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Figure 6.6. Model results for AHe samples from the vertical transect. All samples yielded 
tT envelopes consistent with a history of slow cooling. Presented from highest to lowest 
elevation (Table 2a-c). Same legend as Fig. 6.1. Sample C008 required a increased 
number of tT simulations to yield adequate results, and was therefore conditioned to test 
tT paths until 300 ‘acceptable’ fits were established; subtitle indicates number of paths 
tried and number of ‘good’ fits. (Fig. continues on next page). 
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6.3.3 ZHe data 

In contrast to the AHe data, the ZHe data yielded HeFTy models with compatible 

results from both the perpendicular and vertical transects. All model results exhibited a 

relatively well-constrained, relatively rapid cooling event (up to 10’s of ºC/Ma) involving 

the samples passing between 140-160 ºC at ~1100-1000 Ma, followed by (and apparently 

preceded by) exceptionally slow cooling during the Phanerozoic (Fig. 6.7). These results 

are compatible with that of the AHe models, supporting a scenario with accelerated 

cooling in the Neoproterozoic, succeeded by a prolonged period of exceptionally slow 

cooling.  
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Figure 6.7. HeFTy results for ZHe samples from both the coastline perpendicular transect 
(zB098) and vertical transect (zC008 – zC069, presented in order of decreasing elevation). 
Legend same as Fig. 6.1. Time-temperature paths for all samples (except zC008) were 
forced to initiate between 2000 – 800 Ma and 300 – 250 ºC. Initial starting constraints for 
sample zC008 were reduced to 1500 – 100 Ma to minimize the time required by HeFTy 
to establish suitable tT paths. Sample zC008 required a greater number of tT simulations 
to yield results, and was therefore conditioned to test tT paths until 200 ‘acceptable’ fits 
were established. However, sample zC069 yielded an abundance of fits, as thus only 
required 10,000 tT simulations to achieve an adequate number of fits. (Fig. on next two 
pages). 
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6.4 Summary  

While the HeFTy results from the vertical transect samples were marginally 

incompatible with each other, samples from the perpendicular transect yielded a range of 

constraint envelopes that, when grouped on the basis of proximity to one another, have 

comparable shapes. In particular, results from the perpendicular transect displayed an E-

W progression of the overall trend from slow, consistent cooling paths (e.g., B099, B100, 

B101) near the NE margin, to a more prominent, relatively rapid cooling in the interior of 

Hall Peninsula (e.g., C005, C003). By successfully establishing a range of potential tT 

paths for several samples, the HeFTy output from the samples demonstrated the merit of 

employing a 4He diffusion model that considers the effects of radiation damage (i.e., 

Flowers et al., 2009; Gautheron et al., 2009) in order to obtain geologically meaningful 

thermal and exhumation histories from the data. 
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CHAPTER 7 – THREE-DIMENSIONAL THERMOKINEMATIC 
MODELING (PECUBE) 
 
 
 

Objective two of this thesis is to reconstruct the three-dimensional (3D) exhumation 

history of Hall Peninsula to establish potential controls on its landscape evolution. While 

this can be partially completed with a traditional interpretation of the data and HeFTy 

output, a more rigorous approach has been developed over the past decade, 3D 

thermokinematic modeling. This type of modeling involves computing predicted 

thermochronometric cooling ages for a user-defined tectono-geomorphic scenario in a 

fully 3D thermal model. It further benefits from the ability to define and test specific 

scenarios in individual models for an entire dataset, rather than just for individual 

samples. Furthermore, it inherently allows for testing of three-dimensional problems, 

such as perturbations geothermal response of time-varying topography. The challenge of 

this approach is establishing the model constraints, as these models require greater 

understanding of a sample’s cooling history than, for example, a 1D thermal model. Like 

most models, the output from a thermokinematic approach is not meant to be an exact 

simulation of the geodynamics and surface processes over the time recorded by the 

thermochronometers. Instead it allows testing of specific hypotheses and can provide 

constraints on possible timing and rates of processes and evaluate the relative sensitivity 

of the thermochronometer data to the various controls considered.  

In the eastern Arctic, there are several processes that can control or influence the rate 

and timing of regional heat transfer. These include (i) crystal cooling resulting from 

exhumation and upward advection of rock by erosion (note that there is no evidence of 

widespread low angle detachment faulting or thrusting in the Phanerozoic, so tectonic 
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exhumation or burial is unlikely); (ii) differential heating or cooling by the flux of hot 

(e.g., Icelandic plume-related) or cold (meteoric) fluids; (iii) heating by burial under, for 

example, a thick package of late Paleozoic or Mesozoic sediments; and (iv) vertical 

displacement caused by slip along new or reactivated faults. To explore the sensitivity of 

our data to these hypothetical controls, a modified version of the 3D thermokinematic 

model PECUBE (Braun, 2003) was used. 

7.1 Overview of PECUBE 

Once potential tT paths were established for the samples, the 3D thermokinematic 

modeling program PECUBE (version 3; Braun, 2003; Braun et al., 2012) was used to 

simulate various 3D exhumation scenarios for Hall Peninsula and test their compatibility 

with the measured data. PECUBE is a finite-element code that is used to solve the heat 

transport equation. It allows the user to resolve the effects of time-varying topography on 

the subsurface thermal field, and link together geomorphic and tectonic evolution with 

the subsurface thermal history (Braun, 2003). Solving the heat transport equation enables 

the code to 1) define the thermal conditions of the rock particles as they are exhumed to 

the sample locations at the surface, and 2) calculate the resultant cooling ages for the 

sample’s prescribed exhumation scenario (Braun et al., 2012). As a result, the final output 

is a spatial distribution of predicted cooling ages for rocks at the surface, as a result of 

their thermal history (Fig 7.1). Upon comparison to the measured data, the spatial 

patterns of the modeled cooling ages provide insight into the timing and relative 

contribution of each exhumation mechanism (i.e., geomorphic versus tectonic factors) in 

the overall exhumation history. Additionally, PECUBE also calculates  
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Figure 7.1. Semi-schematic PECUBE model of Hall Peninsula, as viewed in the 3-D 
visualization program ParaView (Henderson, 2007). Colors at the surface reflect modeled 
AHe ages, calculated using conventional Durango diffusion kinetics, from a simple 
exhumation scenario of uniform rock uplift and steady-state topography. Subsurface 
layers represent planes of equal temperature. Vertical exaggeration (i.e., z-axis) is 5 times, 
to visibly enhance topography. From Creason and Gosse (2014). 
 

a misfit value for each model, which represents the goodness-of-fit between the modeled 

ages and measured data. The misfit value is expressed as 

𝝓 =   
𝜶𝒊,𝒎𝒐𝒅   −   𝜶𝒊,𝒅𝒂𝒕

𝝈𝒊

𝟐𝑵

𝒊!𝟏

 

where ϕ is the misfit value, N is the number of data points (i.e., thermochronological 

ages), αi,mod and αi,dat are the predicted and observed ages for data point i, respectively, 

and 𝜎i is the uncertainty on the data. Ergo, this provides a quantitative supplement for 

comparing the results of different models.  



 99 
 

The PECUBE program is capable of calculating cooling ages for eight different 

thermochronometers: (U-Th-Sm)/He in apatite and zircon, fission track in apatite and 

zircon, K-Ar in K-feldspar, and 40Ar/39Ar in biotite, muscovite and hornblende. This 

enables the user to model both the high- and low-temperature thermal evolution of 

hypothetical geo- and tectono-morphic scenarios, and quantitatively compare the results 

to measured data.  

7.2 Forward versus inverse modeling  

Exhumation scenarios are tested in PECUBE through either a forward or inverse 

modeling approach. Both approaches require the user to define a set of input parameters, 

variables, and model run time (Table 4), with the models starting at a specified time in 

the past and evolving to present time according to prescribed variables. For the results, 

the models provide an output at each user-defined output time step.  

When executing a forward model, the program first advects surface sample location 

points backward in time according to the input velocity field, thereby calculating the 3D 

position of these rock particles at all times (Braun et al., 2012). PECUBE is then run 

forward in time while solving the heat equation to calculate the thermal conditions for the 

particles as they travel to the surface, and outputting the distribution of cooling ages at 

the surface at the end of each time-step (Braun et al., 2012). Once the model has finished 

running, the code compares the modeled ages with the measured data using a misfit  

function and reports the output value. It is then up to the user to assess the model results 

and manually manipulate the starting conditions or model parameter in the succeeding 

model runs in order to reduce the misfit value. Because forward models require relatively 
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Table 4. PECUBE input parameters. Variable parameters were adjusted between model 
runs, with different combinations of variables present based on the complexity of the 
scenario; shown here are the input for a model from scenario one. Fault #0 refers to the 
vertical advection component, as defined at the four corners of the model; in all scenarios, 
corner velocities were equivalently scaled (i.e., 1, 1, 1, 1 at the corners).  
* Thermal conductivity (k) = 1 x 10-6 m2s-1; from Rey et al. (2003).  
** Crustal heat production (A) = 5.5 x 10-7; crustal density (%) = 2700 kg/km3; heat 
capacity (pc) = 1000; from Perry et al. (2006). 
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little processing time (i.e., minutes to hours), this approach is particularly useful for an 

overall assessment of the first-order controls of the measured distribution of cooling ages, 

or testing specific exhumation scenarios. Results from the forward models also provide 

valuable information for the viable range of boundary conditions in the subsequent model 

inversions. 

Inverse modeling is carried out using the Neighborhood Algorithm (NA; Sambridge, 

1999a, b) to establish the ranges of parameters that yield a good fit to the measured data. 

With this approach, the user first defines a range of values for each variable parameter. 

The modeled scenario is then run repeatedly (as many as 10,000+ times), with each new 

model involving permutations of all model parameters by selection of values “close” to 

those that previously fit the data well. At the end of each run, the NA assesses the 

previous misfit results and uses this information as a guide for optimizing parameter 

selection in the subsequent runs. The final product is an output set of probability density 

functions for the model parameters defining the ranges that yield cooling ages similar to 

the measured data. 

7.3 Model design 

When designing a PECUBE model, the user must define the spatial extent of the 

model (which should be sufficiently large to avoid any effects from the model 

boundaries), how topography evolves (e.g., steady-state vs. evolving), variations in rock 

exhumation rate, timing and total offset of any faults, as well as the rock thermo-physical 

properties (e.g., density, thermal conductivity or diffusivity, and heat production). Once 

defined, the model parameters are input using two different files: a topographic parameter 

file, and a fault parameter file (Table 4). The topography parameter file comprises 
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definition of the digital elevation model, evolution of topography, thermochronometer 

data, model (crustal) thickness, and rock thermo-physical properties. The topography for 

the PECUBE models presented below was taken from Canvec 50K topographic data 

(provided by the CNGO during the summer of 2102) using the Spatial Analyst Tool in 

ArcGIS. In all models the thermo-physical properties and model dimensions were 

assumed to be constant (Table 4). Owing to the deficiency of published data from Baffin 

Island, values for the thermal diffusivity and heat production were based on observed 

values from the Superior Province (Perry et al., 2006; Rey et al., 2003). The geothermal 

gradient at the model start (t = 0) was set conservatively at 20 ºC/km, similar to what has 

been used for cratonic settings elsewhere (e.g., Ault et al., 2009). However, since almost 

any change in the physical model (e.g., change in exhumation rate, incision, change in 

heat advection associated with faulting, or local heat flow changes owing to hydrothermal 

events and rifting) can perturb this gradient at different regions of the modeled crustal 

block, this initial condition evolves during the model run. The fault parameter file defines 

the exhumation velocity field, and, if faults are present, the timing and kinematics of fault 

motion. Given the slow cooling histories established by the HeFTy modeling, relatively 

slow average exhumation rates were tested in the PECUBE models, with most average 

exhumation rates between 10–20 m/Ma during the Phanerozoic. 

7.3.1 Modification to incorporate alpha-recoil damage in predicted apatite (U-
Th-Sm)/He ages  
 
To account for the effects of time-varying diffusion in the AHe thermochronometer, 

the Gautheron et al. (2009) model for radiation-damaged diffusion was incorporated into 

Pecube, using code that was previously developed and employed by Valla et al. (2012). 

This modified version of PECUBE maintains a workflow similar to that of the 
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unmodified version (Ver. 3), as it still calculates ‘preliminary’ AHe ages for the each tT 

path using conventional Durango  apatite kinetics (Farley, 2000). However, once the 

model is finished, the modified code re-calculates ‘corrected’ AHe ages for the sample 

points that include the effects of the accumulation of alpha-recoil damage on 4He 

diffusion as outlined by Gautheron et al. (2009). Since the alpha-decay dose is 

proportional to the eU concentration, and hence requires input of the eU, U/Th ratio and 

effective spherical grain radius (ESR) for each age calculation, AHe ages that incorporate 

this effect are recalculated only for the sampled locations; all other AHe ages are 

calculated with conventional Durango apatite kinetics. Therefore, it is not possible to 

assess the model quality based on the distribution of cooling ages across the entire 

surface of the model. Instead, the misfit value and trends observed the predicted ages 

serve as the primary means to evaluate the fit of a given set of model parameters to the 

data.  

7.3.2 Modeling approach for Hall Peninsula 
 

The PECUBE models included the same samples (grains) that yielded good and/or 

acceptable fits in the HeFTy models, which totaled 60 grains (Table 3). Each grain age 

was input as an individual rock particle. Apatite fission-track ages were also modeled to 

compare the results of two different low-temperature thermochronometers.  

Although the effects of recoil-damage were considered in the AHe age calculations, it 

was difficult to produce a set of predicted cooling ages with comparable variability in the 

observed ages owing to the large range of cooling ages among aliquots in a given sample. 

It was thus foreseen that inversion of the age data with PECUBE would not have 

provided further insight into the range of physical parameters that have controlled cooling 

of the observed age data. It was presumed that, had model inversions been performed, the 
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complex nature of the data (i.e., scattered aliquot ages) likely would have yielded a range 

of (non-unique) solutions, rendering the NA ineffective in characterizing the good-fitting 

regions of parameter space, and, thus, unsuccessful at establishing robust, clear parameter 

ranges. Therefore, given the time-intensive nature of running inverse models (days to 

weeks), the use of PECUBE in this study was limited to only forward modeling. 

After running a series of preliminary models to test the functionality of the modified 

diffusion kinetics in predicting dispersed AHe ages, it became clear that several different 

hypotheses could be considered in the scope of this thesis. The most straightforward of 

these hypotheses was that Hall Peninsula experienced increased rates of exhumation in 

the Late Cretaceous to Paleocene as a result of transtension and separation from 

Greenland, or extension from Cumberland Peninsula. Likewise, exhumation scenarios 

modeled after studies from the West Greenland margin, which involve more recent 

episodes of exhumation (e.g., Neogene uplift; Japsen et al., 2006), were deemed testable. 

However, given the time constraints of the project, and the HeFTy results that indicate 

slow cooling throughout the Cenozoic, the most appropriate first-order question that can 

be addressed is whether the measured data contain evidence of the reactivation of faults, 

which may have caused Hall Peninsula to evolve as a half graben (with a southward dip) 

sometime during the Mesozoic or Paleozoic. 

All models were initiated at 1200 Ma and evolved with present day topography. The 

1200 Ma start was chosen because this was the earliest tT constraint provided by the ZHe 

HeFTy models (Fig. 6.3), and thus the earliest constraint on the thermal history.  
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7.4 PECUBE Results 

In order to justify inclusion of the various exhumational constraints in the models (i.e., 

presence of faults, change in surface elevation, episodes of accelerated exhumation), five 

tectonomorphic scenarios of different complexity were tested (Table 5). Multiple models 

were tested for each scenario, with select input parameters adjusted incrementally 

between runs to determine their influence on the misfit. Model adjustments were aimed at 

minimizing the misfit value, such that if an adjustment resulted in increasing the misfit 

value, the adjustment was deemed as reducing the model ‘goodness-of-fit’ for the 

particular scenario, and subsequent adjustments were made accordingly. Testing of each 

scenario ceased once adjustment of the select parameters no longer reduced the misfit 

(i.e., misfits converged on a minimum value).  

Forty-six models were used to test various parameter configurations for the five 

different scenarios. The configurations are summarized in Table 5. The most complex 

scenario (1) involved a highly variable exhumation rate, with a phase of particularly 

accelerated exhumation, vertical offset of topography, and fault motion along two normal 

faults located within Frobisher Bay (F1) and Cumberland Sound (F2) (Fig. 7.2). The 

models for this scenario tested different permutations of the timing and amount of fault 

offset, timing of changes in the exhumation rate, and total exhumation. Misfit values for 

these models range between 4448–5777. Scenario 2 maintained a similar features to  

 
 
Table 5. (Next page) Summary of different scenarios tested in PECUBE. The scenarios 
differ by their complexity (e.g., presence of faults, timing of changes in exhumation rate), 
as well as number of models simulated, the ranges in which the parameters were varied, 
and the corresponding range of misfits. F1 and F2 are normal faults in Frobisher Bay and 
Cumberland Sound, respectively. Individual modeled AHe ages from the lowest misfit 
model from each scenario are presented in Tables 6a–6e. 
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scenario 1, although only a single fault (in Cumberland Sound) was simulated. 

Adjustments in the models of scenario 2 involved modification of both the rate of fault 

offset and timing of changes in the exhumation rate, yielding model misfit values 

between 4526–6160. The less complex scenarios (3 and 4) entailed less variation in the 

exhumation rate and no faulting or decrease in the vertical offset of topography, while 

retaining an episode of accelerated exhumation. Only two parameters were adjusted in 

the scenario 3 models; the rate of exhumation during the accelerated phase, which ranged 

between 50–700 m/Ma from 450–400 Ma, and the exhumation rate during the final time 

step, which ranged between 7–9 m/Ma. The scenario 4 models featured similar 

complexity, but instead the exhumation rate during this accelerated phase was held 

constant (at 50 m/Ma) and the timing of the 50 Myr phase varied between 450–400 to 

200–150 Ma. The models from scenarios 3 and 4 yielded misfit values between 4764–

6554 and 4432–6222, respectively. Finally, the most basic scenario (5) involved steady 

state topography with simple (vertical) exhumation and no faulting. The only adjustment 

parameter adjusted in these models was the exhumation rate during the final time step 

(600–0 Ma), which ranged between 7–9 m/Ma. Models from this scenario yielded misfits 

between 4355 – 5128.  
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Figure 7.2. PECUBE model output at time step 5 (360 Ma) from scenario 1. Vertical 
exaggeration is 5 times. Colors at the surface indicate elevation above modern sea level. 
To minimize processing time, the scenarios were run at a topographic skipping factor of 
20, meaning that only one of every 20 points were calculated. Location and orientation of 
fault planes in Frobisher Bay (left) and Cumberland Sound (right) shown for reference; 
faults are inactive during this time step.  

 

7.4.1 Summary of scenario results  

In general, the models display a high sensitivity to adjustments in the exhumation rate 

during the final time step (e.g., 350-0 Ma, 250-0 Ma, or 450-0 Ma), yielding markedly 

higher misfits for exhumation rates ≤ 0.007 km/Ma (scenarios 2, 3 and 4). Interestingly, 

models with a presence of faulting activity (scenarios 1 and 2) or periods of accelerated 

exhumation (50 m/Ma) prior to ~ 400 Ma (scenario 4) yield similar misfits to the other, 

less complex models. In fact, the lowest overall misfit of 4355 was achieved in scenario 5 

(model RD023_BL; Table 6a), by a model that simulated a fixed exhumation rate of 

0.0088 km/Ma from 600-0 Ma with no faulting. Scenario 5 also achieved the next three 
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lowest misfits, however the minimum misfits from the other scenarios only differed from 

the overall lowest by less than 10%. Notably, the modeled AFT ages do not coincide with 

the AHe ages in all of the scenarios (Table 6a-e). Unlike the similar range of AHe ages 

found in all scenarios, the AFT ages differ between the various exhumation scenarios, 

yielding younger ages in the rapidly exhumed scenarios (1 and 2) and older ages in the 

more slowly exhumed scenarios (4 and 5). 
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Table 6b. Lowest misfit model results from scenario 2 (model RD023_M), with a 
calculated misfit of 4526. 
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Table 6c. Lowest misfit model results from scenario 3 (model RD023_Q), with a 
calculated misfit of 4764. 
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Table 6d. Lowest misfit model results from scenario 4 (model RD023_BD), with a 
calculated misfit of 4432. 
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Table 6e. Lowest misfit model results from scenario 5 (model RD023_BL), with a 
calculated misfit of 4355. 
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CHAPTER 8 – DISCUSSION OF THERMAL MODELING RESULTS 
AND IMPLICATIONS FOR THE PHANEROZOIC EXHUMATION 
HISTORY AND TECTONIC EVOLUTION OF HALL PENINSULA 
 

 

The goal of this study was to characterize the exhumation history of Hall Peninsula 

using a combination of low-temperature (U-Th-Sm)/He thermochronology (AHe and 

ZHe), 1D thermal (HeFTy), and 3D thermokinematic modeling (PECUBE) to test various 

scenarios for the development of the modern high-relief landscape. Results from the AHe 

and ZHe analyses were highly dispersed with complex cooling age patterns, precluding a 

straightforward interpretation of the data using a simple (cooling age-elevation or cooling 

age-distance) transect approach. This section discusses the limitations imposed by the 

data and the inherent influence of alpha-recoil damage, and presents the preferred 

interpretations of the tectonic history and landscape evolution based on the results of 

thermal and thermokinematic models. 

8.1 Limitations of RDAAM and Gautheron et al. (2009) diffusion kinetics 

In the past decade, much headway has been achieved toward improving our 

understanding of the effects of alpha-recoil damage on 4He diffusion in the apatite (U-Th-

Sm)/He thermochronometer (Flowers, 2009; Flowers et al., 2009; Gautheron et al., 2009; 

Shuster et al., 2006). However, several characteristics of the data in this study do not 

fully adhere to the predictions of the RDAAM or Gautheron et al. (2009) diffusion 

kinetics. Most prominently, according to the RDAAM, the AHe ages are expected to 

scale in proportion to the eU concentration. While this is true for the dataset when 

comparing grains from the same sample, the degree to which the AHe ages are dependent 

on eU varies substantially between samples (with the exception of C005, B103 and Y080, 
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which demonstrated a negligible relationship with eU) (Figs. 5.15–5.17). Comparing data 

from vertical and perpendicular transects most clearly reveals this trend. For example, the 

low-eU-concentration (1-10 ppm) grains from the vertical transect exhibit ages with an 

eU dependence of up to an order of magnitude greater than those from the perpendicular 

transect, which had higher average eU concentrations (> 20 ppm), reflecting a much 

higher apparent sensitivity of the effects of alpha-recoil damage (Figs. 5.15–5.16). Given 

the elimination of other, more common second-order factors as sources of dispersion in 

the dataset (e.g., varying grain radius and U- and Th-rich inclusions; Chapter 5), a 

potential (and likely) explanation for the apparent variation in eU sensitivity in the 

vertical transect data is the influence of grain chemistry (i.e., F/Cl ratio) on the annealing 

of radiation damage (Gautheron et al., 2013). An important assumption in both the 

RDAAM and Gautheron et al. (2009) model is that the annealing behavior of diffusivity-

altering damage is directly analogous to that of apatite fission-track damage. Although 

this has been shown in laboratory experiments to be mostly a valid assumption (Shuster 

and Farley, 2009), it is also well established that the annealing behavior of fission tracks 

varies as a function of the Cl content of the grain (Carlson et al., 1999; Green et al., 1986). 

By applying a fixed Cl concentration for all AHe grains, as is done in both HeFTy and 

PECUBE, the diffusion kinetics do not account for differences rates of annealing, 

potentially miscalculating the damage dose and the resulting diffusivity of the grain. In 

extreme cases, this effect can result in modeled AHe ages that differ by up to ~12–15 % 

(Gautheron et al., 2013). Unfortunately, since the grains are destroyed during the 

processing of (U-Th-Sm)/He data, it was not possible to collect the chemical composition 

information from the analyzed grains after analysis. A semi-quantitative electron 
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microprobe map scan of each grain after He extraction but prior to dissolution for the 

actinide concentrations may be the most effective method to attain the relevant chemical 

information from the grain and characterize the Cl:F variability among grains, without 

the intrusiveness of laser ablation. 

Limitations of the RDAAM and Gautheron et al. (2009) kinetic models were also 

demonstrated during the use of the HeFTy and PECUBE programs (respectively). In the 

HeFTy models, only AHe samples with < 300 Ma dispersion among grain cooling ages 

achieved statistically suitable tT paths when simulations used the RDAAM. This 

restriction directly hindered the interpretations by precluding the use of data from many 

of the models. Because much of the thermal history can be recorded by samples with 

large dispersion (i.e., AHe age ∝ eU), excluding select grains from the interpretation 

may have excluded valuable constraints for the sample’s thermal history (Flowers, 2009; 

Flowers and Kelley, 2011; Flowers et al., 2009). Likewise in PECUBE, the Gautheron et 

al. (2009) kinetics were unable to reproduce the large span of measured AHe ages in any 

single sample, even those with higher eU concentrations (e.g., C005; Tables 6a-e). As a 

result, the misfit values for the PECUBE models were inherently larger. Moreover, unlike 

the HeFTy program, which only shows ‘acceptable’ or ‘good’ fits, the PECUBE program 

always outputs a misfit value. Yet, although it is used as a quantitative measure of the 

closeness-of-fit between the modeled ages and input data, given the highly dispersed data 

in this study, the relative value provides a more meaningful gauge for the model quality. 

In other words, a standalone misfit value is not readily interpretable with such dispersed 

data; it is the relative difference between two or more misfits that allows for classification 

of ‘better’ or ‘worse.’ This was troublesome because 1) the larger misfits were less likely 
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to represent a ‘best-fit’ model; and 2) the exhumation scenarios yielded similar 

distributions of AHe ages, and thus achieved similar (relatively low) misfits (Tables 6a-e). 

The combination of these factors meant that the model misfits did not reflect a closeness-

of-fit among the individual samples, but rather a generalized closeness between the two 

groups of modeled and measured ages. To confirm this, the model misfits were plotted 

against the mean modeled AHe age (Fig. 8.1A). The plots revealed a strong (quadratic) 

correlation, with a convergence about a mean modeled AHe age of ~282 Ma, suggesting 

that a minimum misfit value had been achieved. However, because similar minimum 

misfits were achieved by models from multiple scenarios (Fig. 8.1B), the misfit values 

were deemed unfit for differentiating the model quality and aiding in establishing detailed 

constraints for the exhumation history. Thus, inferences regarding the exhumation history 

based on the models were limited to only first-order interpretations (rapid vs. slow 

average rate of exhumation).  
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B 

Figure 8.1. PECUBE results for scenario model groups. (B) Same plot as (A), with model 
results differentiated by scenario. The multiple models from each scenario were used to 
test the response of the misfit to changes in exhumation rate, timing and total offset of 
faults (if present), timing of surface elevation change, or some combination thereof for 
the given scenario.  
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8.2 Implications for the exhumation history of Hall Peninsula 

Despite the limitations discussed in the previous section, several geologic constraints 

(interpretations) were still attained from the data.  

8.2.1 Alpha-recoil damage 

The most straightforward inference was provided by the data directly, in the 

relationships between eU and {He}/eU (i.e., He-age). As discussed in chapters three and 

five, grains that experience exceptionally slow cooling (< 1 ºC/Ma) are susceptible to the 

formation of crystal defects during the prolonged exposure to alpha decay recoil events. 

If the rates of slow cooling are maintained for extended time periods (i.e., 100s of Ma), 

the proportion of damaged sites becomes great enough to alter the 4He diffusion character 

of the grain (Shuster et al., 2006). Because the number of alpha decays is directly related 

to the concentration of parent isotopes (i.e., eU), grains exposed to these conditions are 

predicted to yield a correspondence between He-age and eU (Flowers et al., 2009; 

Gautheron et al., 2009; Shuster et al., 2006). Thus, the strong dependence of the AHe and 

ZHe ages on eU (Figs. 5.15–5.17, 5.21) supports the first-order (qualitative) 

interpretation that the samples were subject to extremely slow, protracted cooling.  

8.2.2 Comprehensive thermal history of the perpendicular transect  

Although the results from the HeFTy models were consistent with slow cooling for 

most of the samples, discrepancies between the tT path constraints made it difficult to 

detect regional variations in cooling. Therefore, to aid interpretation of the HeFTy-

derived thermal histories in a spatiotemporal context, tT constraints from the coastline-

perpendicular transect samples were compiled into a single 2D time-distance plot of the 

thermal history (Fig. 8.2). This entailed reconstructing the paleo-isotherms based on the 
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range of potential times that each sample could be at specific temperatures, in ten-degree 

intervals between 30 – 80 ºC. For example, as shown in Fig. 6.4, the HeFTy results from 

sample B100 indicate that it was at 70 ºC between 310–520 Ma, 60 ºC between 260–450 

Ma, 50 ºC between 120–390 Ma, and so on. In all instances, the isotherms intersect the 

constraints for each sample, and the isotherms were interpolated in a linear horizontal 

fashion except where slopes were required. The approach for fitting the isotherms was to 

construct a thermal history with maximum parsimony, in an attempt to minimize any 

unnecessary complexity in the interpretation. The result was a fit that demonstrates that 

the data and HeFTy models from the coastline-perpendicular transect support a unified 

thermal history, without needing to evoke additional external constraints.  

The plot confirms that the constraints from all samples coincide with a history of slow 

cooling for the eastern half of Hall Peninsula. Moreover, the inconsistent tT constraints 

between the SW and NE samples were resolved by a gradual decrease in cooling rate 

towards the northeast margin (i.e., near Cumberland Sound). Most importantly, this 

reveals a contrast in the timing of samples cooling through the upper versus lower 

temperature isotherms. For instance, samples C005–B102 pass through the 70 ºC 

isotherm at consistent times, interpreted here between ca. 340–360 Ma, while the  

 
 
 
Figure 8.2. (Next page) 2D time-distance plot of thermal history for the coastline-
perpendicular transect samples (C005–B099; Fig. 1.2) based on a compilation of HeFTy 
(RDAAM) model results. (A) Spacing along the x-axis is scaled to match distance 
between sample locations. Samples C005, K105, B105 and B100 yielded statistically 
‘good’ fits, and thus defined the first-order position of the isotherms. Other samples with 
‘acceptable’ fits served as secondary constraints and constrained the position of the 
isotherms when interpolating between the ‘good’ samples. (B) Same plot as (A), with 
vertical bars indicating the range of times that the isotherms yielded statistically suitable 
fits to the data (see text for discussion). Thick vertical bars indicate ‘good’ tT envelopes; 
‘acceptable’ tT envelopes are indicated by thinner bars.  
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constraints B099–B101 require earlier cooling through 70 ºC; yet, the samples in the 

southwest indicate cooling through the lower temperatures much earlier than those in the 

northeast. It is also important to note, however, that this interpretation does not represent 

the only solution, but rather it is one of several possible arrangements of the paleo-

isotherms based on the HeFTy tT constraints given the large uncertainties. Alternative 

interpretations could involve episodes of more rapid cooling (>1 ºC/Ma), or less uniform 

spacing of the isotherms. However, in the absence of additional constraints (e.g., AFT 

analyses, or better estimates for the amount of denudation since the Precambrian), owing 

to the principle of maximum parsimony, the preferred interpretation was the simplest 

arrangement for the paleo-isotherms. 

Four main conclusions are interpreted from these results: 1) Overall, the thermal 

history of Hall Peninsula is characterized by extremely slow cooling since the Paleozoic; 

2) variance in the timing of cooling through the 70 ºC isotherm (and 80 ºC, though with 

less certainty) between ca. 340–400 Ma in samples B099–B102 coincides with post-

Ordovician fault block movements in the Eastern Canadian Arctic (Sanford, 1987), and 

may indicate disturbances (i.e., cooling) of the footwall isotherms during fault motion in 

Cumberland Sound; 3) cooling of samples from the interior of Hall Peninsula (C005 and 

C003; Fig. 1.2) through lower temperatures (50 to 30 ºC) occurred before the samples to 

the east, and since these two samples were at the bottom of large valleys and collected at 

higher elevation than the other perpendicular transect samples (between 50–150 m), it 

may be the case that the earlier cooling reflects the early (pre-Cenozoic) development of 

relief, though this is more speculative than the previous points;  and 4) the data maintain 

no apparent record of accelerated cooling as a response to rifting during the late 
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Cretaceous to early Paleogene, or subsequent rift-flank responses, and thus are unable 

differentiate between the end-member types of escarpment development on Hall 

Peninsula (e.g., Gallagher and Brown, 1997).  

8.2.3 Vertical and coastline-parallel transect samples 

Construction of a similar 2D time-elevation plot was attempted for the vertical 

transect samples. However, the incompatible nature of samples (i.e., that structurally 

lower samples required lower temperatures at times when the higher samples require 

higher temperatures) made this impossible. Although it is possible to achieve this 

relationship through faulting, no faults displaying Phanerozoic offset were mapped 

during the field campaign on Hall Peninsula in 2012. Thus, the conflicting tT constraints 

were attributed to the effects of apatite composition on alpha-recoil damage (discussed in 

section 8.1). 

Unfortunately, since only one sample (Y080) from the coastline-parallel transect 

yielded a thermal model with acceptable or good fits, it was not possible to construct a 

2D time-distance plot for the peninsula margin. However, the comparable tT envelopes of 

sample Y080 and K105 (Fig. 6.2), and the fact that Y080 was collected nearly orthogonal 

to the location of K105 along the coastline-perpendicular transect (Fig. 1.2), supports an 

interpretation that the southern region of the peninsula experienced a cooling history 

similar to the interior. 

8.2.4 Interpreted exhumation history  

The suitable tT paths modeled using the RDAAM (AHe; Flowers et al., 2009) in 

HeFTy, and exhumation scenarios using Gautheron et al. (2009) diffusion kinetics in 

PECUBE, indicate that Hall Peninsula has experienced extremely slow cooling (≤ 1 
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ºC/Ma) since the mid-Paleozoic. The ZHe models from HeFTy (ZRDAAM; Guenthner et 

al., 2013) indicate an earlier history of slow cooling as well, constraining the samples’ 

temperature to between 160–140 ºC during late Mesoproterozoic to early 

Paleoproterozoic times. The ZHe constraints are also consistent with the higher 

temperature muscovite 40Ar/39Ar (Tc ~420–450 ºC) cooling ages of ca. 1690–1640 Ma 

(Skipton et al., 2015), and thus provide a continuous, consistent thermal history for Hall 

Peninsula. Collectively, these three independent thermochronometers record a thermal 

history characterized by protracted, slow cooling.  

Several inferences were drawn from the thermal histories recorded in the data. The 

most significant inference was that, despite its location along the eCAR, Hall Peninsula 

experienced relatively little, if any, exhumation in response to the formation of Baffin 

Bay and Davis Strait. This is in stark contrast the to the more rapid, rift-related 

exhumation observed elsewhere in Labrador (Centeno, 2005) and N-C Baffin (Yaehne, 

2008). The lack of exhumational cooling of the Hall Peninsula crustal block during the 

Cenozoic also suggests that the recent (Neogene) km-scale uplift and exhumation 

interpreted in West Greenland (Japsen et al., 2006; Japsen et al., 2005), on the conjugate 

side of Baffin Bay, either did not occur on Hall Peninsula or was limited in extent by 

comparison. Moreover, the history of long-term slow cooling supports an interpretation 

that the landscape on Hall Peninsula has experienced minimal amounts of modification 

since the samples cooled to low temperatures (<70 ºC) in the mid- to late-Paleozoic, such 

that exhumation was limited to less than 2-4 km since that time. Thus, the modern high 

relief (>800 m) landscape on Hall Peninsula was likely generated when the samples were 

cooled below the temperature sensitivity of the AHe thermochronometer (i.e., 40-70 ºC). 
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The absence of an accelerated exhumation event during the Cenozoic may have in 

part been because the peninsula is not located along a true rift-margin, as the 

east/southeast portion of the Baffin continental shelf is bound by the Ungava Fault Zone 

(UFZ), a complex transform-to-transpressional fault system (Suckro et al., 2013), thereby 

limiting the extent of crustal thinning and thus reducing its predisposition to rift-related 

uplift. Similarly, the slow exhumation during this time also suggests that the continental 

side of this margin (i.e., Hall Peninsula) was not subjected to thermally-driven uplift 

during motion along the UFZ (Parsiegla et al., 2009; Todd and Keen, 1989), or during the 

nearby passage of the proto-Icelandic plume beneath the region at ca. 60 Ma (Gerlings et 

al., 2009).  

The slow paleo-erosion rates (≤ 10 m/Ma) necessary to yield a landscape evolution 

scenario of limited modification, as required for this interpretation, are in agreement with 

the 1 m/My Quaternary erosion rates, measured using terrestrial cosmogenic nuclide 

dating of the Torngat Mountains of Labrador (Marquette et al., 2004), as well as the 

estimated  ≤ 2.5 m/Ma Phanerozoic erosion rates for the interior Canadian Shield 

(Flowers et al., 2006). Finally, the coincidence of earlier cooling of samples on the 

eastern margin between ca. 400–350 Ma with the motion of NW-SE trending extensional 

half-graben structures bounding Hall Peninsula, and observed elsewhere on Baffin and 

the Canadian Arctic Platform, which have been interpreted as active in middle-to-late 

Paleozoic (Sanford, 1987), suggested that the samples may record motion along the 

Cumberland Sound normal fault system, thereby constraining its existence to at least the 

Paleozoic.  
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CHAPTER 9 – CONCLUSIONS 
 
 

New apatite and zircon (U-Th-Sm)/He data from 26 samples collected along three 

transects across Hall Peninsula provide complex, highly dispersed cooling ages, ranging 

from 75 to 843 Ma and 326 to 1067 Ma, respectively. The large amount of inter- and 

intra-sample variation in grain ages correlates strongly with grain eU concentration, 

indicating a strong influence from radiation damage on the measured cooling ages. This 

correlation provides a first-order (qualitative) interpretation that the samples were subject 

to extremely slow, protracted cooling. 

Suitable tT paths modeled using the RDAAM (AHe; Flowers et al., 2009) in HeFTy, 

and exhumation scenarios using Gautheron et al. (2009) diffusion kinetics in PECUBE, 

indicate that Baffin Island has experienced extremely slow cooling (≤1 ºC/Ma) that dates 

back to the mid to late Paleozoic. The ZHe models from HeFTy (ZRDAAM; Guenthner 

et al., 2013) reveal an earlier history of slow cooling as well, constraining the samples’ 

temperature to between 160–140 ºC during late Mesoproterozoic to early 

Paleoproterozoic times. Collectively, the HeFTy and PECUBE results suggest that Hall 

Peninsula likely did not experience substantial (3+ km) exhumation as a result of rifting 

between Canada and Greenland in the late Mesozoic to early Cenozoic, with the overall 

pattern of cooling histories indicating that the peninsula experienced extremely slow 

exhumation throughout the Phanerozoic.  
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