure temperature isotherm creating 

a step function topology.  As time progresses, the 65ºC isotherm is pinned at a given depth in the Piora Zone as fluids continue to advect 

heat away and the isotherms begin conductive relaxation, increasing the wavelength of the anomaly.  The AHe ages in the tunnel record the 

topologic evolution of the AHe closure temperature isotherm, instead of exhumation through a steady state isotherm topology in Figure 7.  

The present wavelength is proportional to the time since the fluid was first introduced into the system. 
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Figure 10.  Constant flow of meteoric water in the Piora Zone creates a ‘steady state’ closure temperature isotherm topology as samples 

are exhumed towards the surface. Samples in the Piora Zone cool before neighboring samples.  As the thermal effect of the cold water 

reach equilibrium with hot surrounding bedrock, samples are advected through a steady state closure temperature isotherm topology that is 

depressed by continuing input of Piora Zone Fluids throughout the recent exhumation history.  The wavelength of the perturbation reach a 

maximum after 50 kyr as a thermal dynamic equilibrium is reached. 
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Figure 11.  Schematic cross section through the southern portion of the GBT, showing tunnel sample locations with sample numbers 

corresponding to tunnel meters measured from the northern portal.  A high sample density going through the Piora Zone is critical for 

observation of the temperature anomaly in the past.  This sampling transect is directly underneath the maximum present day anomaly. 
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Figure 12.  Geological map of the Piora Zone. Sample locations for zircon and apatite (U-Th)/He 

analysis on the surface overlying tunnel samples and in proximity to the yellow piora syncline.  

The surface allows access to an earlier part of the thermal history, allows for samples at different 

elevations and analysis from both directly above the tunnel and to the east to look at the Piora 

Zone anomaly and how it changes both laterally and through time.  These samples in conjunction 

with tunnel samples combine to calculate a more robust thermal and exhumation history.  

Geologische Karte der Schweiz. 1:500,000.  Schweizerischen Geoloschen Kommission, 1980
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Figure 13. – (U-Th)/He ages from the surface. Both transects trend north-south; orthogonal to the 

strike of the Piora unit (yellow) and following the surface trace of the tunnel (black dotted line).  

Geologische Karte der Schweiz. 1:500,000.  Schweizerischen Geoloschen Kommission, 1980 
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Figure 14. Tunnel cross section with zircon and apatite average (U-Th)/He ages.  The average zircon ages are in black and average apatite 

ages are in red.  The tunnel ages reflect Miocene/Pliocene background conductive cooling, with an age trend shaped by topography and 

fluid infiltration.  The average apatite ages are older underneath the Piora Zone
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Figure 15.a 

 
 
Firgure 15.b 

 
Firgure 15.c 
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Figure 15. a) The location of ZHe/AHe pairs from both the tunnel and surface outside the Piora 

Zone fluid anomaly showing the background exhumation and thermal history.  Borehole model 

sample locations are shown in the large red boxes from the north (Gotthard massif samples: 

13GM13, 232049) and south (Penninic gneiss zone samples: 13GM10, 238355) of the Piora Zone 

in near vertical transects where samples are both reproducible and representative of background 

exhumation.  Single sample models from the GBT shown in figure 16 are represented by the 

smaller red boxes (234456, 235456) and 235388 is shown in both the single and borehole sample 

models.   

b, c) Invesrse thermal History Modelling using an elevation sample array trasect in HeMP.  The 

grains chosen models for both B and C are shown in cross section in part A of the figure.  The 

model shows the possible thermal histories for the surface sample, using the underlying tunnel 

sample for additional thermal constraint.  The blue envelopes show the good fit results for the 

grain ages for a range of geothermal gradients from 20-30°C/km.  These models both show that 

rapid exhumation ensues around ~8 Ma and then slows down around ~6 Ma.  The right hand side 

of the panels highlights this slower cooling, with a steeper slope between the surface-tunnel 

zircons and the shallower slope between the surface-tunnel apatites.  
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Figure 16.a (Gotthard Massif)  Figure 16.b  (Piora Zone) 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.c (Penninic gneiss zone) 
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Figure 16.  HeMP single sample arrays from the GBT using the zircon-apatite 

thermochronometric pair to show cooling histories from inside and outside the Piora Zone.  The 

locations for each sample are shown in the smaller boxes in Figure 15a.  The northern most 

sample (a) is 234456 which is within the wavelength of the modern temperature anomaly.  

Sample b, 235456 is in the maximum temperature anomaly zone.  Sample c is 238355 and is used 

for both the single and multi-sample arrays and is shown on in the cross section 15a in the large 

red rectangle to the south of the Piora Zone, where there is no modern temperature anomaly.  The 

measured GBT rock temperature is used in each sample as a constraint at 0 Ma.  Samples 234346 

and 238355 have similar cooling rates, ; 20.9°C/Myr, and 20.0 °C/Myr respectively.  Sample 

235456 reveals a significantly faster cooling rate of 26.7°C/Myr due to an older AHe age caused 

by depressed isotherms.  The black line in sample 235456 is an example thermal path showing 

rapid cooling though the AHe PRZ followed by extremely slow cooling until the sample reaches 

its current temperature (30.3°C).   
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Figure 17.   
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Figure 17.  This figure is a model showing the lateral extent (half wavelength) of the Piora Zone 

thermal anomaly through time.  Alpine waters infiltrate to the bottom of the permeable Piora 

syncline (1.8 km below surface, GBT depth) where the temperature is held at 26°C creating an 

abnormally low geothermal gradient and a step over temperature profile in 2-D.  The left 

boundary represents the edge of the step over and as time progresses, the thermal disturbance 

spreads laterally via conduction into adjacent impermeable bedrock with a higher geothermal 

gradient.   The (half) wavelength increases until 50,000 years when a dynamic equilibrium is 

reached between the Alpine waters of the Piora Zone and the hot surrounding bedrock.  The 

output figure is a horizontal, 1D temperature profile (GBT depth) at various time steps.  The 

modern temperature profile is displayed in red for comparison.  
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Figure 18. Subsurface 2-D  thermal model using COMSOL Multiphysics showing the modern 

upper crustal temperature field below the GBT.  The top of the parameter space is the GBT, 

where the 1D rock temperature profile is used as a boundary condition to observe how deep into 

the crust the isothermal anomaly persists.  The AHe PRZ is significantly warped; isotherms are 

depressed and compressed underneath the Piora Zone, flat and evenly spaced away from the Piora 

Zone.  At greater depth, the isotherms flatten out and the anomaly disappears at temperatures well 

below ZHe sensitivity.   

 



70 

 

 
 
Figure 19.  Apatite and zircon (U-Th)/He data showing the trend (black dotted line) of average AHe ages (green) increasing in the Piora 

Zone matching up with the present day temperature anomaly.  The single sample AHe age at 37098 is outside the wavelength of the 

present day anomaly and also matches with a present day topographic high, but it is possible it represents another zone of fluid infiltration 

that has since been eroded away.   
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Figure 20. Zircon (U-Th)/He results from the tunnel and surface. Green dots are surface grain ages and red circles are the average age for 

the sample.  Blue dots are tunnel grain ages and black dots are the associated sample average.  Sample standard deviations are denoted by 

vertical black lines.  There is significant overlap between the surface and tunnel zircon ages, with more dispersion present in the tunnel 

grain ages.  The overlap in surface and tunnel ages reveals rapid cooling of the Gotthard massif and the Leventina-Lucomagno nappe 

during the Miocene.   
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Figure 21.  a).  Apatite and zircon (U-Th)/He data from the GBT surface trace.  The apatite grain ages are blue dots with associated 

average AHe age in orange.  The zircon grain ages are grey with associated sample average ZHe age in yellow.  Unlike tunnel AHe ages, 

there are no anomalously old ages close to the Piora Zone.  The ZHe and AHe ages both record Miocene cooling.  Samples GM13 and 

GM14 record rapid cooling not seen in the tunnel ZHe, AHe age pairs.   
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Figure 21.  b).  Apatite and zircon (U-Th)/He from surface transect 2, 10 km to the west of the tunnel trace. The apatite grain ages are blue 

dots with associated average AHe ages in orange.  The zircon grain ages are grey with associated sample average ZHe age in yellow.  The 

ZHe and AHe ages are again much closer together than underlying tunnel AHe, ZHe age pairs, recording rapid cooling and exhumation.  

There are no anomalously old AHe ages associated with the Piora Zone.  
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Figure 22a.  
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Figure 22b.   
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Figure 22a.  Part one of GBT area exhumation history. Sample locations from in the tunnel and 

on current surface topography are given for spatial reference as their exhumation histories are 

shown based off AHe, ZHe, and modeling data. The scale on the left is depth in km the scale on 

the right is temperature.  In figure 22a., the surface samples show a rapid ascent through the ZHe 

PRZ with a theoretically unperturbed PRZ from 12 Ma through 6 Ma.   

Figure 22b. shows the exhumation history from ~5 Ma to present, when water begins to infiltrate 

to depth in the Piora Zone and begins to depress the AHE PRZ.   The AHe ages are much older in 

the surface samples than in the tunnel samples suggesting a slowing in exhumation around 6 Ma, 

coinciding with the beginning of the fluid influence on the tunnel samples in the Piora Zone.  .
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Table 1) Apatite (U-Th)/He Surface 

 
Aliquots  with * are outside of 3σ sample average and therefore not included in further analysis. 

[U]e is effective Uranium concentration, in parts-per-million 

He is total degassed 4He concentration in nanomoles per gram 

Ft is the FT correction applied to all raw ages according to Farley, (1996) 

ESR is equivalent spherical radius, or diffusion domain size 

Average age is the mean sample age repoted in Ma is reported in bold on the right hand column 

σ is the population standard deviation of all sample aliquots, reported in Myr 
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Table 1) Apatite Surface continued 
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Table 2) Zircon (U-Th)/He Surface 

 
 
Aliquots  with * are outside of 3σ sample average and therefore not included in further analysis. 

[U]e is effective Uranium concentration, in parts-per-million 

He is total degassed 4He concentration in nanomoles per gram 

Ft is the FT correction applied to all raw ages according to Farley, (1996) 

ESR is equivalent spherical radius, or diffusion domain size 

Average age is the mean sample age repoted in Ma is reported in bold on the right hand column 

σ is the population standard deviation of all sample aliquots, reported in Myr 
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Table 3) Apatite (U-Th)/He Tunnel  

 
  

elevation Rock T Age, err., U Th 147Sm He mass average 1σ

Sample  portal (meters) m.a.s.l. (°C)  Ma Ma  (ppm)  (ppm)  (ppm) [U]e Th/U  (nmol/g)  (ug) Ft ESR age (Ma) (Myr)

231550-1 31550 483 43.2 9.8 0.59 11.1 22.4 105.1 16.8 2.02 0.6 2.82 0.69 49.17 6.8 2.8

231550-4 31550 9.4 0.56 9.2 18.6 113.5 14.1 2.02 0.4 1.01 0.56 33.68

231550-6 31550 3.3 0.20 9.6 18.9 73.6 14.3 1.97 0.2 1.24 0.60 37.63

231550-7 31550 7.8 0.47 6.7 8.9 32.7 8.9 1.33 0.2 1.37 0.61 38.41

231550-9 31550 7.8 0.47 13.7 20.2 80.5 18.8 1.48 0.5 0.88 0.57 33.90

231550-10 31550 2.8 0.17 5.4 10.3 22.0 7.9 1.89 0.1 1.11 0.59 36.58

232049-2* 32049 480 42.8 10.2 0.61 4.3 3.5 49.3 5.4 0.81 0.2 2.65 0.69 47.80 4.2 0.9

232049-3 32049 3.4 0.20 12.2 24.0 96.2 18.2 1.97 0.2 1.59 0.63 40.24

232049-4 32049 5.1 0.31 8.2 18.8 91.5 13.0 2.30 0.2 2.28 0.66 45.76

232049-5* 32049 14.1 0.85 8.1 10.3 89.2 10.9 1.27 0.6 3.21 0.71 52.35

232049-6* 32049 13.1 0.79 12.0 23.5 72.2 17.8 1.96 0.8 1.91 0.63 40.67

233020-1* 33020 473.5 41.6 17.3 1.04 5.8 5.5 31.9 7.3 0.94 0.4 2.05 0.59 35.12 5.1 0.6

233020-3 33020 4.2 0.25 6.7 6.9 18.4 8.4 1.03 0.1 1.36 0.62 38.81

233020-4 33020 5.0 0.30 27.1 38.7 25.5 36.2 1.43 0.6 1.73 0.63 40.34

233020-5* 33020 17.1 1.02 5.2 5.6 14.8 6.6 1.08 0.3 0.83 0.55 31.76

233020-6 33020 5.0 0.30 15.4 16.6 64.9 19.6 1.08 0.3 1.43 0.61 37.47

233020-7 33020 6.0 0.36 11.1 9.5 62.5 13.6 0.86 0.3 1.38 0.61 37.58

233020-8 33020 5.3 0.32 21.1 25.5 21.5 27.1 1.21 0.5 1.20 0.60 36.26

233422-1* 33422 471 39.8 18.6 1.12 0.6 0.6 0.3 0.7 1.11 0.0 1.38 0.62 39.17 5.5 2.9

233422-5 33422 1.5 0.09 1.5 3.4 18.1 2.4 2.26 0.0 1.96 0.65 44.10

233422-7 33422 7.3 0.44 12.0 11.7 41.8 14.9 0.97 0.4 1.39 0.63 39.77

233422-8* 33422 12.0 0.72 0.5 -0.2 1.0 0.4 -0.53 0.0 1.78 0.73 43.21

233422-9 33422 7.9 0.47 5.3 5.3 25.8 6.6 1.01 0.2 1.51 0.63 40.39

233900-1* 33900 467.5 38.5 5.7 0.34 2.7 2.4 12.0 3.3 0.87 0.1 1.91 0.66 43.62 3.9 1.3

233900-2* 33900 5.7 0.46 318.3 50.0 0.5 329.8 0.16 7.8 5.77 0.76 62.06

233900-3* 33900 5.0 0.30 4.7 4.0 47.0 5.8 0.85 0.1 1.19 0.60 36.37

233900-5 33900 5.5 0.33 4.3 3.4 39.9 5.3 0.81 0.1 1.62 0.64 41.32

233900-6 33900 2.2 0.13 2.0 2.1 11.8 2.5 1.09 0.0 0.89 0.58 34.26

233900-7 33900 2.8 0.17 2.0 2.0 8.9 2.4 1.00 0.0 1.08 0.60 36.24

233900-8 33900 4.4 0.26 2.4 3.9 16.5 3.4 1.59 0.0 1.35 0.61 38.00

233900-10 33900 5.7 0.34 11.7 16.3 93.8 15.9 1.39 0.3 1.61 0.62 39.50

233900-11 33900 4.3 0.26 4.4 7.1 34.2 6.2 1.61 0.1 1.21 0.59 36.23

233900-12 33900 2.7 0.16 2.1 4.1 6.3 3.1 1.99 0.0 1.23 0.59 36.76

234288-1 34288 465 35.6 7.8 0.47 6.7 11.6 46.4 9.6 1.74 0.2 0.93 0.55 32.76

234288-2 34288 6.6 0.39 4.0 4.0 34.3 5.1 0.99 0.1 1.03 0.58 34.67

234365-1 34365 465 34.6 3.8 0.23 3.8 10.0 31.9 6.2 2.65 0.1 1.56 0.63 40.72 3.9 0.7

234365-4 34365 2.7 0.16 1.6 0.5 5.4 1.8 0.34 0.0 2.35 0.69 46.81

234365-5 34365 3.8 0.23 3.9 2.1 25.6 4.5 0.53 0.1 1.01 0.59 35.05

234365-6 34365 4.8 0.29 3.3 2.2 10.4 3.9 0.65 0.1 1.36 0.62 38.58

234365-7 34365 3.9 0.23 4.8 2.2 25.9 5.4 0.45 0.1 1.54 0.64 39.66

234365-8* 34365 12.3 0.74 3.8 3.7 23.8 4.7 0.99 0.2 1.20 0.60 36.89

234365-9 34365 4.9 0.29 7.2 7.7 38.8 9.2 1.07 0.2 1.21 0.61 37.19

234365-10 34365 3.6 0.22 1.1 0.4 15.2 1.3 0.36 0.0 1.26 0.62 36.91

234456-1 34456 464 33.3 3.0 0.18 4.9 5.3 46.0 6.4 1.07 0.1 1.05 0.58 34.86 2.9 0.1

234456-2 34456 2.9 0.17 1.7 1.6 12.3 2.1 0.94 0.0 0.99 0.58 34.58

234456-3* 34456 13.2 0.79 0.2 0.8 2.2 0.4 3.62 0.0 1.35 0.60 38.07

234558-2 34558 463 32.1 3.0 0.18 4.1 10.4 36.0 6.7 2.51 0.1 1.52 0.62 40.00 4.4 1.0

234558-3 34558 5.8 0.35 8.1 19.1 20.1 12.6 2.36 0.2 1.10 0.59 36.40

234558-4 34558 3.8 0.23 3.7 4.2 29.1 4.8 1.12 0.1 0.78 0.56 32.58

234558-6 34558 5.2 0.31 5.5 9.1 68.6 7.9 1.65 0.1 1.06 0.58 34.85

234558-9 34558 4.0 0.24 5.5 7.4 52.7 7.4 1.35 0.1 1.30 0.61 38.46

Distance from N. 
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Table 3) Apatite (U-Th)/He Tunnel continued 
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Table 4) Zircon (U-Th)/He Tunnel  

 
 

 

 

 

 

  

Distance from elevation Rock T Age, err., U Th 147Sm He mass average 1σ

Sample N. portal (meters) m.a.s.l. (°C)  Ma Ma  (ppm)  (ppm)  (ppm) [U]e Th/U  (nmol/g)  (ug) Ft ESR age (Ma) (Myr)

z231550-1 31550 483 43.2 8.4 0.68 274.6 92.0 1.0 295.8 0.33 10.9 11.15 0.81 61.78 8.4 0.6

z231550-2 31550 9.3 0.75 566.4 67.8 0.4 582.1 0.12 22.6 6.46 0.77 50.69

z231550-3 31550 7.6 0.61 402.1 98.6 0.4 424.8 0.25 12.7 3.48 0.73 42.40

z231550-4 31550 8.3 0.67 217.5 76.3 0.6 235.1 0.35 7.9 4.35 0.74 45.02

z232049-1 32049 480 42.8 6.2 0.50 641.1 133.2 1.3 671.8 0.21 17.3 5.96 0.77 49.83 7.5 1.1

z232049-2 32049 8.6 0.69 500.4 120.3 0.7 528.1 0.24 20.5 18.49 0.84 73.10

z232049-3 32049 8.5 0.68 1169.3 172.9 1.7 1209.1 0.15 43.8 7.05 0.79 54.33

z232049-4 32049 6.7 0.54 460.4 98.2 0.5 483.0 0.21 13.3 5.06 0.76 47.80

z233422-1 33422 471 39.8 8.2 0.66 518.2 118.5 0.8 545.4 0.23 19.9 14.40 0.82 65.40 10.2 2.3

z233422-2 33422 13.9 1.11 115.6 42.8 1.0 125.5 0.37 7.4 9.65 0.79 55.97

z233422-3 33422 10.6 0.84 1163.5 209.7 1.2 1211.8 0.18 53.0 5.64 0.77 49.50

z233422-4 33422 8.3 0.66 660.2 136.3 0.6 691.6 0.21 23.5 5.32 0.76 47.93

z233900-3 33900 467.5 38.5 11.2 0.89 310.9 83.6 0.6 330.2 0.27 14.8 4.18 0.74 44.54 10.9 1.3

z233900-4 33900 9.3 0.75 378.6 90.9 0.8 399.5 0.24 15.1 5.04 0.75 45.61

z233900-5 33900 13.1 1.05 76.1 24.0 0.2 81.6 0.32 4.7 10.23 0.81 62.97

z233900-6 33900 10.1 0.81 703.7 191.9 0.6 747.9 0.27 32.1 7.79 0.79 54.96

z233900-7 33900 10.7 0.85 544.3 122.5 0.8 572.5 0.23 27.2 16.27 0.83 68.48

z234288-1 34288 465 35.6 10.1 0.81 361.5 85.4 0.5 381.2 0.24 15.4 4.26 0.74 44.77 8.5 1.1

z234288-2* 34288 26.9 2.15 245.1 50.2 0.4 256.7 0.20 28.0 4.18 0.75 45.95

z234288-3 34288 7.5 0.60 197.0 44.9 0.4 207.4 0.23 6.7 8.33 0.79 56.70

z234288-4 34288 7.8 0.62 171.2 41.3 0.4 180.8 0.24 5.6 3.31 0.73 42.64

z234365-1 34365 465 34.6 9.1 0.73 445.9 127.6 0.6 475.3 0.29 18.0 5.62 0.77 49.93 11.9 4.2

z234365-2 34365 8.8 0.70 453.6 76.8 0.5 471.2 0.17 18.0 9.78 0.80 59.52

z234365-3 34365 10.7 0.85 525.7 104.8 0.5 549.9 0.20 25.3 9.54 0.80 58.78

z234365-4 34365 19.0 1.52 242.1 51.7 0.3 254.0 0.21 20.3 6.06 0.78 52.17

z234456-1 34456 464 33.3 11.2 0.90 531.5 133.4 1.1 562.2 0.25 27.2 9.52 0.80 57.36 11.3 0.5

z234456-2 34456 12.1 0.97 49.5 16.4 0.2 53.3 0.33 2.6 6.26 0.76 48.43

z234456-3 34456 11.2 0.89 907.2 156.1 1.5 943.1 0.17 43.5 6.32 0.77 49.12

z234456-4 34456 10.6 0.85 299.4 115.6 0.6 326.0 0.39 14.9 9.83 0.80 58.83

z234558-1 34558 463 32.1 8.2 0.66 726.5 117.5 1.1 753.6 0.16 28.4 21.61 0.85 77.81 8.5 0.5

z234558-2 34558 8.5 0.68 1276.4 200.2 0.6 1322.5 0.16 51.4 23.15 0.85 79.96

z234558-3 34558 7.9 0.63 473.2 70.5 0.5 489.4 0.15 16.6 9.52 0.80 56.86

z234558-4 34558 9.2 0.74 620.7 134.0 3.8 651.6 0.22 25.4 8.11 0.78 52.91

z234656-1 34656 462 30.9 8.4 0.67 414.8 83.6 0.6 434.0 0.20 15.1 5.89 0.77 49.87 10.8 1.9

z234656-2 34656 13.0 1.04 114.8 27.0 0.2 121.1 0.24 6.5 5.84 0.76 48.24

z234656-5 34656 12.9 1.03 365.9 103.8 0.6 389.8 0.28 20.4 5.14 0.75 46.25

z234656-6 34656 9.3 0.74 435.5 82.9 0.6 454.6 0.19 16.9 3.91 0.74 44.18

z234656-7 34656 10.3 0.82 67.0 15.0 0.3 70.4 0.22 2.8 3.53 0.73 41.65

z234720-1 34720 462 30 9.1 0.73 289.9 74.6 0.7 307.1 0.26 12.3 12.15 0.81 62.28 9.8 0.7

z234720-2 34720 9.1 0.73 173.2 36.9 0.2 181.8 0.21 6.7 4.47 0.75 46.40

z234720-3 34720 10.6 0.85 1241.6 199.4 2.0 1287.5 0.16 56.6 6.05 0.77 49.61

z234720-4 34720 10.3 0.83 124.8 39.4 0.4 133.9 0.32 5.7 5.95 0.76 49.06

z234979-1 34979 460 26.8 10.0 0.80 117.3 9.1 0.2 119.4 0.08 5.7 63.21 0.88 102.6 9.9 0.3

z234979-2 34979 10.2 0.81 567.7 22.3 0.5 572.9 0.04 26.6 21.53 0.85 76.33

z234979-3 34979 9.4 0.76 186.8 8.2 0.4 188.7 0.04 7.7 9.04 0.81 59.43
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Table 4) Zircon (U-Th)/He Tunnel Continued 

 

 

 
 

  

z235456-1 35456 457 30.3 9.9 0.59 321.4 55.8 0.5 334.2 0.17 13.5 5.61 0.76 48.26 9.5 0.6

z235456-2 35456 8.6 0.52 208.9 25.4 1.2 214.7 0.12 7.4 4.02 0.74 44.30

z235456-3 35456 9.9 0.60 155.1 25.2 0.5 160.9 0.16 6.8 7.27 0.79 53.85

z235634-1 35634 456 32.4 8.3 0.50 268.2 24.1 0.7 273.8 0.09 8.9 3.83 0.73 41.36 8.7 0.6

z235634-2 35634 9.6 0.58 375.6 63.2 1.4 390.1 0.17 15.3 4.84 0.76 47.32

z235634-3 35634 8.2 0.49 358.2 52.1 0.8 370.2 0.15 12.7 6.03 0.77 50.73

z235889-1 35899 454 34.6 11.3 0.91 866.5 142.6 1.8 899.4 0.16 38.0 2.92 0.69 46.35 12.5 2.0

z235889-2 35899 12.1 0.96 434.5 72.1 1.4 451.1 0.17 21.4 4.47 0.73 53.35

z235889-3 35899 10.7 0.86 679.2 165.7 0.9 717.3 0.24 28.9 3.72 0.70 47.54

z235889-4 35899 15.8 1.26 460.7 64.0 5.0 475.4 0.14 28.4 3.20 0.70 47.94

z236460-1 36460 450 39.5 8.3 0.66 463.1 65.7 1.1 478.3 0.14 17.2 9.39 0.80 59.34 8.6 0.7

z236460-2 36460 9.9 0.79 403.7 40.8 0.7 413.1 0.10 17.3 8.60 0.79 54.07

z236460-3 36460 8.3 0.67 493.2 31.7 0.6 500.5 0.06 17.5 7.05 0.78 52.50

z236460-4 36460 7.9 0.63 381.8 21.2 0.9 386.7 0.06 12.8 6.08 0.78 50.95

z237098-1 37098 446 41 16.2 1.30 110.2 2.5 0.1 110.8 0.02 7.9 11.57 0.81 62.14 14.7 1.5

z237098-2* 37098 20.4 1.63 214.1 10.2 0.2 216.5 0.05 18.9 8.09 0.79 55.06

z237098-3* 37098 28.3 2.26 102.7 4.1 0.2 103.7 0.04 13.0 12.89 0.82 64.92

z237098-4 37098 13.3 1.06 173.1 11.3 0.4 175.7 0.07 10.0 8.30 0.79 55.48

z237553-2 37553 443 41.9 8.1 0.49 510.3 91.4 1.1 531.4 0.18 18.2 7.74 0.78 53.05 8.4 0.3

z237553-3 37553 8.6 0.52 369.9 117.5 0.6 396.9 0.32 14.4 6.93 0.78 53.12

z237988-1* 37988 440 42.2 21.3 1.70 104.7 16.8 1.4 108.6 0.16 9.8 7.41 0.79 54.12 14.0 2.4

z237988-2 37988 12.3 0.98 172.9 5.6 0.1 174.2 0.03 8.7 4.98 0.76 47.13

z237988-3 37988 12.4 0.99 130.1 12.5 0.1 133.0 0.10 6.8 4.98 0.77 48.99

z237988-4 37988 17.4 1.39 119.8 6.7 0.1 121.3 0.06 8.5 4.10 0.75 44.76

z238355-1 38355 437 42.5 8.4 0.67 227.2 112.6 1.3 253.1 0.50 8.8 6.57 0.77 51.45 8.9 0.8

z238355-2 38355 10.0 0.80 358.9 42.8 0.5 368.8 0.12 15.9 8.98 0.80 57.02

z238355-3 38355 8.2 0.65 125.5 63.8 0.3 140.1 0.51 4.9 8.56 0.79 57.19
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Raw (U-Th[Sm])/He Data

Aliquot mineral mass, ug UFt ThFt He, nmol err., % 238U/235U err.,%232Th/230Therr.,% 149Sm/147Sm err.,% Spike vol.,ul Normal vol., ul Mean L, um Mean W, um ESR, um

z234288-1 zircon 4.26 0.749 0.722 0.00007 0.33620 1.9271 0.24 1.0818 0.25 0.0060 1.22 L2 100 NewNormal2 1000 178.20 71.71 44.77

z234288-2 zircon 4.18 0.755 0.728 0.00012 1.16602 1.2889 0.54 0.6786 1.14 0.0054 11.37 L2 100 NewNormal2 1000 153.47 76.54 45.95

z234288-3 zircon 8.33 0.798 0.776 0.00006 0.47801 2.0516 0.23 1.1098 0.56 0.0073 1.53 L2 100 NewNormal2 1000 211.29 92.07 56.70

z234288-4 zircon 3.31 0.738 0.709 0.00002 0.42182 0.7172 0.52 0.4867 0.57 0.0052 2.09 L2 100 NewNormal2 1000 139.67 71.39 42.64

z234365-1 zircon 5.62 0.773 0.748 0.00010 0.40527 3.1066 0.29 2.0085 0.22 0.0070 1.33 L2 100 NewNormal2 1000 182.09 81.47 49.93

z234365-2 zircon 9.78 0.807 0.786 0.00018 0.10739 5.4035 0.19 2.0978 0.55 0.0085 1.80 L2 100 NewNormal2 1000 227.67 96.11 59.52

z234365-3 zircon 9.54 0.805 0.783 0.00024 1.20366 6.0781 0.29 2.7507 0.55 0.0082 2.53 L2 100 NewNormal2 1000 229.71 94.50 58.78

z234365-4 zircon 6.06 0.782 0.758 0.00012 0.57573 1.8367 0.45 0.9500 0.69 0.0054 1.44 L2 100 NewNormal2 1000 170.78 87.35 52.17

z234456-1 zircon 9.5182 0.801 0.778 0.00026 0.20201 6.1282 0.26 3.4579 0.38 0.0138 0.76 L2 100 NewNormal2 1000 251.77 90.17 57.36

z234456-2 zircon 6.2581 0.767 0.741 0.00002 0.97072 0.3940 0.28 0.3978 0.69 0.0051 2.67 L2 100 NewNormal2 1000 242.58 74.49 48.43

z234456-3 zircon 6.3237 0.770 0.744 0.00028 0.17343 6.9080 0.22 2.7175 0.30 0.0131 1.31 L2 100 NewNormal2 1000 234.77 76.11 49.12

z234456-4 zircon 9.8303 0.805 0.784 0.00015 0.26380 3.6341 0.27 3.1086 0.37 0.0097 0.99 L2 100 NewNormal2 1000 240.74 93.71 58.83

z234656-1 zircon 5.89 0.773 0.748 0.00009 0.07839 3.0588 0.23 1.4379 0.22 0.0073 1.37 L2 100 NewNormal2 1000 198.80 79.85 49.87

z234656-2 zircon 5.84 0.766 0.740 0.00004 0.13030 0.8538 0.14 0.5479 0.35 0.0050 1.28 L2 100 NewNormal2 1000 222.09 75.21 48.24

z234656-3 zircon 8.04 0.782 0.758 0.00000 4.68426 0.6625 0.35 0.7547 0.33 0.0233 0.39 L2 100 NewNormal2 1000 272.52 79.65 52.12

z234656-4 zircon 5.87 0.773 0.748 0.00032 1.87562 0.0081 131.0 0.1333 4.87 0.0041 2.02 L2 100 NewNormal2 1000 196.91 80.05 49.90

z234656-5 zircon 5.14 0.757 0.730 0.00010 0.50758 2.3453 0.19 1.5269 0.26 0.0071 1.59 L2 100 NewNormal2 1000 212.19 72.15 46.25

z234656-6 zircon 3.91 0.746 0.718 0.00007 0.34510 2.1273 0.21 0.9787 0.42 0.0060 2.16 L2 100 NewNormal2 1000 162.27 71.96 44.18

z234656-7 zircon 3.53 0.732 0.703 0.00001 0.79011 0.3016 0.16 0.2672 0.18 0.0051 1.71 L2 100 NewNormal2 1000 173.62 66.10 41.65

z234720-1 zircon 12.15 0.815 0.795 0.00015 0.32694 4.3261 0.42 2.5065 0.14 0.0125 1.30 L2 100 NewNormal2 1000 272.09 97.99 62.28

z234720-2 zircon 4.4697 0.757 0.730 0.00003 0.30571 0.9770 0.32 0.5610 0.40 0.0048 0.91 L2 100 NewNormal2 1000 166.44 75.99 46.40

z234720-3 zircon 6.053 0.772 0.747 0.00034 0.40330 8.9105 0.20 3.2944 0.45 0.0154 1.29 L2 100 NewNormal2 1000 211.88 78.38 49.61

z234720-4 zircon 5.9528 0.770 0.744 0.00003 0.52686 0.9379 0.88 0.7436 0.40 0.0061 1.78 L2 100 NewNormal2 1000 215.11 77.14 49.06

z234979-1 zircon 63.215 0.885 0.872 0.00036 0.30235 8.8018 0.24 1.6297 0.16 0.0133 2.34 L2 100 NewNormal2 1000 113.04 346.79 102.64

z234979-2 zircon 21.525 0.848 0.831 0.00057 0.41661 13.9246 0.25 1.3848 0.22 0.0138 0.96 L2 100 NewNormal2 1000 93.97 221.95 76.33

z234979-3 zircon 9.0386 0.807 0.786 0.00007 0.62967 2.1092 0.87 0.3212 0.90 0.0070 1.89 L2 100 NewNormal2 1000 81.21 154.71 59.43

z235240-1 zircon 3.25 0.719 0.688 0.00006 0.15213 1.6982 0.12 0.5067 0.16 0.0049 0.85 M1 100 NewNormal2 1000 185.82 61.36 39.50

z235240-2 zircon 3.55 0.737 0.708 0.00024 0.08680 0.2225 0.51 0.4326 0.10 0.0053 2.14 M1 100 NewNormal2 1000 161.16 68.80 42.52

z235240-3 zircon 2.04 0.701 0.668 0.00000 3.40212 0.0019 72.50 0.1301 1.00 0.0039 1.20 M1 100 NewNormal2 1000 109.00 63.43 36.85

z235240-4 zircon 2.97 0.716 0.684 0.00005 0.15637 0.0849 0.78 0.2763 0.38 0.0058 2.14 M1 100 NewNormal2 1000 169.39 61.38 38.97

z235889-1 zircon 2.92 0.696 0.656 0.00011 1.37657 3.1361 0.74 1.2205 0.42 0.0090 2.30 L2 100 NewNormal2 1000 205.10 84.05 46.35

z235889-2 zircon 4.47 0.733 0.697 0.00010 0.88328 2.4204 0.19 0.9738 0.38 0.0098 0.80 L2 100 NewNormal2 1000 238.17 96.58 53.35

z235889-3 zircon 3.72 0.703 0.663 0.00011 0.24095 3.1315 0.17 1.7453 0.56 0.0071 2.17 L2 100 NewNormal2 1000 268.03 83.02 47.54

z235889-4 zircon 3.2 0.706 0.666 0.00009 0.27933 1.8458 0.22 0.6650 0.36 0.0192 0.78 L2 100 NewNormal2 1000 209.56 87.12 47.94

z237098-1 zircon 11.57 0.815 0.794 0.00009 0.17551 1.5994 0.22 0.2028 0.84 0.0054 1.35 L2 100 NewNormal2 1000 253.57 99.04 62.14

z237098-2 zircon 8.09 0.793 0.770 0.00015 0.28470 2.1631 0.30 0.3450 0.65 0.0053 2.02 L2 100 NewNormal2 1000 226.60 87.61 55.06

z237098-3 zircon 12.89 0.822 0.803 0.00017 0.59109 1.6605 0.16 0.2670 0.56 0.0063 1.03 L2 100 NewNormal2 1000 255.11 104.25 64.92

z237098-4 zircon 8.3 0.794 0.771 0.00008 1.22598 1.7991 0.11 0.3747 0.53 0.0075 1.26 L2 100 NewNormal2 1000 229.77 88.16 55.48

z237553-1 zircon 9.777 0.806 0.785 0.00014 0.09865 0.0017 56.46 0.1290 0.46 0.0039 1.37 M1 100 NewNormal2 1000 232.58 95.08 59.21

z237553-2 zircon 7.743 0.786 0.762 0.00014 0.09761 3.3271 0.11 1.5928 0.33 0.0096 0.83 M1 100 NewNormal2 1000 242.94 82.79 53.05

z237553-3 zircon 6.9275 0.786 0.762 0.00010 0.14420 2.1765 0.25 1.8120 0.25 0.0066 1.66 M1 100 NewNormal2 1000 202.04 85.87 53.12

z237988-1 zircon 7.41 0.790 0.766 0.00007 0.28761 0.9789 0.34 0.4543 0.35 0.0138 0.88 L2 100 NewNormal2 1000 209.58 87.17 54.12

z237988-2 zircon 4.98 0.761 0.734 0.00004 0.39439 1.0854 0.40 0.2006 0.85 0.0043 1.20 L2 100 NewNormal2 1000 187.99 75.45 47.13

z237988-3 zircon 4.98 0.769 0.744 0.00003 0.38121 0.8191 0.38 0.2914 0.36 0.0046 0.86 L2 100 NewNormal2 1000 158.02 82.34 48.99

z237988-4 zircon 4.1 0.749 0.721 0.00003 0.50978 0.6222 0.32 0.1995 0.27 0.0045 1.62 L2 100 NewNormal2 1000 167.25 72.64 44.76

SpikeBlk L2(1) DA092913C spike 0 0.000 0.000 0.00000 0.00000 0.0027 84.43 0.1279 0.71 0.0039 1.92 L2 100 NewNormal2 1000 0.00 0.00 0.00

SpikeBlk L2(2) DA092913C spike 0 0.000 0.000 0.00000 0.00000 0.0064 33.26 0.1348 1.87 0.0047 9.87 L2 100 NewNormal2 1000 0.00 0.00 0.00

NewNormal2 L2(1) DA092913C normal 0 0.000 0.000 0.00000 0.00000 1.2016 0.30 4.9803 0.48 0.2113 0.46 L2 100 NewNormal2 1000 0.00 0.00 0.00

NewNormal2 L2(2) DA092913C normal 0 0.000 0.000 0.00000 0.00000 1.1999 0.24 4.9698 0.17 0.2111 0.14 L2 100 NewNormal2 1000 0.00 0.00 0.00
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Appendix B 

Raw apatite fission track data 

Analysis performed at A to Z, Inc. 

 

 
 

Client Analyst total    accepted sumNs         sumRho        1sig sumRho   Dparm         Dperm         [U]m     [Th]m   [Sm]m      wm pz:sz  wm pz:unk 

name   spots spots ppm  ppm   ppm   UCa Ca  

MM rad 75 75 5204.94 12757.84 49.86318 0 0 6.530999 54.55429 52.60118 0.985779 1.009002

DR rad 75 74 1211.31 32625.66 155.4886 0 0 6.028716 284.8844 113.773 0.977553 1.001242

MD rad 31 31 1477.15 10460.61 56.5257 0 0 8.733747 52.72674 118.9704 0.996026 1.005882

1479-001 rad 37 34 15.87 6669.824 75.55005 0 0 6.618499 25.89462 176.3138 0.961863 1.006515

1479-002 rad 39 39 59.49001 4375.724 23.29393 0 0 5.165236 2.836689 43.6076 0.916795 1.009945

1479-003 rad 40 40 27.01 2852.9 19.15327 0 0 3.368587 0.476576 47.89112 0.92674 1.013174

1479-004 rad 40 39 9.93 600.7344 9.93718 0 0 0.594304 0.389082 11.57016 0.973008 1.014581

1479-005 rad 39 39 32.01 2864.528 23.11434 0 0 3.861913 1.994881 75.55254 0.98359 1.00747

1479-006 rad 38 38 11.67 970.5717 15.17921 0 0 1.124672 1.894884 6.568118 1.017515 1.014213

1479-007 rad 39 39 35.95 7857.52 48.85293 0 0 9.10201 1.375386 35.89415 1.029556 1.009584

Client sample # relerr pz:sz  relerr relerr relerr pZeta         1sig pZeta    chi-squared   Q(chi-squared) pooled age    95%-CI        95%+CI        

name   analyst deficit Ca apfu

MM standard 3.95E-06 0 0.148 0 8.48E+08 2.48E+07 212.30982 2.74E-15 337.01 20.77 22.10

DR standard 3.95E-06 0 0.07 0 8.48E+08 2.48E+07 99.862168 0.020136927 31.41 2.48 2.70

MD standard 3.95E-06 0 0.187 0 8.48E+08 2.48E+07 117.34349 2.83E-12 118.65 8.94 9.66

1479-001 33900 3.95E-06 0 0 0 8.48E+08 2.48E+07 46.002231 6.58E-02 2.02 0.80 1.33

1479-002 34979 3.95E-06 0 0 0 8.48E+08 2.48E+07 35.760938 0.573431348 11.52 2.69 3.51

1479-003 35240 3.95E-06 0 0 0 8.48E+08 2.48E+07 24.442322 0.966832757 8.02 2.59 3.82

1479-004 35456 3.95E-06 0 0 0 8.48E+08 2.48E+07 21.810421 0.983647378 14.00 6.60 12.48

1479-005 35889 3.95E-06 0 0 0 8.48E+08 2.48E+07 38.241162 0.458532699 9.47 2.85 4.08

1479-006 36178 3.95E-06 0 0 0 8.48E+08 2.48E+07 20.719068 0.985873074 10.19 4.53 8.17

1479-007 37098 3.95E-06 0 0 0 8.48E+08 2.48E+07 21.937055 0.982765412 3.88 1.11 1.56
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