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The timing of carving of Grand Canyon has been debated for over 100 years with competing endmember 
hypotheses advocating for either a 70 Ma (“old”) or <6 Ma (“young”) Grand Canyon. Several geological 
constraints appear to support a “young” canyon model, but thermochronometric measures of cooling 
history and corresponding estimates of landscape evolution have been in debate. In particular, 4He/3He 
thermochronometric data record the distribution of radiogenic 4He (from the 238U, 235U and 232Th 
decay series) within an individual apatite crystal and thus are highly sensitive to the thermal history 
corresponding to landscape evolution. However, there are several complicating factors that make 
interpreting such data challenging in geologic scenarios involving reheating. Here, we analyze new data 
that provide measures of the cooling of basement rocks at the base of westernmost Grand Canyon, and 
use these data as a testbed for exploring the resolving power and limitations of 4He/3He data in general. 
We explore a range of thermal histories and find that these data are most consistent with a “young” 
Grand Canyon. A problem with the recovered thermal history, however, is that burial temperatures 
are under predicted based on sedimentological evidence. A solution to this problem is to increase 
the resistance of alpha recoil damage to annealing, thus modifying He diffusion kinetics, allowing for 
higher temperatures throughout the thermal history. This limitation in quantifying radiation damage 
(and hence crystal retentivity) introduces non-uniqueness to interpreting time–temperature paths in 
rocks that resided in the apatite helium partial retention zone for long durations. Another source of non-
uniqueness, is due to unknown U and Th distributions within crystals. We show that for highly zoned 
with a decrease in effective U of 20 ppm over the outer 80% of the radius of the crystal, the 4He/3He 
data could be consistent with an “old” canyon model. To reduce this non-uniqueness, we obtain U and Th 
zonation information for separate crystals from the same rock sample through LA-ICP-MS analysis. The 
observed U and Th distributions are relatively uniform and not strongly zoned, thus supporting a “young” 
canyon model interpretation of the 4He/3He data. Furthermore, we show that for the mapped zonation, 
the difference between predicted 4He/3He data for a uniform crystal and a 3D model of the crystal are 
minimal, highlighting that zonation is unlikely to lead us to falsely infer an “old” Grand Canyon.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The origin of Grand Canyon has been the subject of debate 
since the first workers attempted to understand this spectacular 
landform (e.g. Powell, 1879; Davis, 1901). Over the last decade, 
thermochronometry has emerged as a geochemical approach to 
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measure valley incision as it does not require measuring sedi-
ment flux and identifying the source of sediments, nor does it 
rely on using erosional or depositional features (such as fluvial ter-
races) that are erased through time due to erosion (Shuster et al., 
2005). Low-temperature thermochronometry is based on the tem-
perature dependent retentivity of daughter products of radioactive 
decay that are sensitive to relatively low temperatures (hence near-
surface depths). This approach has been extensively applied to 
resolve debate surrounding Grand Canyon incision. Unfortunately, 
the resulting conclusions have also been controversial with differ-
ent datasets supporting a 70 Ma (“old”) or <6 Ma (“young”) Grand 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. 4He/3He data from the Separation Pluton in westernmost Grand Canyon. The 
x-axis is cumulative release fraction of proton-induced 3He; y-axis is the Rstep/Rbulk

value (where Rstep is the ratio of 4He/3He measured in a single step, Rbulk is the 
ratio of all steps summed). The data are precise due to a large abundance of Helium 
released in each heating step. The (U–Th)/He age of this crystal is 93.4 ± 1.43 Ma. 
Three reference time–temperature paths (inset) that predict this age are shown to 
illustrate the resolving power of the data, when assuming a spatially uniform U and 
Th distribution within the crystal.

Canyon (e.g., Flowers et al., 2008; Flowers and Farley, 2012, 2013; 
Lee et al., 2013; Karlstrom et al., 2016, 2014), as highlighted in 
Fig. 1. Much of this inconsistency arises because the sedimentary 
deposits of parts of Grand Canyon are insufficiently thick to have 
completely reset the applied thermochronometric systems during 
maximum burial conditions. Put simply, Grand Canyon incision is 
a difficult problem for modern methods of low-temperature ther-
mochronometry. A companion paper by Winn et al. (2017) sum-
marizes the debate surrounding the incision of westernmost Grand 
Canyon segment and highlights discrepancies amongst interpreta-
tions of thermochronometric data and geological evidence.

In the case of Grand Canyon, some of the discrepancies be-
tween different thermochronometric interpretations and geological 
evidence can be explained by identifying more complex landscape 
evolution possibilities (Karlstrom et al., 2014) or through more 
complex thermal histories (Fox and Shuster, 2014). Furthermore, 
the requirement to account for these discrepancies, combined with 
extensive geological constraints, makes westernmost Grand Canyon 
an excellent natural laboratory for exploring the limitations of the 
apatite (U–Th)/He thermochronometric system. In this respect, we 
can address the general question: what geomorphic scenarios can 
be excluded using high precision thermochronometric data? Here, 
we present a numerical analysis of apatite 4He/3He data (Winn 
et al., 2017) in terms of permissible time–temperature paths, and 
explore the possibility that much of the signal can be explained 
simply by changing the U and Th zonation of the crystal. We show 
that zonation variations can lead to dramatic differences in the 
time–temperature interpretation of thermochronometric data and 
present numerical and analytical approaches to account for this 
zonation.

Apatite 4He/3He thermochronometric data record the thermal 
history of rocks at the base of westernmost Grand Canyon with 
thermal resolution from ∼90–30 ◦C (Farley, 2000; Shuster et al., 
2006), and thus, for a reasonable geothermal gradient (∼30 ◦C/km), 
should resolve incision of westernmost Grand Canyon. Data pre-
sented in Winn et al. (2017) and are from sample 10GC161(RM 
240) are from the Paleoproterozoic Separation pluton, which crops 
out from RM 239.5 to 239.8 (RM = river miles downstream of 
Lees Ferry from Stevens, 1983). This pluton is a weakly foliated, 
medium grained granite that is similar to other Lower Granite 
Gorge plutons that range in age from 1710 to 1680 Ma (Karlstrom 
et al., 2003). First, we provide a brief summary of thermochrono-
metric data from Grand Canyon, which highlight the range of geo-
morphic scenarios currently permitted by different thermochrono-
metric data and interpretations. Second, we summarize the chal-
lenges faced with the interpretation of (U–Th)/He based ther-
mochronometry in this geological setting and how this complex-
ity provides potential to more tightly constrain thermal histories. 
Third, we then present the numerical methods used to maximize 
the amount of information we can extract from the data, but also 
the resolving power of the data. Finally, we present the results 
of our analysis and discuss the implications for the analysis of 
(U–Th)/He based thermochronometry in general and the Grand 
Canyon. Despite complicating factors and sources of uncertainty, 
we show that the data support a “young” Canyon model.

2. Background

2.1. Thermochronometry and Grand Canyon debate

Thermochronometry constrains the range of possible thermal 
histories of rocks at the base of the canyon during both burial by 
Paleozoic and Mesozoic strata and canyon incision, and thus can 
provide an in-situ record of landscape evolution. The transition be-
tween loss and retention of 4He in the apatite (U–Th)/He system 
occurs between ∼90–30 ◦C due changes in thermally activated dif-
fusive loss of radiogenic 4He (Zeitler et al., 1987; Farley, 2000;
Shuster et al., 2006). Assuming a reasonable geothermal gra-
dient (∼30 ◦C/km), these temperatures correspond to 1–3 km. 
For Grand Canyon, apatite (U–Th)/He ages predicted for multiple 
time–temperature paths help understand the incision history (e.g., 
Flowers et al., 2008; Flowers and Farley, 2012; Wernicke, 2011; Lee 
et al., 2013; Karlstrom et al., 2014, 2016). However, these inferred 
time–temperature paths are non-unique, and our knowledge of the 
He diffusion kinetics in apatite fundamentally limits their accuracy.

Using bulk (U–Th)/He ages, Flowers et al. (2008) concluded 
that “the gorge and the plateau surface had similar Early to mid-
Tertiary thermal histories, despite their >1500 m difference in ver-
tical structural position. . . indicating that a ‘proto-Grand Canyon’ 
of kilometer-scale depth had incised post-Paleozoic strata by the 
Early Eocene”. Wernicke (2011) hypothesized that a 70–80 Ma Cal-
ifornia River flowing NE, followed by a 55–30 Ma Arizona River 
flowing SW, carved Grand Canyon to within a few hundred meters 
of its modern depth.

Lee et al. (2013) and Karlstrom et al. (2014) presented (U–
Th)/He ages and apatite fission track data (sensitive to ∼110–60 ◦C: 
Carlson et al., 1999) from rim and river-level rocks in the east-
ern Grand Canyon that suggest different cooling histories prior to 
25 Ma, but similar temperatures after 15 Ma. They interpret these 
data to indicate that no canyon existed in this segment until the 
25–15 Ma incision of an East Kaibab paleocanyon; further, their 
data indicate that Marble Canyon was not incised until the last 
5–6 Ma. Karlstrom et al. (2014) then proposed a paleocanyon so-
lution in which most of modern Grand Canyon was incised by the 
Colorado River in the last 6 Ma. Karlstrom et al. (2016) reinforced 
this paleocanyon hypothesis by re-modeling thermochronometric 
data (from Flowers et al., 2008) from the Little Colorado River 
valley; these data support incision of the 25–15 Ma East Kaibab 
paleocanyon by a 25–15 Ma ancestral Little Colorado River. Older 
70–50 Ma thermochronometric ages seen in many samples are 
attributed to northward cliff retreat of Mesozoic strata off the 
Mogollon highlands rather than carving of a 70–25 Ma Grand 
Canyon.

Apatite 4He/3He thermochronometry involves stepwise de-
gassing of individual crystals that have been irradiated with en-
ergetic protons, and thus contain a spatially uniform distribution 
of artificial 3He (Shuster and Farley, 2004). The results of the step-
wise degassing experiment reveals the spatial distribution of 4He 
within the crystal, which can then be used to constrain possible 
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time–temperature paths the sample might have experienced. This 
method was first applied to Grand Canyon by Flowers and Far-
ley (2012), who noted a major difference between possible eastern 
and western Grand Canyon cooling histories. These authors con-
cluded that 70% of westernmost Grand Canyon was carved by 
∼70 Ma. However, Fox and Shuster (2014) demonstrated that the 
4He/3He data published by Flowers and Farley (2012) could also be 
reconciled with a “young” Canyon model, provided that burial con-
ditions are more fully considered, as this modifies the temperature 
sensitivity of the crystal due to retention of alpha recoil damage 
(Shuster et al., 2006).

A companion paper by Winn et al. (2017) summarizes all new 
and published apatite thermochronometric data from western-
most Grand Canyon segment. This is the key (and formerly un-
resolved) segment where different thermochronometric data pro-
vide strongly conflicting results. Winn et al. summarize new (and 
older) geologic studies that support this segment being “young”, 
then present new apatite 4He/3He data, as well as new apatite fis-
sion track and apatite (U–Th)/He ages for samples throughout this 
40-mile-long corridor. This is the first time that 3 thermochrono-
metric methods in apatite have been applied to the same rock 
samples in Grand Canyon. Our new 4He/3He data are more pre-
cise than earlier data because our sample had higher 4He content. 
These new data are best explained by a “young” Canyon t−T his-
tory with a cooling pulse at 50–70 Ma, residence at about 60 ◦C 
(∼1.5 km depth) from 50–6 Ma, and cooling to surface temper-
atures after 6 Ma. New time–temperature models for 4 new (U–
Th)/He samples, and analysis of all existing samples supports the 
“young” Canyon model (Winn et al., 2017).

2.2. Complications associated with the interpretation of helium-based 
thermochronometry

4He/3He thermochronometry provides information about the 
spatial distribution of 4He within a single apatite crystal, but sev-
eral factors can influence the resultant 4He/3He release spectrum. 
These factors include the time–temperature path, and the inherent 
spatial distributions, or zonation, of U and Th within the crystal 
(Farley et al., 2010), which directly governs the distribution of 4He 
production, as well as the probabilistic emission of alpha parti-
cles from a crystal’s exterior (Farley et al., 1996). In some cases, 
the spatial distribution of U and Th represents a primary con-
trol on the 4He/3He release spectrum (Fox et al., 2014), which 
makes inferring time–temperature information from 4He/3He data 
challenging. Thus, researchers have begun to measure the spatial 
distribution of U and Th within an apatite crystal using laser ab-
lation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
when a 4He/3He spectrum complex (Farley et al., 2011). By com-
bining 4He/3He stepwise degassing experiments with a measure 
of the spatial variations in 4He production rate, the accuracy of 
the inferred time–temperature path can increase (Flowers and Far-
ley, 2012; Fox et al., 2014). However, in order to measure the 
spatial distributions of U and Th, a significant portion of the crys-
tal must be destroyed to expose a polished section through the 
crystal. Therefore, the total molar abundances of U and Th, and 
thus the (U–Th)/He age associated with the crystal analyzed using 
4He/3He thermochronometry is unknown. Conversely, to accurately 
measure the (U–Th)/He age of the same crystal, the entire crystal 
must be dissolved to determine the U and Th content via isotope 
dilution, thus eliminating any possibility of recovering the U and 
Th zonation patterns. In practice, it is not generally possible to 
measure both parent nuclide zonation and (U–Th)/He age for the 
same irradiated crystal as used for 4He/3He analysis, which intro-
duces non-uniqueness to interpretations. From the same pluton at 
the same location, Flowers and Farley (2012) measured zonation in 
CP06-69 but inferred its age from other crystals. In this paper, we 
measured 4He/3He and the (U–Th)/He age in the same crystal, and 
measured U and Th zonation from different crystals from the same 
bedrock sample, 10GC161.

The diffusion kinetics of 4He in apatite is a function of tem-
perature, time, and the concentrations of U and Th in the crystal, 
easily represented as effective uranium (or [eU] = [U] + 0.24[Th], 
which weights the U and Th concentrations according to their 
relative alpha particle productivity; Gastil et al., 1967; Flowers 
et al., 2009). In particular, as U and Th decay to Pb, their in-
termediate alpha decays produce daughter-recoil radiation dam-
age within the apatite crystal structure. As this damage accu-
mulates at sufficiently low temperatures, the He diffusivity at 
a specific temperature in apatite appears to decrease over time 
(Shuster et al., 2006), whereas at sufficiently high temperatures, 
damage sites anneal, and He diffusivity has been measured to 
return to higher values at a specific temperature (Shuster and 
Farley, 2009). Further, radiation damage appears to control diffu-
sivity in a predictable manner for inter-crystal datasets wherein 
each crystal has a different [eU] (e.g., Flowers et al., 2009; Green 
et al., 2006; Flowers, 2009; Fillon et al., 2013; Ault et al., 2009; 
Gautheron et al., 2013, 2009) and for intra-crystal zones of dif-
ferent [eU] (Fox et al., 2014). To account for this variation in 4He 
retentivity as a function of accumulation and annealing of radia-
tion damage, models have been developed (Shuster et al., 2006;
Flowers et al., 2009; Gautheron et al., 2013). For example, the 
radiation damage accumulation and annealing model (RDAAM) 
is empirically calibrated, and assumes that the kinetics of dam-
age annealing can be quantified in the same manner as fission 
track annealing in apatite (Flowers et al., 2009). However, fission 
damage may be fundamentally different from alpha recoil dam-
age such that this basic assumption of RDAAM may need further 
scrutiny.

Because of the effects of radiation damage accumulation and 
annealing, a sample’s prior thermal state controls 4He diffusiv-
ity through time. This implies that any uncertainty in the prior 
thermal history will consequently produce additional uncertainty 
in the most recent phase of exhumation. For (U–Th)/He ages, ra-
diation damage sensitivity to reheating produces diagnostic “(U–
Th)/He age-[eU] correlations” for crystals that have experienced 
the same thermal history but have different [eU] values (e.g., 
Flowers et al., 2009; Flowers, 2009; Ault et al., 2009; Fillon et 
al., 2013; Gautheron et al., 2013). Therefore, a diverse range of 
ages may be expected for a given thermal history, especially if the 
thermal history is complex with sufficient time for different crys-
tals to evolve different diffusion kinetics. In the case of 4He/3He 
thermochronometry, radiation damage can lead to complex release 
spectra as different zones within crystals might evolve to have dif-
ferent diffusion kinetics (Farley et al., 2011; Fox et al., 2014).

Finally, the rate of radiation damage annealing at a given tem-
perature is not well understood. Several studies appear to indicate 
that annealing of alpha-recoil produced radiation damage occurs 
at slightly higher temperatures than that of apatite fission tracks 
(Green et al., 2006; Gautheron et al., 2013; Fillon et al., 2013;
Fox and Shuster, 2014; Winn et al., 2017). The key parame-
ter in the RDAAM that quantifies resistance to annealing is rmr0
(Ketcham et al., 2007). By changing the parameter rmr0 in the 
RDAAM, the annealing rate of radiation damage can be modi-
fied. In natural apatite, this parameter varies between 0.6 and 
0.86 (Ketcham et al., 2007), and natural experiments thus far in-
dicate values at the lower end of this range are more appropriate 
(Gautheron et al., 2013; Fillon et al., 2013; Fox and Shuster, 2014;
Winn et al., 2017). Furthermore, there is no reason that two differ-
ent apatite grains need have the same rmr0 possibly due to chlorine 
content (Gautheron et al., 2013), which poses a further source of 
uncertainty.
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3. Methods

3.1. LA-ICP-MS mapping of parent nuclide distribution

Because we decided to dissolve the crystal analyzed for 4He/3He 
thermochronometry in order to determine the bulk (U–Th)/He age, 
we quantified the spatial distribution of U and Th for different 
apatite crystals from the same bedrock sample. We followed the 
LA-ICP-MS methods described in Tremblay et al. (2015), with full 
details provided in the data repository. Apatite crystals were orien-
tated with the c-axes parallel to the mount and polished to expose 
a section of the apatite at approximately halfway through the 
a-axis. Laser ablation line-scans using a 20 μm diameter circular 
ablation spot began and ended in epoxy, thus fully traversing the 
crystal and the crystal boundaries. Several line scans were carried 
out perpendicular and parallel to the c-axis completely covering 
the exposed section. Once this exercise is completed, the result 
is a spatially referenced grid of 238U and 232Th, or [eU] measure-
ments, which we refer to as “spots”.

These measurements can then be converted to a 2D color con-
tour map of [eU] concentration. Previously, the color contour map 
has been completed using an inverse-distance-weighted algorithm 
(e.g. Farley et al., 2011). However, this potentially smears the data 
and does not fully exploit redundant information obtained due to 
the fact that ablation spots overlap. In reality, a specific location 
on the polished section may be measured by multiple overlapping 
spots. These overlapping spots may record different average con-
centrations and therefore a specific location, sampled by multiple 
overlapping spots, could be associated with multiple spot values. 
In order to exploit this redundant information and thus improve 
resolution, we use formal inverse methods. We discretize the total 
space covered by an analysis into pixels of size �x�y. The con-
centration of the ith spot in an analysis is simply the average of 
the values of the m pixels sampled by the spot,

si = 1

S

k∑
j=1

p j�x�y, (1)

where si is the concentration within the ith spot in an analysis, p j
is the concentration within a pixel located within the area defined 
by the spot center and radius of the spot. k is the total number 
of pixels that are within the ith spot. Each pixel is defined using 
a 2D grid and therefore p j actually indicates the coordinates of a 
specific pixel. A pixel is either within a spot or outside of a spot, 
and we do not account for the possibility that pixels are partially 
within a spot. This error is therefore directly related to the size 
�x�y and for reasonable pixel sizes this error is expected to be 
small. S is the total size of the spot in this discrete form.

Since overlapping spots will sample the same pixels, expres-
sions for each spot as a function of pixels can be combined in 
matrix form, along with 2D smoothness constraints:( A

. . .

λ∇2

)
p =

( s
. . .

0

)
, (2)

where A is a matrix in which row i contains fractions of areas at 
columns that denote specific locations in space that are within the 
ith spot. The summation of a row of A is equal to discrete area of 
a spot, S . A has ns rows, where ns is the total number of spots 
measured, and has np columns, where np is the number of pix-
els used to discretize the total area that was analyzed. The lower 
half of Eqn. (2) represents smoothness constraints imposed using 
the negative Laplacian of concentration, approximated with the fi-
nite difference method and λ accounts for the grid spacing and 
weighting. 0 is a vector containing zeros of length np. The smooth 
operator (λ∇2) is np × np and each row corresponds to a single 
pixel. For example, if the concentration of a pixel and the four ad-
jacent pixels are the same, the scalar product of the corresponding 
row and the vector p is equal to zero. However, as the curvature of 
concentration increases, this scalar product also increases. Solving 
Eqn. (2) minimizes the misfit, φ, and provides pixel concentrations 
that can be smooth in space and fit the data:

φ = ‖Ap − s‖ + λ2‖∇2p − 0‖. (3)

If λ is small, the expression on the right is small and the degree of 
smoothness has a small effect on φ. The solution will fit the data 
well, but this solution will be sensitive to noise. In contrast, if λ is 
large, a smooth solution will be found, which may not fit the data 
well. This trade-off must be explored when choosing a value for 
λ and we recommend a trial and error approach. A value for λ of 
0.5 was used throughout this study. Further information about this 
approach is provided in the Data Repository.

3.2. Numerical models of He diffusion in apatite

3.2.1. 1D spherically symmetric models
In order to explore the effects of thermal paths over geologic 

timescales on the (U–Th)/He system in apatite, we simulate the 
evolution of helium distribution within a crystal. For these calcu-
lations, we use a numerical model to solve the 4He production 
diffusion-equation using a spherical approximation (Fechtig and 
Kalbitzer, 1966). The model accounts for spatially symmetric U 
and Th zonation within apatite on the production rate of 4He, 
and alpha ejection, as outlined in Ketcham (2005). The evolution 
of diffusivity, as a function of space within the crystal and time, 
is calculated according to observed [eU] zonation data at specific 
radial positions and the RDAAM of Flowers et al. (2009). For all 
simulations we use parameter set 2 in RDAAM (Flowers et al., 
2009), however, we also change the value of rmr0 in RDAAM as 
described below.

3.2.2. 3D models
In some cases, collapsing a 2D LA-ICP-MS map to a 1D radially 

symmetric concentration profile (Farley et al., 2011) leads to av-
eraging the true concentrations and thereby reducing the range of 
concentration values (Fox et al., 2014). Therefore, we also use 3D 
numerical models to account for complex zonation patterns (Fox 
et al., 2014). This approach uses a multigrid method to efficiently 
solve the 4He production and diffusion equation in three dimen-
sions for both apatite (Fox et al., 2014) and zircon (Tripathy-Lang 
et al., 2015). We use this model to calculate the distribution of 
helium within crystals after the geological history and then to pre-
dict synthetic 4He/3He data that can be compared to observations. 
This model accounts for the presence of non-symmetric zonation 
within apatite crystals and the resulting radiation damage within 
the crystal as a function of space and time.

A 3D model can be designed from knowledge of the spatial dis-
tribution of U and Th obtained through LA-ICP-MS. Because we 
only measure this distribution across a single section of the crystal, 
values outside of this section must be extrapolated or estimated. 
We make an assumption that the concentration observed along 
the edge of the crystal in 2D is representative of the concentration 
across all edges of the crystal. Therefore to estimate values outside 
of the polished section, we linearly interpolate between the mea-
sured section value and the assumed outer boundary value. The 
position of the upper (i.e., above the polished section) and lower 
crystal (i.e., below the polished section) edges is known from grain 
measurements. We also assume that the shape of the upper and 
lower boundaries of the crystal are identical to the measured sec-
tion.
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Fig. 2. Inferred time–temperature histories for Separation Pluton. (A) 100,000 time–temperature paths were simulated following the parameterization described in the text. 
0 Ma indicates the present day. (B) Observed and predicted 4He/3He release spectra; axes are as defined in Fig. 1. The colored paths correspond to different misfit values 
between the observed and predicted data and the quality of the fit can be compared directly to the observed data. All colored time–temperature paths predict the observed 
(U–Th)/He age of 93.4 to within 5 Ma. Paths that were modeled but do not fit the age are not shown but these cover the entire parameter space. The heating step outlined 
in red in Fig. 2B was not included in the analysis and is considered an outlier here; including this datum would not significantly change the best fitting t−T paths. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
4. Analysis of 4He/3He data

We explore the ability of the 4He/3He data to constrain the 
cooling history of bedrock now at the base of Western Grand 
Canyon using Monte Carlo methods. We predict synthetic ages 
and 4He/3He spectra for a range of time–temperature paths and 
1D zonation profiles. For each model thermal history or zonation 
variation that fits the measured age, a synthetic 4He/3He spec-
trum is predicted and compared to the observed 4He/3He data. We 
then calculate a misfit function based on the sum of the squares 
of the differences between observed 4He/3He ratio and predicted 
4He/3He ratio for each step weighted by the measured error for 
each step. These time–temperature paths, or zonation profiles, and 
corresponding synthetic release spectra are colored based on the 
misfit value (red > 8; orange < 8; green < 5; blue < 3).

4.1. Time–temperature exploration

In order to explore the temperature sensitivity of the 4He/3He 
data assuming no zonation, we infer a thermal history using ran-
dom time–temperature paths incorporating independent knowl-
edge of the thermal history. We use a simple time–temperature 
path to parameterize the thermal history and incorporate con-
straints, greatly reducing the number of parameters that we ex-
plore, yet maintaining the flexibility to describe both the “young” 
and “old” Canyon models, as outlined in Fox and Shuster (2014). 
In this simple parameterization, all time–temperature paths be-
gin at 550 Ma, reflecting the Great Unconformity (Karlstrom and 
Timmons, 2012), and remain at surface temperatures (20 ◦C) un-
til ∼350 Ma reflecting the Temple Butte unconformity (Beus, 
1989, 2003). The time–temperature path between 350 Ma and the 
present day is parameterized with six model parameters: temper-
ature between t1 and t2 is equal to T 1; temperature between 
t3 and t4 is equal to T 2. An additional constraint is imposed at 
20 ◦C at the present day reflecting modern surface temperatures. 
A specific time–temperature path is linearly interpolated between 
(350 Ma, 20 ◦C) and (t1, T 1) and between (t2, T 1) and (t3, T 2) 
and also between (t4, T 2) and (0 Ma, 20 ◦C). Temperatures are 
free to vary between 20 and 150 ◦C. And t1 to t4 are free to 
vary as follows: t1, 150–300 Ma; t2, 86–145 Ma; t3, 30–85 Ma; t4
3–25 Ma. We repeat this analysis for two values of rmr0 in RDAAM, 
the canonical value of 0.83 and a lower value of 0.65, close to the 
lowest value reported of 0.6 (Ketcham et al., 2007).
4.2. Zonation exploration

In order to explore the influence of potentially unrecognized 
U and Th zonation, we hold the time–temperature path constant 
and allow the zonation profile to vary. Here, we test whether the 
data can exclude an “old” Canyon model, and therefore use an 
“old” Canyon time–temperature path. We define radially symmetric 
zonation concentration by linearly interpolating between 4 nodes. 
The [eU] value of a given node is free to vary and the radial posi-
tions of the two central nodes are also free to vary, the outer nodes 
are held at fixed locations at the center of the crystal and the edge 
of the crystal. For each simulation, random [eU] values are initially 
drawn between 0 and 1 and then the values are rescaled to the 
observed bulk concentration.

5. Results and discussion

5.1. 4He/3He data for 10GC161

Due to the relatively high concentration of radiogenic 4He in 
crystal 10GC161c (∼10−9 mol/g), 4He/3He ratios were measured 
with high precision (see Winn et al. (2017) and Table DR 2). The 
4He/3He ratios for the crystal increase systematically from initially 
low values and produce a release spectrum (Fig. 1), which is con-
sistent with a uniform spatial distribution of U and Th within the 
crystal. Because the (U–Th)/He age, along with the 4He/3He data 
of the same crystal provides important constraints on the thermal 
path, the crystal was dissolved and the (U–Th)/He age precisely 
determined via isotope dilution using a Neptune Plus ICP-MS, see 
Tremblay et al. (2015) for further details. The alpha-ejection cor-
rected measured age of this crystal is 93.38 ± 1.43 Ma.

5.2. Time–temperature history assuming no zonation

Under the assumption of no zonation, we search for time–
temperature paths that are consistent with the data, using the 
approach outlined in Section 4.1. We find that time–temperature 
paths that agree best with the new data from Separation Pluton, 
located at river mile 240, indicate that rocks were at relatively high 
temperatures, in excess of 50 ◦C within the last 70 Ma (Fig. 2). For 
this first time–temperature search we use the canonical rmr0 value 
of 0.83. These temperatures support a “young” Canyon model and 
suggest that Grand Canyon was incised relatively recently, although 
these data alone do not have resolution to identify precisely when 
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Fig. 3. Testing the effects of rmr0 on the inferred time–temperature history of Separation Pluton. (A) 100,000 time–temperature paths were simulated following the parameter-
ization described in the text, however the rmr0 parameter was changed from 0.83 (Fig. 2) to 0.65, which is approximately the lower bound on observations of this parameter 
(Ketcham et al., 2007). (B) Observed and predicted 4He/3He release spectra; axes are as defined in Fig. 1. Reducing rmr0 has the effect of reducing the rate at which alpha 
recoil damage is annealed at a specific temperature, and permits higher temperatures (Fig. 3A compared to Fig. 2A) during and after burial. As in Fig. 2, the colored paths 
correspond to different misfit values. (For interpretation of colors in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Exploring the effects of U and Th zonation on sample 10GC161c from Separation Pluton. (A) Inferred zonation patterns that are consistent with an “old” Canyon 
time–temperature path (see inset of Fig. 1), the observed 4He/3He data and the bulk U and Th concentrations. [eU] = [U] + 0.24[Th] and weights the U and Th concentrations 
according to their relative alpha particle productivity. r/ro is the radial position, r, normalized by the spherical equivalent radius of the crystal, ro = 82 μm. The black solid, 
dotted and dashed curves correspond to three crystals from the same sample that are shown in the eU zonation maps measured by LA-ICP-MS (Fig. 6A–C), 7-11-GC161, 
7-12-GC161 and 7-13-GC161, respectively. (B) Observed and predicted 4He/3He release spectra; axes are as defined in Fig. 1. The colored curves correspond to different 
misfit values between the observed and predicted data and the quality of the fit can be compared directly to the observed data. All colored zonation profiles predict the 
observed bulk [eU] and are within 5 Ma of the measured (U–Th)/He age of 10GC161c. (For interpretation of colors in this figure, the reader is referred to the web version of 
this article.)
that occurred. A diverse set of geologic observations indirectly sup-
port the “young” Canyon hypothesis for 5–6 Ma integration of the 
Colorado River from the Colorado Plateau to the Gulf of California 
and carving of westernmost Grand Canyon in the last 6 million 
years; our time–temperature paths are consistent with a 6 Ma 
Grand Canyon. In contrast, the observation that the data require 
high temperatures at 70 Ma is inconsistent with the “old” Canyon 
model for Western Grand Canyon. In the case of an assumed rmr0
value of 0.83, heating during burial was relatively minor (Fig. 2).

In the case of westernmost Grand Canyon, Fox and Shuster
(2014) showed that by allowing for a range of burial temperatures 
and durations, a large range of recent temperatures were consis-
tent with previously published 4He/3He data (Flowers and Farley, 
2012). Therefore, the data were unable to distinguish between 
a “young” and “old” Canyon model. In addition, “old” Canyon 
time–temperature paths were correlated with time–temperature 
paths that required high temperatures during burial. Conversely, 
“young” Canyon models were correlated with low temperatures 
during burial. Therefore, high temperatures during burial (>100 ◦C; 
Dumitru et al., 1994; Naeser et al., 2001; Kelley et al., 2001) may 
suggest that the 4He/3He data are more consistent with an “old” 
Canyon model (Fox and Shuster, 2014). In order for 4He/3He data 
to be consistent with both a “young” Canyon model and higher 
temperatures during burial, some fraction of radiation damage that 
accumulated prior to burial had to be maintained during burial. 
This can be achieved by decreasing the rate at which radiation 
damage is annealed with a lower value of rmr0 (Fox and Shuster, 
2014).

Therefore, we carried out another search of time–temperature 
space, changing the value of rmr0 from 0.83 to 0.65 (Fig. 3). The re-
sulting time–temperature paths are similar to the results obtained 
for a rmr0 value of 0.83, however temperatures during burial are 
higher. Importantly, these burial conditions are more consistent 
with the apatite fission track data from the same location (see 
Winn et al., 2017). Furthermore, the small number of short fission 
tracks in 10GC86 (river mile 243, see Winn et al., 2017) indi-
cates that burial conditions were insufficient to completely anneal 
all fission tracks in that sample. This suggests that temperatures 
during burial were somewhere in between the two temperatures 
that we infer for the two extreme values of rmr0 and hence about 
80–90 ◦C.

5.3. Considering the effects of U and Th zonation

We next search for zonation profiles that would predict an “old” 
Canyon model using the approach outlined in section 4.2. We find 
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that an “old” Canyon model is only compatible with the data un-
der extreme, and specific, zonation conditions (Fig. 4), with [eU] 
increasing from <5 ppm to ∼20 ppm within the outermost 20% of 
the crystal. Ideally we would know the (U–Th)/He age, the 4He/He 
spectrum, and the U and Th distribution within the same crystal; 
however, as discussed above, information on all three is currently 
not possible using modern analytical tools. Therefore, we must es-
timate U and Th zonation from separate apatite crystals from the 
same bedrock sample.

The concentration of induced fission tracks is proportional to 
the concentration of [eU] (Ketcham, 2005). AFT mounts of 10GC161 
show limited zonation of fission tracks; qualitative assessment of 
this zonation indicates no more than 2–3 fold changes in U con-
centration for any apatite in the AFT mount (Fig. 5). This suggests 
that the zonation is not as extreme as required for the 4He/3He 
data to be consistent with an “old” Canyon model. Furthermore, 
LA-ICP-MS data from crystals from CP06-69 (RM 240), which is 
from the same granite and was collected by Flowers and Farley
(2012) in a same location, also show no clear indications of the 
degree of radially symmetric zonation required for the data to 
be consistent with an “old” Canyon time–temperature path. We 
note, however, that other, more complex 3D zonation functions 
may enable the data to be consistent with an “old” Canyon time–
temperature path and we explore this possibility below.

5.3.1. 3D zonation models
We measured the distribution of [eU] in three apatite crystals 

from 10GC161 using LA-ICP-MS, reported in the Data Repository. 
We test whether this degree of zonation would have an appre-
ciable effect on the 4He/3He spectrum by designing 3D numerical 
models of these three crystals. These 3D models allow us to fur-
ther explore the importance of zonation because zones can be 
poorly approximated with 1D radially symmetric models, which 
often dampen out [eU] differences across a crystal due to spa-
tial averaging (Fox et al., 2014). For each 3D model, we predict 
two 4He/3He release spectra for an “old” Canyon model: one with 
spatially variable zonation and one with no zonation, setting the 
entire crystal to the same average [eU] value, Fig. 6.

7-11-GC161: The first crystal is relatively small and has a size 
of 152.8 × 87.8 × 87.8 μm, however the third dimension is esti-
mated. 194 laser spot measurements were collected at the Berke-
ley Geochronology Center with spot size of 20 μm diameter and 
the center of these spots are shown in Fig. 6A. The area covered 
by the crystal was divided into 65 × 65 pixels of size 3.03 μm and 
eU concentrations were determined for each pixel using Eqn. (2)
to produce a continuous map. The map is relatively “blotchy” and 
no clear zones are identified. A value of 5 ppm was prescribed 
as the upper and lower crystal boundary, and we acknowledge 
that this represents a major source of uncertainty in our models. 
Simulating the 3D production–diffusion of He for an “old” canyon 
time–temperature path predicts the synthetic 4He/3He spectrum 
shown in Fig. 6D. This predicted release spectrum is very similar 
to a uniform model (Fig. 6D). This suggests that if crystal 10GC161c 
(chosen for 4He/3He analysis) had similar zonation to 7-12-GC161, 
the influence of [eU] zonation is minimal, and the “old” Canyon 
model would not predict a spectrum in agreement with the ob-
served data.

7-12-GC161: The second crystal is slightly larger and is 289 ×
109 × 109 μm. In this case, 415 laser spot measurements were ob-
tained (Fig. 6B). The area covered by the crystal was divided into 
65 × 65 pixels of size of 4.85 μm. The map shows a clear zone of 
relatively high [eU] around the edge of the crystal with values as 
high as 20 ppm in this zone and low values of 1 ppm within this 
outer zone. A value of 20 ppm was chosen as the upper and lower 
crystal boundary. In this instance, the predicted release spectra for 
the spatially variable and the uniform 3D crystal are quite differ-
ent (Fig. 6E). This suggests that if the crystal chosen for 4He/3He 
analysis has zonation similar to 7-12-GC161, we may have inferred 
the incorrect history. However, despite this sensitivity, even when 
assuming this zonation pattern, the “old” Canyon model would not 
predict the observed 4He/3He data.

7-13-GC161: The third crystal is also relatively small and has 
a size of 184.3 × 96.5 × 96.5 μm and concentrations were mea-
sured with 201 laser spot measurements, Fig. 6C. The area covered 
by the crystal was divided into 65 × 65 pixels which gives pixel 
sizes of 3.03 μm. A value of 10 ppm was chosen as the upper 
and lower crystal boundary. The resulting release spectrum for an 
“old” Canyon time–temperature path for both a spatially variable 
and uniform crystal are very similar (Fig. 6F).

An important observation is when each of these zonation pat-
terns is assumed, the “old” Canyon model in all cases fails to 
predict the very low 4He/3He ratios observed at the beginning of 
the analysis (Fig. 6). To further explore potential influence of eU 
zonation, we also convert the observed 2D eU distributions (Fig. 6) 
into 1D radially symmetric zonation profiles using the approach of 
Farley et al. (2011). These profiles are shown in Fig. 4A as the black 
curves. These curves do not follow the general trend of the zona-
tion profiles that are required for the data to be consistent with an 
“old” Canyon model. This further supports our assumption that the 
influence of zonation is unlikely to influence our interpretation in 
this instance.

Collecting radially symmetric concentration profiles using LA-
ICP-MS can lead to a smearing of zonation data. U and Th zona-
tion controls the spatial production of 4He, which is then mod-
ified by long stopping distances of alpha particles (∼20 μm; 
Farley et al., 1996) and temperature dependent diffusion (Shuster 
and Farley, 2004). In turn, if the eU zonation data are artificially 
dampened due to numerical interpretation methods, we could 
overestimate the degree of diffusion of 4He and incorrectly infer 
an “old” canyon model. We have attempted to account for two 
sources of smearing of zonation information. First, large LA-ICP-MS 
spot sizes (20 μm in diameter) lead to averaging of information 
and the loss of resolution. By accounting for large spot sizes us-
ing formal inverse methods designed to deconvolve smearing, we 
have recovered sharper gradients in zonation. Second, collapsing 
2D maps into 1D radially symmetric zonation profiles decreases 
the observed range in [eU] but also the rate of change of varia-
tions in [eU] (Fox et al., 2014). To account for this we have also 
built 3D models from the 2D maps. This reduces the degree of av-
eraging, however does require extrapolating data from 2D to 3D. 
Importantly these 3D models highlight that for two of the three 
crystals analyzed, the range of measured [eU] values and the spa-
tial distribution of eU concentration, the effects of zonation are 
unlikely to be a significant source of uncertainty.

6. Conclusions

Western Grand Canyon provides important tests of thermo-
chronometric resolution for complex time–temperature paths. 
The debate on how to reconcile geologic observations and ther-
mochronology makes this an especially important and informative 
field laboratory. We conclude the following:

1) U and Th zonation in apatite introduces a source of uncer-
tainty for 4He/3He thermochronometry that, in general, is chal-
lenging to accommodate, as highlighted in Fig. 4. We can only 
measure two of the three quantities that would be most desirable 
(a precise (U–Th)/He age, the distribution of 4He through 4He/3He 
analysis, and the U and Th spatial distribution). Therefore, crystals 
from the same sample are required using present methodologies 
to obtain an estimate of the third measurement. One potential 
future solution may be to obtain precise spatial distributions of 
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Fig. 5. Example of a fission track mount from Separation Pluton showing relatively uniform distributions of induced tracks. The left photograph shows the apatite crystal 
in the fission track mount and the right photograph shows induced tracks in muscovite. The outline of the crystal is shown as the dashed line. Muscovite is placed on top 
of the polished fission track mount prior to neutron irradiation. Therefore, the muscovite contains information about the relative concentration of 235U (produced during 
irradiation) and the image is mirrored. Numbers show the number of induced fission tracks within 50 μm × 50 μm boxes. These relatively uniform distributions indicate that 
there are no extreme variations in U zonation.

Fig. 6. U and Th zonation data from Separation Pluton along with 3D helium production diffusion model predictions of 4He/3He release spectra. (A–C) LA-ICP-MS data from 
crystals 7-11-GC161 (A), 7-12-GC161 (B) and 7-13-GC161 (C). The measured values are shown as [eU] plotted at the center of the ablation spots (shown as open circles, 
which represent the total area ablated for a single spot measurement). Overlapping circles highlight redundant information. The underlying 2D color maps correspond to the 
measured concentrations, as obtained from a linear inversion of the data designed to account for smearing due to the large size of the spots, Eqn. (2). Note the differing 
horizontal scale of each panel. (D–F) 4He/3He release spectra for the respective 3D crystal models solving the 4He production–diffusion equation. Two release spectra are 
calculated for each crystal utilizing an “old” Canyon time–temperature path: one with spatially variable [eU] and diffusion kinetics; the second with uniform [eU] set to the 
bulk value. Also shown for comparison in each panel are the observed 4He/3He data for 10GC161c. Axes are as defined in Fig. 1.
the (U–Th)/He “ages” within a single crystal using in situ methods 
(Tripathy-Lang et al., 2013; Vermeesch et al., 2012).

2) New data from westernmost Grand Canyon support a 
“young” Canyon model where rocks cooled from 80 to 50 ◦C in 
the Laramide, resided at about 50 ◦C, then cooled to near sur-
face temperatures in the last 6 Ma (Fig. 3A). Analysis of the same 
4He/3He data using HeFTy (Ketcham, 2005) is presented by Winn 
et al. (2017) and the results are very similar despite differences in 
time–temperature path parametrization. However, if the U and Th 
zonation in our analyzed crystal was both specific and extreme, an 
“old” Canyon model could predict the observations. We conclude 
that this is unlikely because we found fairly uniform concentra-
tions and modest zonation variations in crystals from the same 
bedrock sample. Similar results showing limited zonation were 
found from AFT qualitative analysis and by Flowers and Farley
(2012) from several crystals from a nearby bedrock sample. There-
fore, we conclude that the combined datasets are best explained 
by thermal paths associated with “young” Canyon incision.

3) Changing the modeled resistance to annealing of radia-
tion damage, via rmr0, leads to variations in the inferred time–
temperature paths that can vary by at least 20 ◦C. Changing rmr0
from 0.83 to 0.65 increases post-Laramide residence temperatures 
of our samples by about 20 ◦C. This parameter is relatively poorly 
calibrated for the annealing of alpha recoil damage in apatite and 
may vary from crystal to crystal. However, despite this uncertainty, 
the new 4He/3He data are most consistent with a “young” Canyon 
model.
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