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ABSTRACT

The Adirondack Mountains in northern
New York State form an elongate, domal
exposure of mainly high-grade metamor-
phic tectonites in a mountainous setting with
topographic relief of ~1 km. The origin of the
Adirondack Mountains and this relief has
long been enigmatic, since the Adirondacks
presently lie within an intracratonic setting,
inboard of the North American passive mar-
gin and far from any active plate boundaries.
Through the application of apatite fission-
track (AFT) thermochronology and apatite
(U-Th)/He (AHe) dating within the eastern
Adirondack Mountains, this study provides
constraints on both the thermal and ero-
sional effects of Mesozoic passage near a hot-
spot and the timing of relief development.

AFT thermochronology and AHe dating
record relatively stable thermal conditions
within the eastern Adirondacks from the
Middle Jurassic into the Early Cretaceous.
During the Early Cretaceous (ca. 130-
120 Ma), the region underwent heating as-
sociated with progressive movement near
the Great Meteor hotspot, resulting in the
temporary establishment of an elevated geo-
thermal gradient. Following regional heat-
ing, cooling rates increased considerably
(ca. 105-95 Ma), likely due to both thermal
doming, producing an increase in erosion
rate, and the relaxation of isotherms after
passage near the hotspot.

The regional distribution of AFT ages
across the eastern Adirondacks reveals no
systematic age gradient from core to periph-
ery, which would be expected under con-
ditions of persistent high relief during the
decay of a crustal root over many tens to hun-
dreds of millions of years. Instead, thermo-
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chronological data suggest that the present
relief developed during the Late Cretaceous—
Cenozoic through plateau dissection during
periodic base-level changes.

INTRODUCTION

The Adirondack Mountains of New York
State constitute a region of moderate relief
along the tectonically stable eastern margin of
North America. The timing and mechanism(s)
behind the formation of these mountains remain
enigmatic, as indeed does the development of
mountainous topography inland of many pas-
sive margins (e.g., Gilchrist and Summerfield,
1990). The Adirondack Mountains also repre-
sent one of a few regions in the United States,
another being the Ozarks of Arkansas-Missouri
(Brown and Marshak, 2004; Marshak et al.,
2005), where intraplate mountains expose crys-
talline Precambrian metamorphic terrains. The
purpose of our work is to further constrain the
Mesozoic to Holocene history of the Adiron-
dacks. Our results, combined with previous
work, indicate that the low-temperature thermal
history of the eastern Adirondacks coincides
with passage near a hotspot during the Creta-
ceous. Moreover, the regional distribution of
apatite fission-track (AFT) ages across the range
sheds insight on the age of relief. Though our
results have direct implications on the thermal
history and landscape development of northern
New York, they also outline the particular use-
fulness of low-temperature thermochronology
in recording the thermal and topographic effects
of passage near a hotspot (e.g., Crough, 1981;
Eby, 1984; Cobbold et al., 2001; Roden-Tice
and Tice, 2005; Pik et al., 2008; Roden-Tice
et al., 2009) and may contribute to the greater
understanding of the formation and/or preserva-
tion of relief inland of tectonically stable passive
margins (e.g., Braun and van der Beek, 2004;
Spotila et al., 2004; Persano et al., 2005).
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The Adirondack Mountains of northern New
York State form an oval outlier of late Precam-
brian age rocks connected to the greater Gren-
ville Province of the Canadian Shield through
the Frontenac Arch. Mountainous terrain (~1 km
of relief) characterizes the eastern Adirondack
Mountains, where it exposes mainly ortho-
gneisses and granulite-grade metamorphic rocks.

In this paper, we present results of AFT ther-
mochronology and apatite (U-Th)/He (AHe)
dating from a number of key localities to con-
strain the post-Triassic low-temperature thermal
history and the timing of relief development in
the eastern Adirondack Mountains (Fig. 1). In
particular, we explore the effects of passage
over the Great Meteor hotspot ca. 130-95 Ma,
the resultant cooling/erosional history, and sub-
sequent relief development. While our study
builds on earlier, more regional low-temperature
thermochronology studies by Roden-Tice et al.
(2000) and Roden-Tice and Tice (2005), our
more focused sampling strategy permits signifi-
cant advances in the understanding of the ther-
mal and tectonic evolution of the Adirondacks.

GEOLOGIC BACKGROUND

The Adirondack Mountains record a pro-
tracted geologic history that spans Grenvillian
orogenesis to Pleistocene glaciation. The high-
grade mineral assemblages and deformation
fabrics of the majority of rocks found within the
eastern Adirondacks formed during the Gren-
ville orogenic cycle (ca. 1350-1020 Ma; e.g.,
McLelland et al., 1996; Wasteneys et al., 1999;
Heumann et al., 2006). By the Late Proterozoic—
Early Cambrian, regional exhumation exposed
this Grenville basement at the surface, where
it was covered by the Potsdam Sandstone and
younger stratigraphic units during rifting and
formation of a passive margin along the Iapetus
Ocean (e.g., Bird and Dewey, 1970; Cawood et
al., 2001). Many of the NE-striking faults now
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found throughout New York State may have
originated as normal faults during this Late Pro-
terozoic extension (e.g., Jacobi, 2002).

During the Middle Ordovician, both loading
and subsidence, due to overthrusting of Lau-
rentia by the Taconic allochthon, resulted in the
creation and/or reactivation of normal faults and
burial of much of the eastern Adirondacks and
the Mohawk Valley of New York (Bradley and
Kidd, 1991). The Devonian to Permian tectonic
history of the Adirondack region is not as well
constrained. On the basis of temperature-time
(T-1) histories produced by “Ar/*°Ar multidif-
fusion domain (MDD) K-feldspar models of
samples from the Adirondacks (Heizler and Har-
rison, 1998), and constraints from isopach maps
of Middle and Late Devonian strata to the south
of the Adirondacks (Faill, 1985), the main effects
of the Acadian orogeny on the eastern portion
of the Adirondack region were subsidence and
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burial. K-feldspar thermal models (Heizler and
Harrison, 1998) and analysis of fluid inclusions
and clay digenesis in sedimentary rocks that
flank the Adirondack Mountains (Sarwar and
Friedman, 1994) also suggest that sedimenta-
tion continued throughout the Mississippian and
Pennsylvanian. The late Pennsylvanian to Perm-
ian Alleghanian orogeny marks the final event
in the Appalachian orogenic cycle and was the
last collisional orogeny to affect the Adirondack
region (e.g., Hatcher, 2002). K-feldspar thermal
modeling suggests that the Alleghanian orogeny
produced slow uplift and exhumation in the east-
ern Adirondacks (Heizler and Harrison, 1998).
The effect of Mesozoic continental rifting on the
Adirondack region is not well constrained, but it
likely resulted in prolonged regional exhumation
(Heizler and Harrison, 1998).

Northern New York and New England passed
over the Great Meteor hotspot in the Cretaceous,
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Figure 1. (A) Shaded relief map of New York State. Image was derived from GeoMapApp
(http://www.geomapapp.org). The inset shows the location of the Adirondacks within the
Grenville Province. The eastern Adirondack Mountains and the subregions of interest are
outlined. (B) Sampling profile along Prospect Mountain. The location of the Lake George
West fault is from Fisher (1984). (C) Sampling profile along Mount Marcy.
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resulting in regional magmatism and landscape
modification (Fig. 2; e.g., Crough, 1981). The
Great Meteor hotspot is named for the Great
Meteor Seamount now located off the west coast
of Africa. Through a number of seamounts, in-
cluding the Corner, Nashville, Gosnold, and
Bear, its hotspot track can be traced to offshore
Massachusetts (Duncan, 1984; Sleep 1990). The
hotspot track is mainly traced through the North
American continent via the age progression of
kimberlite dikes in Canada (Heaman and Kjars-
gaard, 2000) and intrusions in Montréal and
New England (Foland and Faul, 1977; McHone
and Butler, 1984; Foland et al., 1986). On the ba-
sis of “Ar/*Ar ages for plutonic rocks collected
from the Monteregian Hills magmatic complex
in Quebec (ca. 125 Ma; Foland et al., 1986) and
for volcanic rocks collected from New England
Seamounts (<100 Ma; Duncan, 1984), the Ad-
irondack and New England regions passed over
the hotspot between ca. 125 and 100 Ma (Fig. 2).

During the Cenozoic, the Adirondacks under-
went Pleistocene glaciation followed by possible
recent surface uplift. Isachsen and colleagues
(Isachsen, 1975, 1981; Isachsen and Kelly,
1992) proposed that the Adirondack Mountains
are currently experiencing surface uplift at a rate
of ~1 mm/yr from the center outward due to
thermal doming caused by a Cenozoic hotspot.
However, this hypothesis remains controversial.

The MDD feldspar thermal models of Heizler
and Harrison (1998) suggest that the rocks now
exposed at the surface within the eastern Adiron-
dacks were at a temperature of ~200-150 °C in
the Early Jurassic, just above the temperature
sensitivity range of the AFT system (~110-
60 °C). Previous AFT thermochronology and
AHe dating (Miller and Lakatos, 1983; Roden-
Tice et al., 2000; Roden-Tice and Tice, 2005)
have revealed important general cooling trends
and exhumation patterns in the Adirondacks. We
build upon this work using a different sampling
strategy that focused on the collection of two
vertical profiles in two key regions, the south-
eastern and central-eastern Adirondacks (Fig. 1).

METHODS
Sampling Strategy

AFT thermochronology is a well-established
technique for determining thermal/exhumation
histories of orogens and for constraining their
tectonic development (e.g., Wagner and Reimer,
1972; Gleadow and Fitzgerald, 1987; Hurford,
1991; Gallagher et al., 1998). Combined with
the lower-temperature method, AHe dating (e.g.,
Zeitler et al., 1987; Stockli et al., 2000; Ehlers
and Farley, 2003; Reiners et al., 2003; Fitzger-
ald et al., 2006), these techniques are sensitive
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over a temperature range of ~110—40 °C, and
generally constrain the exhumation of rocks
through the upper 5 km of the crust.

As mentioned already, our study builds on
the earlier, more regional studies by Roden-
Tice et al. (2000) and Roden-Tice and Tice
(2005). Their approach entailed constraining
the regional thermal/exhumation history using
a broad sampling strategy over a large region,
followed by modeling of single samples. The
strategy we employ uses focused vertical sam-
pling profiles in select locations, also with mod-
eling of each sample. The regional approach, as
compared to the vertical profile approach, does
in some cases produce different interpretations.
The contrasting interpretations reflect the type
of information obtainable and relative precision
in determining the thermal/exhumation history
using these different strategies. The vertical
profile (age-elevation) strategy has the potential
to provide less ambiguous information related
to the thermal history and exhumation through
time, but it can be limited in its geographical

Taylor and Fitzgerald

coverage as more samples are required. The
regional approach allows determination of gen-
eralized thermal histories over a larger region,
but it lacks precision in the derivation of ther-
mal and exhumation histories through time. Ide-
ally, the combination of both strategies provides
more precision with greater regional coverage.

The vertical profile approach allows interpre-
tation of data using the exhumed apatite partial
annealing zone (PAZ) or partial retention zone
(PRZ) concept (e.g., Fitzgerald and Gleadow,
1990; Wolf et al., 1998; Stockli et al., 2000).
The shape and apparent slope of the AFT age-
elevation profile and the variation between
confined track length distributions (CTLD),
combined with the shape and apparent slope of
the AHe age-elevation profile and the offset of
the two data sets, integrated with modeling, pro-
vide an important basis for interpretation.

For AFT data characterized by poor count-
ing statistics, fewer tracks in the CTLD, or AHe
ages that display the characteristic of single-
grain age variation (e.g., Fitzgerald et al., 2006),
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Figure 2. Generalized map of the Great Meteor hotspot track. De-
picted are the U-Pb perovskite ages for kimberlite fields in east-
ern North America (Heaman and Kjarsgaard, 2000) and “Ar/*Ar
ages for the Monteregian Hills (Foland et al., 1986) and New Eng-

land Seamounts (Duncan, 1984).
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a better assessment of data reliability is possible
when samples are collected in close proximity
in a vertical profile. Likewise, variation of data
from within vertical profiles can be better evalu-
ated for its significance because the geographic
proximity of data points allows subtle patterns
to be recognized. This later point is important
because the cooling events we recognize are
relatively subtle, and occurred in the Late Juras-
sic and Early Cretaceous, i.e., significantly long
ago that the cooling signal from that time is now
a much lower percentage of the total overall
signal as tracks have continued to be produced
up to recent times. Thus, the use of the verti-
cal profile sampling strategy, multiple thermo-
chronometers, and thermal modeling of samples
in close proximity to one another to constrain
cooling envelopes allows a better evaluation
of viable alternatives, and hence more reliable
constraints on the thermal, exhumation, and tec-
tonic histories of a mountain belt.

Two regions were selected for the collec-
tion of vertical profiles: the southeastern and
central-eastern Adirondacks. The southeastern
Adirondacks yield the youngest previously
published AFT ages, while the central-eastern
Adirondacks contain the greatest relief and the
oldest previously published AFT ages within the
eastern Adirondacks (Roden-Tice et al., 2000;
Roden-Tice and Tice, 2005).

Samples for low-temperature thermochronol-
ogy were collected in vertical profiles at verti-
cal intervals of ~100 m. On Mount Marcy in
the central-eastern Adirondacks, samples were
collected from 1620 m to 740 m (~900 m of
relief; Fig. 1C), and on Prospect Mountain in
the southeastern Adirondacks, samples were
collected from 619 m to 119 m (~500 m of re-
lief; Fig. 1B). In the southeastern Adirondacks,
sampling was also extended across the Lake
George West fault, a normal fault located along
the eastern edge of the Adirondacks that was ac-
tive during the Ordovician, but possibly origi-
nated during the late Precambrian (e.g., Fisher,
1984). The sampling strategy was designed to
better constrain whether this fault was reacti-
vated during the Mesozoic—Cenozoic. Eight of
the nine samples within the Mount Marcy pro-
file were collected from bedrock exposures of
anorthosite; one sample (ADK04-19) was col-
lected from a skarn deposit adjacent to a diabase
(Table 1). Most samples within the Prospect
Mountain profile were collected from bedrock
exposures of granitic gneiss with slightly vary-
ing compositions; one sample (ADK04-10) was
collected from an outcrop of gabbroic gneiss.

Apatite Fission-Track Thermochronology
Rock samples from the Mount Marcy and
Prospect Mountain profiles were crushed and
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TABLE 1. APATITE FISSION-TRACK DATA

Elevation No.of grains Age 2cerror y2value Age dispersion U Dpar MTL St.dev  No. of lengths
(m) (Ma) (ppm)  (um)  (um) (um)
Mount Marcy ADKO04-12 1620 25 160 13.0 75.12 0.00 16.9 2.90 12.8 1.9 96
ADKO04-14 1410 25 155 14.0 87.13 0.00 12.3 2.98 12.9 1.5 103
ADKO04-15 1320 25 142 13.0 58.44 0.00 17.9 2.88 13.2 1.7 92
ADKO04-16 1270 25 143 19.8 88.03 0.00 1.7 2.49 12.7 1.7 64
ADKO04-18 1100 25 140 11.6 58.06 0.03 25.8 2.54 12.5 1.8 101
ADKO04-19 1035 26 137 19.4 66.82 0.00 6.4 2.40 12.9 2.0 90
ADKO04-20 960 25 138 11.4 85.23 0.00 15.8 3.01 12.8 2.0 67
ADKO04-21 817 25 135 11.2 9.78 9.80 26.3 2.72 12.9 1.8 100
ADKO04-22 740 26 116 12.6 87.97 0.00 12.1 2.33 12.4 2.2 40
Prospect ADKO03-10 619 25 96 7.2 5.72 9.68 50.7 2.36 13.3 1.2 102
Mountain ADKO04-8 543 25 93 6.6 66.98 0.01 49.2 2.30 13.6 1.3 92
ADKO04-9 434 24 100 7.4 9.88 8.58 61.4 2.60 13.2 14 85
ADKO03-17 314 25 101 7.2 18.92 6.98 64.1 2.45 12.8 14 102
ADKO04-10 229 25 101 7.8 29.76 6.62 99.1 2.56 12.9 1.3 101
ADKO04-17 168 25 99 8.4 0.46 12.92 82.1 2.38 13.1 14 103
ADKO03-19 137 26 94 6.4 20.70 6.11 75.6 2.53 13.6 1.3 102
ADKO03-11 128 25 98 6.8 38.98 0.20 44.3 217 12.9 1.3 104
ADKO04-6 119 25 99 8.8 0.04 14.90 66.2 2.70 13.8 1.3 104

Note: For all samples, the outer ~3 cm were removed to eliminate any grains that may have been reset by forest fires (Mitchell and Reiners, 2003). All ages are
presented as central ages (Galbraith and Laslett, 1993). The x? and age dispersion values are presented as a measurement of single-grain age variation within each
sample (e.g., Galbraith and Laslett, 1993). Dpar—mean etch pit diameter parallel to the c-axis; MTL—mean track length.

processed for heavy minerals using standard
organic heavy liquid and magnetic separating
techniques. AFT ages were determined using
the external detector method (Gleadow, 1981)
and the zeta approach (Fleischer et al., 1975;
Hurford and Green, 1983). For each sample,
horizontal confined fission-track lengths and
their angle to the c-axis were measured, as was
Dpar (mean etch pit diameter parallel to the c-
axis; e.g., Burtner et al., 1994).

AFT data, including ages, CTLDs, and Dpar
values, were used to produce individual thermal
models for each sample using the HeFTy ther-
mal modeling program (Ketcham, 2005). This
program converges on a best-fit 7-¢ history for
each sample by generating synthetic 7-¢ histo-
ries and their resultant AFT age and track length
data, which are then statistically compared to
the measured data.

(U-Th)/He Dating

We undertook AHe dating on apatite sepa-
rates from the Mount Marcy profile, but not
the Prospect Mountain profile. AFT mounts
from Prospect Mountain revealed pronounced
core and rim zoning of U, making these apa-
tites unsuitable for AHe dating. Apatite grains
were selected for AHe dating under a stereo-
graphic microscope at magnifications from
20x to 188x. Grain quality, including the
presence of inclusions, was assessed under
transmitted light (plane-polarized and cross-
polarized) and reflected light while grains
were submerged in ethyl alcohol. Optically
inclusion-free grains were selected and dated
using standard techniques (e.g., Farley, 2002;
Ehlers and Farley, 2003).

Radiogenic “He was measured at the SUN-
GIRL facility at Syracuse University. Known
volumes of highly pure standard *He and *He
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were analyzed to calibrate the mass spectrom-
eter, followed by cold line blank runs to estab-
lish background values. Packed in Pt tubules,
single grains of apatite were out-gassed using
a Synrad Model 48-2 CO, laser at 12% output
for 3 min and spiked with 5 ncc of highly pure
SHe. After getter purification, the He isotopes
were measured on a Balzers QMS 200 quadru-
pole mass spectrometer. Following out-gassing,
a re-extract hot blank was performed on the
grain under the same conditions as the sample
out-gassing, to test for any U- or Th-bearing
inclusions. Average cold and hot blank “He val-
ues were 0.001234 ncc over the period during
which analyses were completed. Following out-
gassing, Pt tubules were sent to the (U-Th)/He
Chronometry Laboratory at Yale University
(now located at the University of Arizona, Tuc-
son) for the measurement of U, ?*Th, and
197Sm by isotope dilution on a Finnegan Element
2 inductively coupled plasma—mass spectrome-
ter (ICP-MS). Fragments of Durango fluorapa-
tite standard (Young et al., 1969) were analyzed
along with the unknowns, yielding consistent
results with an average value of 33.2 + 0.31 Ma
(20). When possible, up to five single-grain
ages were determined for each sample. Ages
were corrected for o-ejection using standard
procedures (e.g., Farley et al., 1996).

RESULTS

Southeastern Adirondacks: Prospect
Mountain Profile

Apatite Fission-Track Results
and Interpretation

AFT ages for samples from the Prospect
Mountain profile range from 101 + 7.8 Ma to
93 + 6.6 (20) Ma (Table 1; Fig. 3). Two samples

(ADKO04-6 and ADK04-17) fail the x> test and
have age dispersion values >10%. The age-
elevation trend has a very steep apparent slope.
Mean track lengths vary from 13.8 + 0.26 to
12.8 + 0.28 um (20) with standard deviations
from 1.2 to 1.4 um. CTLDs show a weak nega-
tive skewness. Dpar values range from 2.70 to
2.17 um, which are considerably higher than
measured Dpar values from Durango apatite
(2.06 um), indicating that fission tracks in the
Prospect Mountain apatites are more resistant to
annealing than in the Durango standard. All AFT
ages lie within 26 error, with a weighted mean
of 97.6 + 2.4 Ma, mean square of weighted de-
viates [MSWD] = 0.72, leading to the simplest
interpretation that this relationship represents
rapid cooling at ca. 98 Ma (Fig. 3).

Thermal Modeling and Discussion

Seven of the nine samples from the Prospect
Mountain profile were modeled using the HeFTy
thermal modeling program (Fig. 4; Ketcham,
2005). All thermal models show a period of rapid
cooling between 105 and 95 Ma followed by a
decrease in cooling rate near the top of the par-
tial annealing zone (PAZ) (Fig. 4). Some models
show a second period of rapid cooling starting in
the Miocene. Previously, modeling of AFT data
using the Laslett et al. (1987) and Crowley et al.
(1991) annealing algorithms produced this type
of rapid cooling event at lower temperatures
near the end of the model (typically Miocene
times), making the interpretation of late-stage
cooling in AFT thermal models problematic
(Laslett and Galbraith, 1996). To avoid this
problem, we used the annealing algorithm pre-
sented by Ketcham et al. (1999), which does not
produce an unwarranted late-stage cooling event
(e.g., Ketcham et al., 2000). Thus, this late-stage
(Miocene—Holocene) cooling in our models
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may be real, although more work is required to
constrain its validity. In summary, AFT thermo-
chronology indicates that the southeastern Ad-
irondacks underwent a period of rapid cooling
between 105 and 95 Ma.

Central-Eastern Adirondacks:
Mount Marcy Profile

Apatite Fission-Track Results

AFT ages for samples from the Mount
Marcy profile range from 160 + 13 Mato 116 +
12.6 (20) Ma (Table 1; Fig. 5). All samples pass
the x> test, and single-grain ages show little
age dispersion. Mean track lengths vary from
13.2 £ 0.36 to 12.4 + 0.70 um (20) with stan-
dard deviations ranging from 1.5 to 2.2 um. All
CTLDs exhibit negative skewness, and three
samples display weakly bimodal track length
distributions (Fig. 5; Table 1). Dpar measure-
ments range from 3.01 to 2.33 wm, and all but
four samples have a Dpar > 2.7 um (Table 1).
As with the samples from Prospect Mountain,
these values are substantially higher than Dpar
measurements made for the Durango standard,
indicating that tracks within these apatites are
more resistant to annealing.

40) ADK04-8

40y ADKO03-10
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Apatite Fission-Track
Thermochronology Interpretation

AFT ages from the Mount Marcy profile vary
systematically with elevation, and the slope of
a best-fit regression line to all the data is ~25 +
5 m/m.y. (lo; MSWD = 0.84; Fig. 6). The
younger age, slightly smaller mean track length,
and slightly larger standard deviation (in com-
parison to the other samples) of the lowermost
sample (ADK04-22) indicate a greater degree
of annealing. In turn, this suggests a shallow-
ing of the age-elevation curve at the base of the
Mount Marcy profile, perhaps due to a decrease
in cooling rate or minor regional heating. The
age-elevation apparent slope without this lower-
most sample is 33 + 10 m/m.y. (16; MSWD =
0.32), which is slightly higher, but within error
of, the best-fit slope to all the data.

Due to its very shallow apparent slope, several
possible interpretations for the Mount Marcy
profile are possible: The average slope may rep-
resent slow exhumation with an apparent rate
of ~25 m/m.y. from ca. 160 to 115 Ma. Alter-
natively, the profile may represent an exhumed
partial annealing zone, likely with a component
of slow cooling. The slope of the partial an-
nealing zone during stable conditions evolves
over time and can easily be misinterpreted as
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Figure 3. Prospect Mountain apatite fission-track (AFT) age versus elevation plot, in-
cluding horizontal confined track length distributions (CTLD).
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Figure 4. Thermal models constrained us-
ing apatite fission-track (AFT) data from
the Prospect Mountain profile. Samples are
ordered by decreasing elevation from top to
bottom. Models were run using the HeFTy
program, Ketcham et al. (1999) annealing
algorithm, and c-axis projection method
of Donelick et al. (1999) for a duration of
10,000 random paths or until five paths with
a good fit were produced. Dark gray repre-
sents the temperature-time (7-7) region con-
taining paths with a good fit, and light gray
represents the 7-7 region containing paths
with an acceptable fit.
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Figure 5. Mount Marcy apatite fission-track (AFT) age versus elevation plot, including
horizontal confined track length distributions.

reflecting only exhumation (e.g., Fitzgerald and
Stump, 1997). The combination of short mean
track lengths (<13 pum), large standard devia-
tions (>1.5), weakly bimodal track length distri-
butions, and a gentle age versus elevation slope
is a typical characteristic of an exhumed partial
annealing zone (Gleadow and Fitzgerald, 1987).

To evaluate whether this profile represents an
exhumed partial annealing zone, the slope of an
apatite partial annealing zone was modeled us-
ing HeFTy (Ketcham, 2005) under stable ther-
mal conditions over a duration of 50 m.y. and
100 m.y. Models were run assuming an apatite
with a Dpar value equal to the Mount Marcy
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Figure 6. Age versus elevation plot containing both apatite fission-track (AFT) and apatite
(U-Th)/He (AHe) ages determined for samples in Mount Marcy profile. The inferred range
of possible cooling paths (in gray) and regression lines discussed within the text (solid and
dotted lines) are outlined for each data set. Note the apparent overlap of the bottom portion
of the AFT profile with the upper portion of the AHe profile, where the region of acceptable

cooling paths flattens considerably.
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average (2.69 um). Each models partial anneal-
ing zone was produced by first determining the
age of apatite samples held at isothermal condi-
tions over 10 °C increments within a tempera-
ture range characteristic of the partial annealing
zone. These ages were plotted against their
isothermal holding temperature to create a 7-t
plot of the partial annealing zone over 50 and
100 m.y. 7-¢ plots were converted to age-eleva-
tion plots using an estimate for the geothermal
gradient, and then they were compared to the
slope of the AFT data from the Mount Marcy
profile. A geothermal gradient of 20 °C/km was
used, which represents an approximation of the
present geothermal gradient calculated from
heat-flow measurements taken within the anor-
thosite massif by Birch et al. (1968).

The modeled slope of a stable partial anneal-
ing zone formed over 50 m.y. is ~58 m/m.y., de-
creasing to ~28 m/m.y. over 100 m.y. The Mount
Marcy age-elevation slope of ~25 m/m.y. (or
33 m/m.y.) is therefore generally consistent with
that of a partial annealing zone that evolved over
a time period 250 m.y. Because no geologic en-
vironment is absolutely stable, the gentle Mount
Marcy slope likely represents very slow cooling,
in effect combining components of slow cooling
and a relict partial annealing zone that evolved
over a time period greater than 50 m.y.

Apatite (U-Th)/He Dating Results

From the Mount Marcy profile, two to five
AHe single-grain ages were determined for
each sample, with the exception of samples
ADKO04-19 and ADK04-21 (Table 2). Apatite
grains from ADKO04-19 contained abundant in-
clusions, making them unsuitable for AHe dat-
ing (e.g., Wolf et al., 1996). All grains selected
from ADKO04-21 failed the re-extract test, sug-
gesting the presence of U- and Th-bearing inclu-
sions not identified optically.

Single-grain ages vary from 131 + 12 Ma
to 80 + 12 Ma (20), and individual samples
show considerable single-grain age variation
(Table 2). Because many of the grains analyzed
are quite small (60-24 pum radius), they yield
large errors associated with the uncertainty in
the a-ejection correction (e.g., Farley et al.,
1996; Ehlers and Farley, 2003). ADK04-16 and
ADKO04-22 contained grains that exhibit a very
weak correlation between AHe age and radius.
However, because no strong correlation ex-
ists, weighted mean ages for each sample were
calculated by combining single-grain ages (Ta-
ble 2), and these weighted mean ages correlate
systematically with elevation (Fig. 6).

Apatite (U-Th)/He Interpretation

We interpret the Mount Marcy AHe ages as
indicative of moderate to rapid cooling through
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the apatite partial retention zone (PRZ), rep-
resenting the transition from slow cooling re-
vealed in the Mount Marcy AFT data to the
rapid cooling revealed in the Prospect Mountain
AFT data. However, a discussion regarding the
variation of single-grain AHe ages and other
factors is warranted to justify that interpretation.

Intrasample single-grain AHe age variation
has many possible causes (e.g., Meesters and
Dunai, 2002; Spencer et al., 2004; Fitzgerald
et al., 2006; Unruh et al., 2007; Flowers et al.,
2009; Spiegel et al., 2009). Fairly straightfor-
ward explanations for intrasample age variation
include: the presence of inclusions of U-bearing
minerals and zoning of parent isotopes (e.g.,
Farley et al., 1996; Meesters and Dunai, 2002).
Inclusions, such as zircon, contribute daughter
“He but are not dissolved during dissolution of
apatite grains for ICP-MS measurement of U,
Th, and Sm. This results in parentless “He and
an older age. Excluding sample ADK04-21, re-
extract tests did not produce any measurable ‘He
above blank level, as would be expected if inclu-
sions of other U- or Th-bearing minerals were
present (e.g., Farley, 2002).

Zoning results in an incorrect ¢t-ejection cor-
rection and is enhanced by slow cooling through

Taylor and Fitzgerald

the partial retention zone (e.g., Meesters and
Dunai, 2002). Fission-track mounts show no
clear evidence for zoning of U, although we
cannot rule out subtle zoning of U or zoning of
Th. Element mapping, possibly using an elec-
tron microprobe, is one way to further charac-
terize parent isotope zonation, but this is beyond
the scope of this study. The “bad neighbor prob-
lem” or implantation, where nearby U-bearing
minerals implant parentless o-particles into apa-
tite grains, has also been suggested to produce
both erroneously old AHe ages and significant
single-grain age scatter, specifically in apatite
with low (<4 ppm) eU (eftective U concentra-
tion; U+0.235*Th) concentrations (Spencer et
al., 2004; Spiegel et al., 2009). In a sample of
volcanic rock with a known simple 7-¢ history,
Spiegel et al. (2009) identified minerals with U
concentrations greater than or equal to concen-
trations in directly adjacent apatite grains. AHe
ages obtained using traditional methods (using
an o-ejection correction) were older than the
known volcanic age of the sample. However,
after physical abrasion and removal of the apa-
tite’s outer rim, ages were obtained that over-
lapped with the volcanic age. Implantation of
“He into the apatite from nearby minerals was

TABLE 2. (U-Th)/He ANALYTICAL DATA

proposed in this case to explain the erroneously
old ages of unabraded grains.

Shuster et al. (2006) demonstrated that the
accumulation of radiation damage can modify
the closure temperature of the AHe system from
the traditionally accepted values, where an in-
crease in radiation damage results in a system-
atic increase in closure temperature. Flowers
et al. (2009) proposed a radiation damage ac-
cumulation and annealing model (RDAAM)
that uses spontaneous fission-track density as a
proxy for radiation damage accumulation over
time and its effect on the closure temperature
of the AHe system. It has the advantage of pre-
dicting the total amount of damage because the
AFT partial annealing zone is thought to over-
lap with the zone of annealing of o damage.
In the RDAAM model, Flowers et al. (2009)
demonstrated that radiation damage accumu-
lated during slow cooling or reheating after long
residence at near-surface temperatures increases
the closure temperature of the AHe system. In
apatites with high eU, this can result in AHe
ages older than AFT ages for a given sample.
This work also demonstrated that large varia-
tions in intrasample single-grain ages can be
explained by radiation damage in a population

Elevation U Th Sm He Radius F. Uncorrected He age Corrected He age Error
(m) (ppm)  (ppm)  (ppm)  (mmol/g) (um) (Ma) (Ma) (20) MSWD
ADKO04-12a 1620 11.2 45.2 2342 11.3 44.4 0.718 94.0 130.9 9.4
ADKO04-12b 19.3 34.1 255.5 15.2 64.7 0.776 101.2 130.4 5.2
ADKO04-12¢ 14.3 241 286.8 10.3 51.2 0.738 93.3 126.4 71
ADKO04-12d 191 34.1 316.3 10.9 40.4 0.690 90.2 130.7 11.7
Mean 16.0 34.4 273.2 11.9 50.2 0.731 94.7 129.6
Wt mean 129.5 3.6 0.35
ADKO04-14b 1410 14.4 60.3 168.7 10.7 30.3 0.582 68.8 118.3 195
ADKO04-14c 11.2 39.0 154.2 75 30.3 0.594 67.0 112.8 18.6
ADKO04-14d 121 40.7 212.8 8.0 36.4 0.660 67.0 101.6 1.2
ADKO04-14e 215 67.1 176.0 11.6 24.4 0.596 57.2 115.3 30.9
Mean 14.8 51.8 117.9 9.5 30.3 0.583 65.0 112.0
Wt mean 107.9 8.3 0.97
ADKO04-15a 1320 12.5 43.0 211.1 6.9 32.3 0.591 55.6 941 13.5
ADKO04-15b 11.3 19.5 167.6 5.7 28.3 0.605 65.3 108.0 20.8
ADKO04-15¢ 7.4 171 113.6 6.4 44.4 0.710 101.4 142.8 10.4
Mean 10.4 26.5 164.1 6.3 35.0 0.635 741 114.9
Wt mean 98.0 11 1.3
ADKO04-16a 1270 9.0 171 159.4 5.7 42.4 0.690 80.0 115.9 9.5
ADKO04-16b 6.9 191 204.4 3.7 32.3 0.555 58.0 104.6 16.3
Mean 8.0 18.1 181.9 4.7 37.4 0.623 69.0 110.2
Wt mean 113.0 8.2 14
ADKO04-18a 1100 19.0 43.1 314.4 9.5 24.3 0.517 59.1 114.4 31.4
ADKO04-18b 8.2 12.3 282.1 4.6 28.3 0.578 73.8 127.6 25.1
ADKO04-18¢ 25.4 32.0 320.8 12.0 26.3 0.546 66.3 121.4 27.7
ADKO04-18d 18.2 13.7 234.7 75 30.3 0.590 63.3 107.2 17.8
ADKO04-18e 14.3 64.7 204.9 7.7 28.3 0.564 47.7 84.5 16.4
Mean 17.0 33.2 271.4 8.3 275 0.559 62.0 111.0
Wt mean 104.8 9.6 2.8
ADKO04-20a 960 11.7 38.2 236.7 9.2 48.5 0.755 80.9 107.2 6.7
ADKO04-20b 9.7 24.5 252.1 6.0 30.3 0.613 70.0 114.2 18.9
ADKO04-20c 9.8 33.7 248.2 5.8 30.3 0.594 59.4 99.9 16.6
Mean 10.4 321 245.7 7.0 36.4 0.654 701 107.0
Wt mean 106.9 5.9 0.65
ADKO04-22a 740 6.2 14.9 75.0 4.4 54.5 0.752 83.2 110.6 6.0
ADKO04-22b 7.7 13.7 110.0 3.8 40.4 0.688 62.5 90.8 8.7
ADKO04-22¢ 10.1 21.0 123.7 4.2 28.3 0.575 51.3 89.2 17.4
ADKO04-22d 111 24.6 106.3 4.5 32.3 0.619 49.8 80.4 11.6
ADKO04-22e 4.2 7.5 95.4 1.9 48.5 0.675 57.5 85.2 7.9
Mean 7.9 16.3 102.1 3.8 40.8 0.662 60.9 86.4
96.3 3.8 10.1

Note: AHe results are for samples from the Mount Marcy profile. MSWD—mean square of weighted deviates. Mean values for each sample are in bold.
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of grains with diverse eU concentrations. In this
scenario, older ages are expected for apatites
with high eU concentrations, and, correspond-
ingly, younger ages are expected for apatites
with lower eU concentrations.

The eU concentration of the Mount Marcy
apatites ranges from 37 to 5 ppm, with an av-
erage eU of 19.6 ppm. These values are high
enough to elevate the closure temperature above
traditional values obtained assuming diffusion
parameters from studies of Durango apatite
(e.g., Farley, 2000) during slow cooling. How-
ever, there is no systematic relationship between
eU and AHe age, suggesting that radiation dam-
age does not play a role in the single-grain age
scatter observed in our data set (e.g., Shuster et
al., 2006; Shuster and Farley, 2009). Though
some apatites in our study have low eU concen-
trations, approaching 5 ppm, we do not suspect
that oo implantation plays a significant role in the
intrasample age variation found in the Mount
Marcy data set. The anorthosite from which the
apatite was separated is mainly composed of
plagioclase feldspar. The main U-bearing min-
eral present is apatite, monazite is not observed,
and zircon is found in very small quantities.
Moreover, Birch et al. (1968) measured low ra-
diogenic heat production values within the an-
orthosite massifs of the eastern Adirondacks,
indicating very low overall concentrations of
radioactive material. Though thin sections were
not examined, the lack of other U-bearing min-
erals in significant quantities makes o implanta-
tion from nearby minerals unlikely.

The Mount Marcy AHe data are actually rela-
tively well behaved when compared with many
other data sets, notably those characterized by
Mesozoic or older ages from stable cratonic re-
gions (e.g., Spotila et al., 2004; Hendriks and
Redfield, 2005; Flowers et al., 2009). For exam-
ple, AHe ages from the Canadian Shield have
intrasample single-grain age scatter as large as
600 m.y., and ages commonly older than the
AFT age (Flowers et al., 2009).

Other data sets exhibit a more moderate in-
trasample age variation that is similar to that
observed in our AHe data. In the Transantarc-
tic Mountains, Fitzgerald et al. (2006) docu-
mented a correlation between cooling rate and
AHe single-grain age variation where samples
that cooled at rates <4 °C/m.y. had greater AHe
age variation than more rapidly cooled samples.
They attributed some of this age scatter to the
interplay between diffusion and minor varia-
tions in parent isotope zonation. Unruh et al.
(2007) documented a similar AHe single-grain
age scatter in partially reheated samples from
Mount Diablo, California, which they attributed
to compositionally derived variations in the acti-
vation energy of diffusion.

Geological Society of America Bulletin, March/April 2011

Following the reasoning and discussion of
AHe single-grain age variation in Fitzgerald et
al. (2006), and incorporating new developments
such as the potential significance of radiation
damage (e.g., Flowers et al., 2009), the “true”
AHe age for each sample is likely to lie be-
tween the weighted mean age and the youngest
single-grain AHe age. This is because there are
so many more external variables that result in an
“older than expected” AHe age.

A best-fit regression of all the Mount Marcy
AHe weighted mean ages yields a slope of 28 +
6.5 m/m.y. (1o) from ca. 130 Ma to 95 Ma
(Fig. 6). If these data indeed define a linear age-
elevation relationship, the low value of such
a slope could represent, as with the AFT data,
slow exhumation and/or long residence in the
AHe partial retention zone. However, a lin-
ear regression through all the data is a poor fit
(MSWD = 4.6). Excluding the uppermost AHe
weighted mean age, which is significantly older
(>120 Ma), a best-fit regression of the remain-
ing lower Mount Marcy AHe mean ages from
ca. 108 to 95 Ma yields an age-elevation slope
of ~53 = 14.5 m/m.y. (16; MSWD = 2.3). This
change in slope at ca. 108 Ma suggests that the
rate of cooling increased at that time. This inter-
pretation ties in well with AFT data from Mount
Marcy and Prospect Mountain. In effect, the
Mount Marcy AHe age-elevation profile repre-
sents a composite 7-f path recording the change
from the slow cooling revealed in the Mount
Marcy AFT data to the more rapid cooling
(ca. 105-95 Ma) revealed in the Prospect Moun-
tain AFT data, as is fully discussed later herein.

Thermal Modeling

HeFTy thermal models, including AHe con-
straints (Ketcham, 2005), were produced for
all nine samples from the Mount Marcy profile
(Fig. 7). In general, all models support an in-
terpretation of slow sustained cooling through
the apatite partial annealing zone (<1 °C/m.y.)
from ca. 160 to 120 Ma. Models for samples
ADKO04-14, —15, and —18 suggest a slight de-
crease in cooling rate ca. 140-120 Ma at tem-
peratures characteristic of the upper partial
annealing zone. Some thermal models (e.g.,
ADKO04-18 and ADK04-21) suggest Cenozoic
cooling similar to that seen in the HeFTy models
of the Prospect Mountain AFT data.

IMPLICATIONS AND INTEGRATION OF
THE THERMOCHRONOLOGY DATA

Integration of the Apatite Fission-Track
and (U-Th)/He Constraints

As indicated by the shape of the AFT and
AHe age-elevation trends (Figs. 6 and 8), our
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Figure 7. Thermal models constrained us-
ing apatite fission-track (AFT) data from the
Mount Marcy profile. Samples are presented
in the same manner and were modeled using
the same parameters as described for Fig-
ure 4. Dark gray represents the temperature-
time (7-¢) region containing paths with a good
fit, and light gray represents the 7-f region
containing paths with an acceptable fit.
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interpretation of data from the eastern Adiron-
dacks is that it records relatively slowly cooling
through the partial annealing zone (and partial
retention zone) during the Middle-Late Juras-
sic. During the Early Cretaceous, a period of
more rapid cooling took place ca. 105-95 Ma,
recorded by the Prospect Mountain AFT and
Mount Marcy AHe data, although cooling ap-
pears to have been more rapid in the Prospect
Mountain profile.

That rapid cooling ca. 105-95 Ma is not
more pronounced in the Mount Marcy AFT
thermal models is purely understandable given
the long time period over which fission tracks
have been accumulating and the relatively
subtle nature of the cooling event. It is likely
that the position of these samples in the upper
partial annealing zone (higher structural level)
just prior to the onset of rapid cooling, com-
bined with the short duration of this event, did
not produce a large enough signal in the CTLD
to be well resolved by thermal modeling. The
relatively low U concentration in the Mount
Marcy apatites (~12 ppm), resulting in the
low number of fission tracks in the sample, as
well as horizontal confined track lengths, also
makes resolution of this cooling even more
difficult. Previous studies have encountered
this situation; for example, deBruijne (2001),
in a thermochronology study of central Spain,
pointed out that low concentrations of U will
limit the sensitivity of models to rapid cooling
events, especially those of a relatively short du-
ration and low magnitude.

Taylor and Fitzgerald

For the Mount Marcy region, the overlap of
the 130 Ma AHe age (Fig. 6) with the AFT data
suggests an apparent congruence between the
two data sets. This overlap can be used to both
estimate the geothermal gradient at the time of
overlap (ca. 130-120 Ma) as well as fit the rela-
tive position of the AHe age-elevation profile
with the AFT profile (Fig. 8).

The paleogeothermal gradient at the time of
overlap (ca. 130-120 Ma) is estimated using the
closure temperature for the AFT and AHe systems
and the elevation difference between the overlap-
ping ages. Using a cooling rate of ~0.5 °C/km,
as suggested by the gentle slope of the age
versus elevation plot and the HeFTy modeling
results, the closure temperature for the AFT sys-
tem is estimated at ~96 °C (e.g., Brandon et al.,
1998). Determining the closure temperature for
the AHe system is slightly more problematic.
Studies typically cite the closure temperature
of the AHe system at 50-115 °C, depending on
the cooling rate, grain size, and degree of radia-
tion damage (e.g., Farley, 2000; Shuster et al.,
2006; Shuster and Farley, 2009). We estimated
the closure temperature for the AHe system us-
ing a number of methods to bracket the range
of realistic values. First, we calculated the mean
grain radius (50 um) for sample ADK04-12,
which has a weighted mean age that overlaps
with the AFT age profile. We used a cooling rate
of ~0.5 °C/m.y. (although changing the cooling
rate by 1 °C matters little), an infinite cylinder
geometry, the activation energy and frequency
factor from Farley (2002), and the closure tem-
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perature equation of Dodson (1973). As sug-
gested by Farley (2000), we added two degrees
Celsius to the closure temperature to account for
the effect of o-ejection on the He gradient dur-
ing diffusion. Following this method, the esti-
mated AHe closure temperature for ADK04-12
is 45 °C. However, because this sample cooled
very slowly, the accumulation of radiation
damage may have been significant enough to
modify the AHe closure temperature (Shuster
et al., 2006; Shuster and Farley, 2009). Taking
radiation damage into account, we also esti-
mated the closure temperature in two additional
ways. First, using Figure 5 in Shuster et al.
(2006), based on their trapping diffusion model
that uses total “He concentration as a proxy for
radiation damage, the closure temperature of
sample ADK04-12 is estimated at ~50 °C. Sec-
ond, using the RDAAM approach of Flowers et
al. (2009), the closure temperature is estimated
at 64 °C, which is much higher than that pre-
dicted using the traditional closure temperature
method of Dodson (1973) or the model of Shus-
ter et al. (2006). As previously mentioned, the
RDAAM approach differs from that of Shuster
et al. (2006) in that it predicts a large increase
in closure temperature at moderate to high eU
concentrations and very slow cooling rates.

The difference between the AFT and AHe
closure temperatures (64-32 °C) divided by
the difference in the elevation between the two
samples (~850 m) yields a geothermal gradient
between ~60 and 38 °C/km at ca. 130-120 Ma.
This estimate is much higher than present con-
ditions (~20 °C/km), but it may be reasonable
given the proximity of the Adirondacks to the
Great Meteor hotspot during the Cretaceous.
For example, at similar distances away from the
active Yellowstone hotspot, heat flow values can
reach 100-80 mW/m? (e.g., Smith and Braile,
1994; Smith et al., 2009). If the Great Meteor
hotspot had similar thermal properties, these val-
ues correspond to a geothermal gradient as high
as 65-55 °C/km using the thermal conductivity
of anorthosite, the rock type sampled along the
Mount Marcy profile. This indicates that, al-
though the geothermal gradient calculated from
the low-temperature thermochronology data is
high for a stable craton, it is reasonable given
the regions proximity to the Great Meteor hot-
spot ca. 130-120 Ma.

Based on the foregoing discussion, our in-
terpretation of the combined AFT and AHe
data sets is that they record slow cooling re-
flecting stable tectonic and thermal conditions
in the Middle Jurassic followed by a period of
regional heating and the establishment of an
elevated geothermal gradient ca. 130-120 Ma.
Regional heating was followed by rapid cooling
ca. 105-95 Ma.

Geological Society of America Bulletin, March/April 2011
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Tectonic Interpretation: Movement over
a Hotspot

The T-t history as documented by the AFT
and AHe results, and interpretation herein, was
penecontemporaneous with movement of the
eastern Adirondacks and New England over the
Great Meteor hotspot during the Early Creta-
ceous (e.g., Crough, 1981). On the basis of the
age progression of igneous bodies, the hotspot
track can be traced across New England from
the Monteregian Hills of Quebec (ca. 125 Ma;
Foland et al., 1986) to seamounts off the coast
of Massachusetts (Fig. 2; ca. 100 Ma; Duncan,
1984). Within the easternmost edge of Adiron-
dacks and western Vermont, the intrusion of
hypabyssal mafic dikes roughly overlaps with
the timing of passage over the hotspot (K-Ar
ages of 136 + 7 and 105 + 4 Ma; McHone,
1978). Seismic-reflection and seismic-refraction
studies have identified a zone of layered reflec-
tors in the middle crust under the eastern Ad-
irondacks that could represent a mafic intrusion
of the same age (e.g., Brown et al., 1983; Klem-
perer et al., 1985), although this is unconfirmed.

A low-velocity zone under the eastern Ad-
irondacks and adjacent New England is inter-
preted as a residual effect of the Great Meteor
hotspot (Li et al., 2003). A similar low-velocity
zone described over a broad region located near
the Yellowstone hotspot (e.g., Foster, 2008;
Smith et al., 2008) supports the interpretation of
Li et al. (2003). The Yellowstone low-velocity
zone has been interpreted to result from ongo-
ing delamination of a portion of the lithosphere
of the Wyoming craton in response to the ap-
proaching Yellowstone hotspot (Foster, 2008).
Before interpreting our data in the context of
passage near a hotspot during the Early Creta-
ceous, we examine the possible thermal effects
of a hotspot on the lithosphere.

Thermal Effects of a Hotspot on
the Lithosphere and Interpretation

Hotspot-induced regional heating will in-
crease the geothermal gradient, resulting in
partial or complete annealing of fission tracks
within samples residing in, or just above (at
higher crustal levels), the partial annealing zone
prior to heating. Delamination of the mantle
lithosphere under a hotspot, as discussed previ-
ously with respect to the Yellowstone hotspot, is
expected to produce dynamic uplift over a broad
region as asthenophere replaces the mantle lith-
osphere. Also, any hotspot-induced magmatism
that results in pooling at the base or injection
into the crust would increase crustal thickness
and possibly result in an isostatic response (e.g.,
McKenzie, 1984).

Hotspots commonly produce domal surface
uplift of >1 km and exhumation over a broad
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region with a radius of hundreds to thousands
of kilometers as a result of dynamic uplift
(e.g., Sengor, 2001). Following dynamic uplift,
regional cooling and partial subsidence associ-
ated with the relaxation of isotherms occur as
the region moves away from the hotspot. Re-
gional cooling is thus influenced by: (1) ero-
sion associated with the increase in elevation
and relief during thermal doming and possible
injection of magma, and (2) relaxation (low-
ering) of isotherms as the region moves away
from the hotspot.

We suggest that the AFT data and AHe ages
record relatively stable thermal and tectonic
conditions from the Late Jurassic into the Early
Cretaceous (Fig. 9). During the Early Creta-
ceous (ca. 130-120 Ma), the Adirondack region
experienced regional heating associated with
the progressive movement toward and over the
Great Meteor hotspot. This heating ultimately
resulted in the temporary establishment of an
elevated geothermal gradient.

Thermal doming, and the formation of relief
(due to erosion), is responsible for the initial
phase of rapid cooling at ca. 105 Ma. The onset

of rapid cooling via exhumation was probably
earlier than that recorded by the data, since it
most likely began during regional heating. Pre-
viously, using landscape evolution models, Paz-
zaglia and Brandon (1996) proposed a possible
episode of dynamic uplift within the Central
and Northern Appalachians that roughly over-
laps with Cretaceous passage over the hotspot,
supporting our interpretation of the thermo-
chronology data. Following passage over the
hotspot, rapid cooling continued as the Adiron-
dack region moved away from the hotspot and
isotherms relaxed back to their stable cratonic
levels. This prolonged the period of elevated
cooling rates to ca. 95 Ma, well beyond the tim-
ing of hotspot activity in the region. We cannot
constrain whether injection of magma into the
crust—with a resultant isostatic response and
concomitant erosion—also contributed to the
cooling history recorded by the low-temperature
thermochronology. More geochronology data
on dikes is needed to confirm the significance
of Mesozoic magmatism in the Adirondacks.
If injection of magma in significant amounts
occurred, exhumation would be prolonged
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Figure 9. (A) Qualitative temperature-time (7-7) history for the eastern Adiron-
dack Mountains depicting the contribution of both the thermal (B) and erosional
(C) effects of the Great Meteor hotspot on the 7-7 history.
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following passage over the hotspot, driven by an
isostatic response to crustal thickening.

Comparisons with Previous
Thermochronology Studies

Previous regional-scale thermochronology
studies of the Adirondacks and New England
have also commented on the effects of the Great
Meteor hotspot on the thermal history of these
regions. Roden-Tice et al. (2000) interpreted
Late Jurassic—Late Cretaceous AFT ages from
the Adirondacks as the result of progressive
unroofing from the central-eastern region (high
peaks) outward. Roden-Tice and Tice (2005)
reevaluated that interpretation in the context
of a hotspot, suggesting that movement over
a hotspot was responsible for elevated cool-
ing rates during the Early—Late Cretaceous in
the southeastern Adirondacks but not in the
central-eastern Adirondacks (high peaks), which
underwent an earlier period of elevated cool-
ing rates in the Late Jurassic, based mainly on
thermal models and AFT-AHe age pairs for
individual samples. In contrast, our sampling
strategy combining the collection of a vertical
profile and thermal modeling has produced re-
sults that suggest the south-central and south-
eastern Adirondacks share a similar thermal
history and the thermal effects of the hotspot
were more regionally extensive in the Adiron-
dacks than previously suspected.

More recently, Roden-Tice et al. (2009) iden-
tified a NE-trending corridor of middle—Late
Cretaceous cooling ages through New Hamp-
shire and into southern Maine that roughly
overlaps with the low-velocity zone in the upper
mantle identified by Li et al. (2003). Roden-Tice
etal. (2009) proposed that regional extension re-
sulting from passage over the Great Meteor hot-
spot produced the regional exhumation recorded
within this corridor. In southern New England,
normal fault reactivation along the eastern bor-
der fault of the Hartford Basin (Roden-Tice and
Wintsch, 2002) and Ammonoosuc fault in the
Connecticut River Valley has also been proposed
to result from passage over the Great Meteor
hotspot (Roden-Tice and Tice, 2005). Roden-
Tice and Tice (2005) called upon regional ex-
tension accommodated along NE-striking faults
to explain the transition from older ages in the
high peak region of the Adirondacks to younger
ages in the southeastern Adirondacks.

To further explore the possible reactivation of
normal faults in the southeastern Adirondacks
during, or following, the middle Cretaceous,
AFT ages were compared across the Lake
George West fault. Normal faulting will typi-
cally disrupt the age versus elevation pattern if it
occurs during or subsequent to cooling through
the partial annealing zone, displacing older AFT
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ages on the downthrown hanging-wall block to
lower elevations (e.g., Fitzgerald, 1992; Fos-
ter and Gleadow, 1996). Such a disruption in
the AFT age-elevation pattern is best revealed
when there is a significant variation of AFT age
with elevation (i.e., where the apparent slope is
gentle, such as in an exhumed partial annealing
zone). We do not see an AFT age discontinu-
ity across the Lake George West fault. Instead,
AFT ages are within error on the footwall and
hanging-wall blocks. However, the apparent
slope of the Prospect Mountain AFT profile is
very steep, so such an age offset would be ex-
tremely hard to resolve, regardless of whether a
fault was active during, or subsequent to, cool-
ing through the partial annealing zone. So, while
we do not refute possible reactivation of faults
along the eastern edge of the Adirondacks, our
AFT data simply do not constrain the timing of
movement on the Lake George West fault.

An examination of the general AFT age-
elevation relationship across the entire eastern
Adirondacks (Fig. 10) indicates that AFT ages
are roughly equal for samples collected at the
same elevation throughout the range. This pat-
tern of ages is better explained by dissection of
a plateau rather than offset along normal faults
(see following for more discussion).

Timing of Relief Formation in
the Adirondack Mountains

Spatial trends in AFT ages can provide con-
straints on the age of the relief in a mountain
range. The new AFT data, combined with pre-
vious data from Roden-Tice and Tice (2005),
and previous geophysical studies can be inter-
preted to constrain the timing of relief develop-
ment within the eastern Adirondack Mountains
(Fig. 10). For example, in mature mountain
ranges, prolonged erosion, associated with the
decay of a crustal root, commonly produces an
exhumation gradient across the range; greater
amounts of erosion occur across the high-relief
core of the range, and lesser amounts occur over
the lower-relief periphery (e.g., Reiners et al.,
2003). Such differential exhumation is com-
monly expressed as an AFT or AHe age gradient
at the surface, with younger ages in the core of
the range and progressively older ages toward
the periphery (e.g., Reiners et al., 2003). AFT
age patterns in the Adirondacks do not show an
AFT age gradient, indicating that it is unlikely
that the eastern Adirondacks represent a slowly
eroding, ancient mountain range associated with
the decay of an orogenic crustal root. In addition,
seismic-refraction studies (e.g., Taylor and Tok-
soz, 1979; Li et al., 2003) reveal a crustal thick-
ness of ~35-40 km for the eastern Adirondacks,
indicating little or no remnant crustal root.

Instead, the regional AFT age-elevation pat-
tern (Fig. 10) favors progressive dissection and
down-wearing of a regional plateau surface.
In addition, thermochronology can pose con-
straints on the timing of dissection. Significant
exhumation prior to ca. 130 Ma is not supported
by the AFT and AHe data, since the preserva-
tion of a fossil AFT partial annealing zone from
ca. 160 to 130 Ma indicates that very little ero-
sion took place during this time. Rather, signifi-
cant relief likely formed during and subsequent
to passage of the eastern Adirondacks near the
Great Meteor hotspot.

The Adirondack Mountains are located near
the Appalachians, a mountain range character-
ized by prolonged slow exhumation over many
tens to hundreds of millions of years (e.g., Spo-
tila, 2005). Bounding the eastern edge of the
ancient Appalachian orogen in the Central and
Southern Appalachians, there is the Blue-Ridge
escarpment, which most likely formed dur-
ing Triassic rifting along eastern North Amer-
ica (e.g., Spotila et al., 2004, and references
therein). Rugged topography and highland (or
upland) plateau topography of the Appalachians
extend northeast and includes the Adirondack
Mountains. The evolution of passive margins
and rift-margin escarpments, and the applica-
tion of thermochronology to evaluate compet-
ing end-member models such as escarpment
retreat or progressive down-wearing, is complex
(e.g., Braun and van der Beek, 2004; Persano
et al., 2005) and well beyond the scope of this
paper. Nevertheless, we note that there are some
broad similarities between AFT and AHe data
in the Southern and Central Appalachians and
the Adirondacks. While in the Southern and
Central Appalachians low-temperature thermo-
chronology suggests that the Blue Ridge es-
carpment (dividing the coastal piedmont from
the uplands, or plateau) formed as a rift-flank
escarpment and evolved by prolonged erosion
without tectonic rejuvenation (e.g., Spotila et
al., 2004), the situation may be more complex
in the Adirondacks. There, the regional AFT
age-elevation pattern suggests dissection of a
plateau that was influenced by passage of North
America over the Great Meteor hotspot, result-
ing in an elevated geotherm, thermal doming,
and dynamic uplift, erosion, and relaxation of
isotherms. Thermal doming may have reacti-
vated N- NNE-striking faults along the Cham-
plain and Lake George Valleys in a normal sense.
Although we could not identify middle Creta-
ceous offset along the Lake George West fault,
others have identified the reactivation of faults in
a normal sense elsewhere throughout New Eng-
land (Roden-Tice and Wintsch, 2002; West and
Roden-Tice, 2003; Roden-Tice and Tice, 2005;
Roden-Tice et al., 2009), which Roden-Tice et
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al. (2009) proposed were activated by NW-SE—
oriented extension (Faure et al., 1996) driven by
a long-lived thermal anomaly produced by pas-
sage over the Great Meteor hotspot. Therefore,
it is plausible that thermal doming caused N-
NNE-striking faults along the Lake George and
Champlain Valleys to be reactivated in a normal
sense, producing a drop in base level along the
eastern edge of the Adirondacks and causing the
resultant fault scarp to undergo down-wearing
or retreat. The high-grade gneisses and plutonic
rocks of the Adirondacks, being more erosion
resistant than surrounding rock types, may
have remained relatively high because of their
lower erodibility. Our data are consistent with
slow cooling and prolonged denudation, and the
formation of relief following passage near the
hotspot, as some thermal models support slow
sustained cooling after the Middle Cretaceous,
followed by a possible increase in cooling rate
during the Miocene. We note that possible late
Cenozoic cooling must be interpreted with cau-
tion because it is at the limit of the AFT and AHe
modeling capabilities. More work is needed to
confirm any Cenozoic increase in cooling rate;
however, it is reasonable to consider an increase
in cooling rate during the Cenozoic (suggesting
increased erosion rates associated with the for-
mation of relief) as a strong possibility, as others
have suggested a Miocene rejuvenation of relief
in the adjacent Central and Northern Appala-
chians (e.g., Pazzaglia and Brandon, 1996).

Factors that influenced erosion and the de-
velopment of relief in the Adirondacks subse-
quent to rifting and passage near the hotspot
include: changes in base level due to faulting or
changes in global sea level, and glacial erosion.
A general global decrease in sea level during
the Cenozoic (e.g., Haq et al., 1987; Stanford et
al., 2001) may have contributed to a base-level
drop of ~150-100 m. Additionally, multiple
glaciations during the Quaternary, resulting in
glacial scouring (e.g., Denny, 1974), episodes
of catastrophic outflow from glacial lakes, and
changes in local base level due to variations in
lake level during late to postglacial times could
all have made minor contributions to renewed
relief within the eastern Adirondacks and ad-
jacent Champlain Valley. Dissection during re-
gional surface uplift and thermal doming by a
more recent hotspot, as suggested by Isachsen
and colleagues (Isachsen, 1975, 1981; Isachsen
and Kelly, 1992), would also have contributed to
the formation of the present relief. We reiterate
that the presence of a Cenozoic hotspot under
the Adirondacks is controversial and remains to
be substantiated.

The Adirondack Mountains share many char-
acteristics with the Ozark Plateau of Missouri
and Arkansas, the commonality of which may
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place constraints on the formation of each re-
gion. The Ozark Plateau presently lies in a tec-
tonically quiescent region and has ~600 m of
relief with Precambrian basement juxtaposed
against younger sedimentary rocks (Marshak
et al., 2005). The present bedrock surface has
remained near upper-crustal levels since the
Neoproterozoic while the Ozarks experienced
periodic episodes of burial and exhumation,
underwent late Paleozoic shortening, as well as
passed over a hotspot during the Cretaceous, as
recorded in the regional low-temperature ther-
mal history (e.g., Corrigan et al., 1998; Brown
and Marshak, 2004; Marshak et al., 2005). Anal-
ysis of stream incision throughout the Ozark
Plateau suggests renewed relief development
during the Cenozoic (Marshak et al., 2005).
Marshak et al. (2005) suggested that the
Ozark Plateau started to form in the Late Pro-
terozoic to early Paleozoic when the buoyant
Precambrian felsic intrusions that comprise the
core of the region were brought to upper-crustal
levels as a fault-bounded block. Due to its buoy-
ancy, this block remained in the upper crust,
with periodic episodes of exhumation and relief
formation in response to Cretaceous hotspot—
induced doming (forming and reactivating nor-
mal faults), as well as loading and unloading
along its margins resulting in changes in local
base level (Marshak et al., 2005). The hypothe-
sis of Marshak et al. (2005) may be applicable to
periodic relief rejuvenation in the Adirondacks.
The high-grade core of the Adirondack Moun-
tains is largely composed of meta-plutonic rocks
of intermediate to felsic composition, and it was
exposed at the surface by the latest Precambrian,
subsequent to which it experienced numerous
episodes of burial and exhumation throughout
the Paleozoic and Mesozoic (e.g., Heizler and
Harrison, 1998), with the low-temperature ther-
mochronology data presented in this paper high-
lighting the Mesozoic—Cenozoic portion.

CONCLUSIONS

Low-temperature thermochronology in the
eastern Adirondack Mountains documents rela-
tively stable thermal and tectonic conditions
from the Middle-Late Jurassic (ca. 160 Ma) to
the Early Cretaceous (ca. 130 Ma), as evidenced
by the gentle AFT age versus elevation slope of
the Mount Marcy profile in the central-eastern
Adirondack Mountains. This time of relative
thermal and tectonic stability was interrupted by
the passage of this region near the Great Meteor
hotspot during the Early Cretaceous. Passage
near the hotspot steepened the geotherm, par-
tially resetting fission tracks in the lowermost
Mount Marcy samples, and shallowing the low-
ermost portion of the Mount Marcy age-elevation

profile. Using the overlap of the Mount Marcy
AFT and AHe profiles, the elevated geother-
mal gradient in the Early Cretaceous (ca. 130—
120 Ma) is estimated at ~60-38 °C/km. Regional
heating resulted in thermal doming (possibly
due to delamination of a portion of the mantle
lithosphere) and surface uplift, with subsequent
increased erosion producing a period of elevated
cooling rates starting ca. 105 Ma. Elevated cool-
ing rates continued following passage over the
hotspot as isotherms relaxed back to their initial
state and the region returned back to relatively
stable cratonic conditions. AFT ages across the
eastern Adirondack Mountains do not show any
significant exhumation gradient. Rather, the
general AFT age elevation pattern across the
eastern Adirondacks suggests that relief formed
through the progressive dissection of a plateau
during the Cretaceous to Cenozoic.

ACKNOWLEDGMENTS

We thank Suzanne Baldwin for discussions with-
out which portions of this work may not have been
explored to the degree that they are presented here.
Pat Bickford, Bruce Wilkinson, and James Metcalf are
thanked for helpful comments on early versions of the
manuscript. Reviews by James Spotila and Matthew
Heizler offered insight and comments that greatly im-
proved this manuscript. Comments by Editor Nancy
Riggs and Associate Editor Margaret Thompson
improved the organization and clarity of this paper.
James McLelland, Brian Monteleone, Richard Ro-
driguez, and Edward Epp are thanked for their help
during the field work portions of this project. This
work was funded in part by a Geological Society of
America Student Research Grant and multiple J. Pru-
cha Fund awards to J.P. Taylor from the Department of
Earth Sciences at Syracuse University. The Alec Wag-
goner Memorial Fund has graciously funded a por-
tion of the publication costs of this paper. This fund
was established in memory of graduate student Alec
Waggoner, who enjoyed passionate discussions on
geology until his untimely death. As an officemate of
J. Taylor, Alec was very familiar with the work pre-
sented within this paper.

REFERENCES CITED

Baird, G.B., and MacDonald, W.D., 2004, Deformation of
the Diana Syenite and Carthage-Colton mylonite zone;
implications for timing of Adirondack Lowlands de-
formation, in Tollo, R.P., Corriveau, L., McLelland, J.,
and Bartholomew, M.J. eds., Proterozoic Tectonic Evo-
lution of the Grenville Orogen in North America: Geo-
logical Society of America Memoir 197, p. 285-297.

Birch, F.,, Roy, R.F.,, and Decker, E.R., 1968, Heat flow and
thermal history in New England and New York, Chap-
ter 33, in Zen, E-an, ed., Studies of Appalachian Geol-
ogy, Northern and Maritime: New York, Interscience
Publishers, p. 437-451.

Bird, J.M., and Dewey, J.E, 1970, Lithosphere plate-
continental margin tectonics and the evolution of the
Appalachian orogen: Geological Society of America
Bulletin, v. 81, p. 1031-1060, doi: 10.1130/0016
-7606(1970)81[1031:LPMTAT]2.0.CO;2.

Bradley, D.C., and Kidd, W.S.E,, 1991, Flexural extension
of the upper continental crust in collisional fore-
deeps: Geological Society of America Bulletin, v. 103,
p. 1416-1438, doi: 10.1130/0016-7606(1991)103
<1416:FEOTUC>2.3.CO:;2.

Geological Society of America Bulletin, March/April 2011


http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on January 23, 2015
Low-temperature thermal history and landscape development of the eastern Adirondack Mountains, New York

Brandon, M.T., Roden-Tice, M.K., and Garver, J.I., 1998,
Late Cenozoic exhumation of the Cascadia accretionary
wedge in the Olympic Mountains, northwest Washington
State: Geological Society of America Bulletin, v. 110,
p. 985-1009, doi: 10.1130/0016-7606(1998)110<0985:
LCEOTC>2.3.CO;2.

Braun, J., and van der Beek, P., 2004, Evolution of pas-
sive margin escarpments: What can we learn from
low-temperature thermochronology?: Journal of Geo-
physical Research, v. 109, doi: 10.1029/2004JF000147.

Brown, L., Ando, C., Klemperer, S., Oliver, J., Kaufman, S.,
Czuchra, B., Walsh, T., and Isachsen, Y.W., 1983, Ad-
irondack-Appalachian crustal structure: The COCORP
Northeast Traverse: Geological Society of America
Bulletin, v. 94, p. 1173-1184, doi: 10.1130/0016-7606
(1983)94<1173:ACSTCN>2.0.CO:;2.

Brown, S.R., and Marshak, S., 2004, Process and timing of
uplift in the Ozark Plateau, Missouri: Geological So-
ciety of America Abstracts with Programs, v. 36, no.
5, p. 426.

Burtner, R.L., Nigrini, A., and Donelick, R.A., 1994, Ther-
mochronology of Lower Cretaceous source rocks in
the Idaho-Wyoming thrust belt: American Association
of Petroleum Geologists Bulletin, v. 78, p. 1613-1636.

Cawood, P.A., McCausland, PJ.A., and Dunning, G.R.,
2001, Opening lapetus: Constraints from the Lauren-
tian margin in Newfoundland: Geological Society of
America Bulletin, v. 113, p. 443-453, doi: 10.1130/0016
-7606(2001)113<0443:0ICFTL>2.0.CO;2.

Cobbold, PR., Meisling, K.E., and Mount, V.S., 2001,
Reactivation of an obliquely rifted margin, Campos
and Santos Basins, southeastern Brazil: American
Association of Petroleum Geologists Bulletin, v. 85,
p. 1925-1944.

Corrigan, J., Cervany, P.F.,, Donelick, R., and Bergman, S.C.,
1998, Postorogenic denudation along the late Paleozoic
Ouachita trend, south central United States of America:
Magnitude and timing constraints from apatite fission
track data: Tectonics, v. 17, p. 587-603.

Crough, S.T., 1981, Mesozoic hotspot epeirogeny in
eastern North America: Geology, v. 9, p. 2-6, doi:
10.1130/0091-7613(1981)9<2:MHEIEN>2.0.CO:;?2.

Crowley, K.D., Cameron, M., and Schaefer, R.L.,
1991, Experimental studies of annealing of
etched fission tracks in fluorapatite: Geochimica
et Cosmochimica Acta, v. 55, p. 1449-1465, doi:
10.1016/0016-7037(91)90320-5.

de Bruijne, K., 2001, Denudation, Intraplate Tectonics and
Far Field Effects an Integrated Apatite Fission Track
Study in Central Spain [Ph.D. thesis]: Amsterdam,
Vrije Universiteit, Netherlands Research School of
Sedimentary Geology (NSG), 164 p.

Denny, C.S., 1974, Pleistocene Geology of the Northeast
Adirondack Region, New York: U.S. Geological Sur-
vey Professional Paper 786, 47 p.

Dodson, M.H., 1973, Closure temperature in cooling geo-
chronological and petrological systems: Contributions
to Mineralogy and Petrology, v. 40, p. 259-274, doi:
10.1007/BF00373790.

Donelick, R.A., Ketcham, R.A., and Carlson, W.D., 1999,
Variability of apatite fission-track annealing kinetics:
II. Crystallographic oriented effects: The American
Mineralogist, v. 84, p. 1224-1234.

Duncan, R.A., 1984, Age progressive volcanism in the New
England Seamounts and the opening of the central At-
lantic Ocean: Journal of Geophysical Research, v. 89,
p. 9980-9990, doi: 10.1029/JB089iB 12p09980.

Eby, G.N., 1984, Geochronology of the Monteregian Hills
alkaline igneous province, Quebec: Geology, v. 12,
p. 468-470, doi: 10.1130/0091-7613(1984)12<468:
GOTMHA>2.0.CO:;2.

Ehlers, T.A., and Farley, K.A., 2003, Apatite (U-Th)/He
thermochronometry: Methods and applications to
problems in tectonics and surface processes: Earth
and Planetary Science Letters, v. 206, p. 1-14, doi:
10.1016/S0012-821X(02)01069-5.

Faill, R.T., 1985, The Acadian orogeny and the Catskill
Delta, in Woodrow, D.L., and Sevon, W.D., eds., A
Model: The Catskill Delta: Geological Society of
America Special Paper 201, p. 39-48.

Farley, K.A., 2000, Helium diffusion from apatite: General
behavior as illustrated by Durango fluorapatite: Journal

Geological Society of America Bulletin, March/April 2011

of Geophysical Research, v. 105, p. 2903-2914, doi:
10.1029/1999JB900348.

Farley, K.A., 2002, (U-Th)/He dating; techniques, calibra-
tions, and applications, in Porcelli, D., Ballentine,
C.J., and Wieler, R., eds., Noble Gases in Geochem-
istry and Cosmochemistry: Reviews in Mineralogy
and Geochemistry, v. 47, p. 819-843, doi: 10.2138/
rmg.2002.47.18.

Farley, K.A., Wolf, R.A., and Silver, L.T., 1996, The effects
of long alpha-stopping distances on (U-Th)/He ages:
Geochimica et Cosmochimica Acta, v. 60, no. 21,
p. 4223-4229, doi: 10.1016/S0016-7037(96)00193-7.

Faure, S., Tremblay, A., and Angelier, J., 1996, State
of intraplate stress and tectonism of northeastern
America since Cretaceous times, with particular
emphasis on the New England—Quebec igneous
province: Tectonophysics, v. 255, p. 111-134, doi:
10.1016/0040-1951(95)00113-1.

Fisher, D.W., 1984, Bedrock Geology of the Glens Falls—
Whitehall Region, New York: New York State Geologi-
cal Survey Map and Chart Series 35, scale 1:48,000.

Fitzgerald, P.G., 1992, The Transantarctic Mountains of
southern Victoria Land: The application of apatite fis-
sion track analysis to a rift shoulder uplift: Tectonics,
v. 11, p. 634-662, doi: 10.1029/91TC02495.

Fitzgerald, P.G., and Gleadow, AJ.W., 1990, New ap-
proaches in fission track geochronology as a tectonic
tool: Examples from the Transantarctic Mountains:
Nuclear Tracks and Radiation Measurements, v. 17,
p. 351-357, doi: 10.1016/1359-0189(90)90057-5.

Fitzgerald, P.G., and Stump, E., 1997, Cretaceous and Ceno-
zoic episodic denudation of the Transantarctic Moun-
tains, Antarctica: New constraints from apatite fission
track thermochronology in the Scott Glacier region:
Journal of Geophysical Research, v. 102, p. 7747-
7765, doi: 10.1029/96JB03898.

Fitzgerald, P.G., Baldwin, S.L., Webb, L.E., and O’ Sullivan,
PB., 2006, Interpretation of (U-Th)/He single grain
ages from slowly cooled crustal terranes: A case study
from the Transantarctic Mountains of southern Victo-
ria Land: Chemical Geology, v. 225, p. 91-120, doi:
10.1016/j.chemgeo.2005.09.001.

Fleischer, R.L., Price, PB.W., and Walker, R.M., 1975,
Nuclear Tracks in Solids: Los Angeles, University of
California Press, 605 p.

Flowers, R.M., Ketcham, R.A., Shuster, D.L., and Farley,
K.A., 2009, Apatite (U-Th)/He thermochronometry
using a radiation damage accumulation and anneal-
ing model: Geochimica et Cosmochimica Acta, v. 73,
p. 2347-2365, doi: 10.1016/j.gca.2009.01.015.

Foland, K.A., and Faul, H., 1977, Ages of the White Moun-
tain intrusives—New Hampshire, Vermont, and Maine,
USA: American Journal of Science, v. 277, p. 888-904.

Foland, K.A., Gilbert, L.A., Sebring, C.A., and Jiang-
Feng, C., 1986, “Ar/*°Ar ages for plutons of the
Monteregian Hills, Quebec: Evidence for a single
episode of Cretaceous magmatism: Geological So-
ciety of America Bulletin, v. 97, p. 966-974, doi:
10.1130/0016-7606(1986)97<966: AAFPOT>2.0.CO;2.

Foster, D.A., 2008, Delamination of the subcontinental
lithosphere of the Wyoming craton related to the Yel-
lowstone hot spot: Geological Society of America Ab-
stracts with Programs, v. 40, no. 6, p. 327.

Foster, D.A., and Gleadow, A.J.W., 1996, Structural frame-
work and denudation history of the flanks of the Kenya
and Anza rifts, East Africa: Tectonics, v. 15, p. 258—
271, doi: 10.1029/95TC02744.

Galbraith, R.F., and Laslett, G.M., 1993, Statistical models
for mixed fission track ages: Nuclear Tracks and Ra-
diation Measurements, v. 21, no. 4, p. 459-470, doi:
10.1016/1359-0189(93)90185-C.

Gallagher, K., Brown, R., and Johnson, C., 1998, Fission track
analysis and its applications to geological problems: An-
nual Reviews in Earth and Planetary Science Letters, v. 26,
p. 519-572, doi: 10.1146/annurev.earth.26.1.519.

Gilchrist, A.R., and Summerfield, M.A., 1990, Differential
denudation and flexural isostasy in the formation of
rifted-margin upwarps: Nature, v. 346, p. 739-742, doi:
10.1038/346739a0.

Gleadow, A.J.W., 1981, Fission-track dating methods: What
are the real alternatives?: Nuclear Tracks, v. 5, p. 3-14,
doi: 10.1016/0191-278X(81)90021-4.

Gleadow, A.J.W., and Fitzgerald, P.G., 1987, Uplift history
and structure of the Transantarctic Mountains: New
evidence from fission track dating of basement apa-
tites in the Dry Valleys area, southern Victoria Land:
Earth and Planetary Science Letters, v. 82, p. 1-14, doi:
10.1016/0012-821X(87)90102-6.

Hagq, B.U., Hardenbol, J., and Vail, P.R., 1987, Chronology
of fluctuating sea levels since the Triassic (250 million
years ago to present): Science, v. 235, p. 1156-1167,
doi: 10.1126/science.235.4793.1156.

Hatcher, R.D., Jr., 2002, Alleghanian (Appalachian) orog-
eny, a product of zipper tectonics: Rotational transpres-
sive continent-continent collision and closing of
ancient oceans along irregular margins, in Martinez
Catalan, J.R., Hatcher, R.D., Jr., Arenas, R., and Flo-
rentino, D.G., eds., Variscan-Appalachian Dynamics:
The Building of the Late Paleozoic Basement: Geolog-
ical Society of America Special Paper 364, p. 199-208.

Heaman, L.M., and Kjarsgaard, B.A., 2000, Timing of east-
ern North American kimberlite magmatism: Continen-
tal extension of the Great Meteor hotspot track?: Earth
and Planetary Science Letters, v. 178, p. 253-268, doi:
10.1016/S0012-821X(00)00079-0.

Heizler, M.T., and Harrison, M.T., 1998, The thermal history
of the New York basement determined from “Ar/*Ar
K-feldspar studies: Journal of Geophysical Research,
v. 103, p. 29,795-29,814, doi: 10.1029/98JB02837.

Hendriks, B.W.H., and Redfield, T.F., 2005, Apatite fission
track and (U-Th)/He data from Fennoscandia: An ex-
ample of underestimation of fission track annealing in
apatite: Earth and Planetary Science Letters, v. 236,
p. 443-458, doi: 10.1016/j.epsl.2005.05.027.

Heumann, M.J., Bickford, M.E., Hill, B.M., McLelland,
J.M., Selleck, B.W., and Jercinovic, M.J., 2006, Tim-
ing of anatexis in metapelites from the Adirondack
Lowlands and southern highlands: A manifestation of
the Shawinigan orogeny and subsequent anorthosite-
mangerite-charnockite-granite magmatism: Geological
Society of America Bulletin, v. 118, p. 1283-1298, doi:
10.1130/B25927.1.

Hurford, A.J., 1991, Fission track dating, in Smart, P.L.,
and Frances, P.D., eds., Quaternary Dating Methods; a
User’s Guide: Quaternary Research Association Tech-
nical Guide, v. 4, p. 84-107.

Hurford, A.J., and Green, P.E,, 1983, The zeta age calibra-
tion of fission-track dating: Isotope Geoscience, v. 1,
p. 285-317.

Isachsen, Y.W., 1975, Possible evidence for contemporary
doming of the Adirondack Mountains, New York,
and suggested implications for regional tectonics and
seismicity: Tectonophysics, v. 29, p. 169-181, doi:
10.1016/0040-1951(75)90142-0.

Isachsen, Y.W., 1981, Contemporary doming of the Ad-
irondack Mountains: Further evidence from relevel-
ing: Tectonophysics, v. 71, p. 95-96, doi: 10.1016/
0040-1951(81)90051-2.

Isachsen, Y.W., and Kelly, W.M., 1992, The Adirondacks:
Still rising after all these years: Natural History Maga-
zine, May, p. 30-34.

Jacobi, R.D., 2002, Basement faults and seismicity in
the Appalachian Basin of New York State: Tecto-
nophysics, v. 353, p. 75-113, doi: 10.1016/S0040
-1951(02)00278-0.

Ketcham, R.A., 2005, Forward and inverse modeling of
low-temperature thermochronometry data, in Reiners,
P.W., and Ehlers, T.A., eds., Low Temperature Thermo-
chronology: Techniques, Interpretations, and Applica-
tions: Reviews in Mineralogy and Geochemistry, v. 58,
p. 275-314, doi: 10.2138/rmg.2005.58.11.

Ketcham, R.A., Donelick, R.A., and Carlson, W.D., 1999,
Variability of apatite fission-track annealing kinetics:
III. Extrapolation to geological time scales: The Amer-
ican Mineralogist, v. 84, p. 1235-1255.

Ketcham, R.A., Donelick, R.A., and Donelick, M.B., 2000,
AFTSolve: A program for multi-kinetic modeling of
apatite fission-track data: Geological Materials Re-
search, v. 2, p. 1-32.

Klemperer, S.L., Brown, J.E., Oliver, J.E., Ando, C.J., Czu-
chra, B.L., and Kaufman, S., 1985, Some results of
COCOREP seismic reflection profiling in the Grenville-
age Adirondack Mountains, New York State: Canadian
Journal of Earth Sciences, v. 22, p. 141-153.

425


http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on January 23, 2015

Laslett, G.M., and Galbraith, R.F., 1996, Statistical model-
ing of thermal annealing of fission tracks in apatite:
Geochimica et Cosmochimica Acta, v. 60, p. 5117—
5131, doi: 10.1016/S0016-7037(96)00307-9.

Laslett, G.M., Green, PF, Duddy, L.R., and Gleadow,
A.J.W., 1987, Thermal annealing of fission tracks in
apatite: 2. A quantitative analysis: Chemical Geology,
v. 65, p. 1-13, doi: 10.1016/0009-2541(87)90189-6.

Li, A., Forsyth, D.W., and Fisher, K.M., 2003, Shear ve-
locity structure and azimuthal anisotropy beneath
eastern North America from Rayleigh wave inver-
sion: Journal of Geophysical Research, v. 108, doi:
10.1029/2002JB002259.

Marshak, S., Brown, S.R., and Tranel, L.M., 2005, Ideas on
the origin and evolution of intracratoic plateau uplifts:
Insights from studies of the Ozark Plateau (USA Mid-
continent): Geological Society of America Abstracts
with Programs, v. 37, no. 7, p. 378.

McHone, J.G., 1978, Distribution, orientations, and ages of
mafic dikes in central New England: Geological Society
of America Bulletin, v. 89, p. 1645-1655, doi: 10.1130/
0016-7606(1978)89<1645:DOAAOM>2.0.CO;2.

McHone, J.G., and Butler, J.R., 1984, Mesozoic igneous
provinces of New England and the opening of the North
Atlantic Ocean: Geological Society of America Bulletin,
v.95,p.757-765,doi: 10.1130/0016-7606(1984)95<757:
MIPONE>2.0.CO;2.

McKenzie, D., 1984, A possible mechanism for epeiro-
genic uplift: Nature, v. 307, p. 616-618, doi:
10.1038/307616a0.

McLelland, J., Daly, J.S., and McLelland, J.M., 1996, The
Grenville orogenic cycle (ca. 1350-1000 Ma): An Ad-
irondack perspective: Tectonophysics, v. 265, p. 1-28,
doi: 10.1016/S0040-1951(96)00144-8.

Meesters, G.C.A., and Dunai, TJ., 2002, Solving the
production-diffusion equation for finite diffusion do-
mains of various shapes: Part II. Application to cases
with o-ejection and nonhomogeneous distribution of
the source: Chemical Geology, v. 186, p. 347-363, doi:
10.1016/S0009-2541(02)00073-6.

Miller, D.S., and Lakatos, S., 1983, Uplift rate of Adiron-
dack anorthosite measured by fission-track analysis of
apatite: Geology, v. 11, p. 284-286, doi: 10.1130/0091
-7613(1983)11<284:UROAAM>2.0.CO;2.

Mitchell, S.G., and Reiners, P.W., 2003, Influence of wild-
fires on apatite and zircon (U-Th)/He ages: Geology,
v. 31, p. 1025-1028, doi: 10.1130/G19758.1.

Pazzaglia, F.J., and Brandon, M.T., 1996, The macrogeo-
morphic evolution of the post-Triassic Appalachian
Mountains determined by deconvolution of the off-
shore basin sedimentary record: Basin Research, v. 8,
p. 255-278, doi: 10.1046/j.1365-2117.1996.00274.x.

Persano, C., Stuart, EM., Bishup, P., and Dempster, T.J.,
2005, Deciphering continental breakup in eastern
Australia using low temperature thermochronom-
eters: Journal of Geophysical Research, v. 110, doi:
10.1029/2004JB003325.

Pik, R., Marty, B., Carignan, J., Yirgu, G., and Ayalew, T.,
2008, Timing of East African Rift development in
southern Ethiopia: Implication for mantle plume ac-
tivity and evolution of topography: Geology, v. 36,
p. 167-170, doi: 10.1130/G24233A.1.

Reiners, PW., Zhou, Z., Ehlers, T.A., Xu, C., Brandon, M.T.,
Donelick, R.A., and Nicolescu, S., 2003, Post-orogenic
evolution of the Dabie Shan, Eastern China, from
(U-Th)/He and fission-track thermochronology:
American Journal of Science, v. 303, p. 489-518, doi:
10.2475/ajs.303.6.489.

Roden-Tice, M.K., and Tice, S.J., 2005, Regional-scale mid-
Jurassic to Late Cretaceous unroofing from the Adiron-
dack Mountains through central New England based

426

Taylor and Fitzgerald

on apatite fission-track and (U-Th)/He thermochronol-
ogy: The Journal of Geology, v. 113, p. 535-552, doi:
10.1086/431908.

Roden-Tice, M.K., and Wintsch, R.P,, 2002, Early Cre-
taceous normal faulting in southern New England:
Evidence from apatite and zircon fission-track ages:
The Journal of Geology, v. 110, p. 159-178, doi:
10.1086/338281.

Roden-Tice, M.K., Tice, S.J., and Schofield, L.S., 2000,
Evidence for differential unroofing in the Adirondack
Mountains, New York State, determined from apatite
fission-track thermochronology: The Journal of Geol-
ogy, v. 108, p. 155-169, doi: 10.1086/314395.

Roden-Tice, M.K., West, D.P,, Jr., Potter, J.K., Raymond,
S.M., and Winch, J.L., 2009, Presence of a long-
term lithospheric thermal anomaly: Evidence from
apatite fission-track analysis in northern New Eng-
land: The Journal of Geology, v. 117, p. 627-641, doi:
10.1086/605995.

Sarwar, G., and Friedman, G.M., 1994, Late Paleozoic sedi-
ment cover on the Adirondacks, New York: Evidence
from fluid inclusions and clay diagenesis: Northeastern
Geology, v. 16, no. 1, p. 18-36.

Sengor, A.M.C., 2001, Elevation as indicator of mantle-
plume activity, in Ernst, R.E., and Buchan, K.L., eds.,
Mantle Plumes: Their Identification through Time:
Geological Society of America Special Paper 352,
p. 183-225.

Shuster, D.L., and Farley, K.A., 2009, The influence of
artificial radiation damage and thermal annealing on
helium diffusion kinetics in apatite: Geochimica et
Cosmochimica Acta, v. 73, p. 183-196, doi: 10.1016/j
.gca.2008.10.013.

Shuster, D.L., Flowers, R.M., and Farley, K.A., 2006, The
influence of natural radiation damage on helium dif-
fusion kinetics in apatite: Earth and Planetary Sci-
ence Letters, v. 249, p. 148-161, doi: 10.1016/j
.epsl.2006.07.028.

Sleep, N.H., 1990, Monteregian hotspot track: A long-lived
mantle plume: Journal of Geophysical Research, v. 95,
p. 21,983-21,990, doi: 10.1029/JB095iB13p21983.

Smith, R.B., and Braile, L.W., 1994, The Yellowstone hot-
spot: Journal of Volcanology and Geothermal Research,
v.61,p. 121-187, doi: 10.1016/0377-0273(94)90002-7.

Smith, R.B., Puskas, C., Jordan, M., Steinberger, B., Farrell,
J., Chang, W., Waite, G.P., Husen, S., and O’Connell,
R., 2008, Effects of the Yellowstone hotspot and plume
on the western U.S.: Eos (Transactions, American
Geophysical Union), v. 89, no. 53, Fall meeting supple-
ment, abstract U53C-07.

Smith, R.B., Jordan, M., Steinberger, B., Puskas, C., Farrell,
J., Waite, G.P., Husen, S., Chang, W., and O’Connell,
R., 2009, Geodynamics of Yellowstone hotspot and
mantle plume: Seismic and GPS imaging, kinemat-
ics, and mantle flow: Journal of Volcanology and
Geothermal Research, v. 188, p. 26-56, doi: 10.1016/j
.jvolgeores.2009.08.020.

Spencer, A.S., Kohn, B.P., Gleadow, A.J.W., Norman, M.,
Belton, D.X., and Carter, T.J., 2004, The importance of
residing in a good neighborhood: Rechecking the rules
of the game for apatite (U-Th)/He thermochronology,
in Andressien, P., ed., 10th International Fission Track
Dating Conference: Amsterdam, p. 20.

Spiegel, C., Kohn, B., Belton, D., Berner, Z., and Gleadow,
A., 2009, Apatite (U-Th-Sm)/He thermochronology of
rapidly cooled samples: The effect of He implantation:
Earth and Planetary Science Letters, v. 285, p. 105—
114, doi: 10.1016/j.eps1.2009.05.045.

Spotila, J.A., 2005, Applications of low-temperature ther-
mochronometry to quantification of recent exhumation
in mountain belts, in Reiners, P.W., and Ehlers, T.A.,

eds., Low Temperature Thermochronology: Tech-
niques, Interpretations, and Applications: Reviews in
Mineralogy and Geochemistry, v. 58, p. 449-466, doi:
10.2138/rmg.2005.58.17.

Spotila, J.A., Bank, G.C., Reiners, P.W., Naeser, C.W., Nae-
ser, N.D., and Henika, B.S., 2004, Origin of the Blue
Ridge escarpment along the passive margin of eastern
North America: Basin Research, v. 16, p. 41-63, doi:
10.1111/§.1365-2117.2003.00219.x.

Stanford, S.D., Ashley, G.M., and Brenner, G.J., 2001,
Late Cenozoic fluvial stratigraphy of the New Jersey
Piedmont: A record of glacioeustasy, planation, and
incision on a low-relief passive margin: The Journal
of Geology, v. 109, p. 265-276, doi: 10.1086/319242.

Stockli, D.E, Farley, K.A., and Dumitru, T.A., 2000, Cali-
bration of the apatite (U-Th)/He thermochronom-
eter on an exhumed fault block, White Mountains,
California: Geology, v. 28, no. 11, p. 983-986, doi:
10.1130/0091-7613(2000)28<983:COTAHT>2.0.CO:;?2.

Taylor, S.R. and Toksoz, 1979, Three-dimensional crust
and upper mantle structure of the northeastern United
States: Journal of Geophysical Research, v. 84,
p. 7627-7644.

Unruh, J.R., Dumitru, T.A., and Sawyer, T.L., 2007, Cou-
pling of early Tertiary extension in the Great Valley
forearc basin with blueschist exhumation in the under-
lying Franciscan accretionary wedge at Mount Diablo,
California: Geological Society of America Bulletin,
v. 119, p. 1347-1367, doi: 10.1130/B26057.1.

Wagner, G.A., and Reimer, G.M., 1972, Fission track tec-
tonics; the tectonic interpretation of fission track apa-
tite ages: Earth and Planetary Science Letters, v. 14,
p. 263-268, doi: 10.1016/0012-821X(72)90018-0.

Wasteneys, H., McLelland, J., and Lumbers, S., 1999, Pre-
cise zircon geochronology in the Adirondack Lowlands
and implications for revising plate-tectonic models of
the Central metasedimentary belt and Adirondack
Mountains, Grenville Province, Ontario and New York:
Canadian Journal of Earth Sciences, v. 36, p. 967-984,
doi: 10.1139/cjes-36-6-967.

‘West, D.P., Jr., and Roden-Tice, M.K., 2003, Late Cretaceous
reactivation of the Norumbega fault zone, Maine: Evi-
dence from apatite fission-track ages: Geology, v. 31,
p. 649652, doi: 10.1130/0091-7613(2003)031<0649:
LCROTN>2.0.CO;2.

Wolf, R.A., Farley, K.A., and Silver, L.T., 1996, Helium
diffusion and low-temperature thermochronometry
of apatite: Geochimica et Cosmochimica Acta, v. 60,
p. 4231-4240, doi: 10.1016/S0016-7037(96)00192-5.

Wolf, R.A., Farley, K.A., and Kass, D.M., 1998, Modeling
of the temperature sensitivity of the apatite (U-Th)/
He thermochronometer: Chemical Geology, v. 148,
p. 105-114, doi: 10.1016/S0009-2541(98)00024-2.

Young, E.J., Myers, A.T., Munson, E.L., and Conklin, N.M.,
1969, Mineralogy and geochemistry of fluorapatite
from Cerro de Mercado, Durango, Mexico: U.S. Geo-
logical Survey Professional Paper 650-D, p. D84-D93.

Zeitler, PK., Herczeg, A.L., McDougall, I., and Honda, M.,
1987, U-Th-He dating of apatite; a potential thermo-
chronometer: Geochimica et CosmochimicaActa, v. 51,
p. 2865-2868, doi: 10.1016/0016-7037(87)90164-5.

ManuscripT RECEIVED 24 JuLy 2009
REvISED MANUSCRIPT RECEIVED 31 JANUARY 2010
ManuscrIPT ACCEPTED 8 MARcH 2010

Printed in the USA

Geological Society of America Bulletin, March/April 2011


http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on January 23, 2015

Geological Society of America Bulletin

Low-temperature thermal history and landscape development of the eastern
Adirondack Mountains, New York: Constraints from apatite fission-track
thermochronology and apatite (U-Th)/He dating

Joshua P. Taylor and Paul G. Fitzgerald

Geological Society of America Bulletin 2011;123, no. 3-4;412-426
doi: 10.1130/B30138.1

Email alerting services click www.gsapubs.org/cgi/alerts to receive free e-mail alerts when new
articles cite this article

Subscribe click www.gsapubs.org/subscriptions/ to subscribe to Geological Society of
America Bulletin

Permission request click http://www.geosociety.org/pubs/copyrt.htm#gsa to contact GSA

Copyright not claimed on content prepared wholly by U.S. government employees within scope of
their employment. Individual scientists are hereby granted permission, without fees or further
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in subsequent
works and to make unlimited copies of items in GSA's journals for noncommercial use in classrooms
to further education and science. This file may not be posted to any Web site, but authors may post
the abstracts only of their articles on their own or their organization's Web site providing the posting
includes a reference to the article's full citation. GSA provides this and other forums for the
presentation of diverse opinions and positions by scientists worldwide, regardless of their race,
citizenship, gender, religion, or political viewpoint. Opinions presented in this publication do not reflect
official positions of the Society.

Notes

© 2011 Geological Society of America F
THE
GEOLOGICAL
SOCIETY

OF AMERICA


http://gsabulletin.gsapubs.org/cgi/alerts
http://gsabulletin.gsapubs.org/subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://gsabulletin.gsapubs.org/

