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ABSTRACT

Superlatives—whether tallest, longest, or fastest—are more interesting than averages. This characteristic applies to many
aspects of the geosciences, where scales of time and space are beyond human experience. The deepest trench, the highest
mountain, and the most expansive desert are much more interesting than average ones. Interest in superlatives also
applies to the oldest rocks. In this essay, we show that the oldest rocks in the United States are 3.62-3.45 billion years old
(Ga) and are found in three different states. These localities define an east-west-trending belt in the upper midcontinent
that stretches ~3000 km from Wyoming through Minnesota and into the Upper Peninsula of Michigan. Complex U-Pb zir-
con systematics are observed in the oldest rocks from all three areas, complicating efforts to distinguish zircons that crys-
tallized in the magma(s) that made the host rock from xenocrystic zircons incorporated by assimilating older rocks. Within
these uncertainties, the oldest rock in the United States is 3.62 Ga (Eoarchean to Paleoarchean), but older, 3.8 Ga zircon-
bearing felsic crust existed and may be identified by future investigations.

INTRODUCTION TL LI
Most geoscientists are aware that Canada’s Acasta Gneissis - i e ——

considered to be the oldest rock in the world (Bowring and  wwcsote - s 'm“

Williams, 1999). Fewer know what is the oldest rock in the — *™™ o= -l ;I_"""' :

United States. In this contribution, we consider three candi- ‘hﬂnu oHESS -

dates for the United States’ oldest rock (Figs. 1 and 2). —ar
Some questions about geologic superlatives are easy to 7

answer, but “what is the oldest rock in the USA?” is not. The ik e -

1975 vintage sign in the thumbnail above suggests that the . =¥ [E i s -'*'q‘

matter is settled, and the oldest rock in the United States, and 7 e ¢

indeed in the world, is the Morton gneiss in the Minnesota :

River valley. Clearly, the Morton gneiss is a rock, but as rocks | ) o so0km

g0, it is a mess. A cursory look at this gneiss (Fig. 2B) makes it = ' o s00mi

clear that this rock experienced a complex history involving

multiple different events. How does one use radiometric dat-

1000 km

ing to determine the age of a complicated rock like this?
Modern geochronology of ancient rocks commonly uses the
mineral zircon. However minerals are not rocks but rock con-
stituents, and their ages do not necessarily represent when
the rest of the rock formed. Can we determine when different
components of a complex gneiss formed?

Figure 1. Basement map of the contiguous United States, showing locations of
candidate oldest rocks discussed in this paper (modified from Lund et al., 2015),
with Wyoming Province boundaries from Bedrosian and Frost (2022). GLTZ—

Great Lakes tectonic zone; MN R.—Minnesota River subprovince.
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A Sacawee gneiss

Figure 2. Field photographs of the candidate oldest rocks. (A) Sacawee gneiss sample 10GR2, a strongly foliated biotite trondhjemite gneiss from the Wyoming

Province. Scale is 15 cm. (B) Morton gneiss from a road cut near Morton, Minnesotaq, in the Minnesota River valley. Pencil for scale. (C) Biotite tonalite Watersmeet

gneiss from the core of the Watersmeet dome, northern Michigan. Pencil for scale. Photo credits: Images in A and B are courtesy of C. Frost; image in C is by Paul

Brandes (mindat.org; Brandes, pers. comm., December 2024).

This contribution is aimed primarily at the scientifically lit-
erate public and students who want to learn more about old
rocks and how geoscientists date them. We also made a short
video on the topic, which can be found on the University of
Texas at Dallas (UTD) Geoscience Studio YouTube channel
(https://www.youtube.com/watch?v=-SLCzt89LRc).

EVOLUTION OF GEOCHRONOLOGY

When the sign on page four was erected in 1975, it was jus-
tified because some workers argued that the Morton gneiss
was formed as much as 3.8 by. ago (Goldich and Hedge, 1974).
Later research, however, suggests that the oldest igneous
components in the Morton gneiss formed closer to 3.5 Ga
(Bickford et al., 2006). Clearly, the age of the rock has not
changed, but the accepted age changed as geochronology
techniques advanced and because different radiometric meth-
ods on different minerals lock in different times and condi-
tions. For example, early studies on the Morton and other
ancient gneisses measured the K and Ar contents and Ar iso-
topic compositions in micas and other K-bearing minerals;
this allowed Goldich et al. (1956) to estimate an age of ca. 2.4
Ga for the Morton gneiss, which we now know is much too
young because these minerals lose radiogenic argon at rela-
tively low temperatures (~300 °C; McDougall and Harrison,
1999). The science of dating rocks advanced rapidly in the last
half of the twentieth century, and new techniques based on
the decay of ®Rb to ®’Sr allowed Goldich et al. (1970) to esti-
mate an age of 3.55 Ga for whole-rock samples. These samples
were collected at different spatial scales in attempts to distin-
guish the ages of individual components using location, color,
dimensions of compositional banding, and mineralogy. How-
ever, this approach commonly yielded geologically meaning-
less ages (Field and Raheim, 1979) and has fallen out of use.

Dating zircon grains using U-Pb techniques is now cele-
brated as the optimal method for determining when igneous
rocks formed. The decay of two isotopes of U along indepen-
dent decay chains to produce different Pb isotopes means that
two radiometric “clocks” are ticking in every U-bearing min-
eral at rates that are optimized for ancient rocks. Zircon
(ZrSiO%) incorporates U*4 ions structurally, but the subsequent
decay products do not fit in the crystal structure well. The end
products of 23U and 2**U decay, the Pb isotopes 2°’Pb and 2°°Pb,
may leave the crystal in a process referred to as lead (Pb) loss.

By comparing the ages obtained from these two chronome-
ters, it is possible to detect processes such as Pb loss that affect
age calculations. U-Pb systematics of zircons in Archean
gneisses show they almost invariably experienced complex
histories, including Pb loss.

Improved laboratory protocols for determining zircon U
and Pb contents and Pb isotopic compositions have enabled
geochronologists to distinguish individual components of
complex, migmatitic rocks such as the Morton gneiss and to
determine their ages. The pioneering work of Tom Krogh
(1936-2008) in the 1980s transformed zircon geochronology.
Previously, the laborious procedure required separating milli-
gram-sized groups of zircon grains followed by dissolution
and chemical separation of U and Pb before analysis using a
mass spectrometer. Krogh developed procedures in which zir-
cons were distinguished by size, shape, and magnetic suscep-
tibility, and laboratory processes by which U and Pb contents
and isotopic compositions of individual grains, including
physically abraded grains and parts of grains, could be mea-
sured and interpreted (Krogh, 1982a, 1982b; Davis et al.,
2003). The most precise ages for ancient zircons still come
from the analyses of pure fractions of U and Pb extracted from
carefully selected zircon grains or parts of grains, which may
have been physically abraded or chemically conditioned prior
to analysis. Beginning in 1980, less precise but very useful in
situ determinations of U and Pb in zircons using the second-
ary ion mass spectrometer (SIMS) began to supplement
advancing chemical techniques (Compston, 1996). This was
followed by other in situ techniques like laser ablation—-induc-
tively coupled plasma-mass spectrometry (LA-ICP-MS) and
multicollector (MC) ICP-MS. U-Pb measurements of microdo-
mains in zircons are now routinely accomplished in situ on
single zircons with spot analyses as small as 5 um (Schaltegger
et al., 2015). This size is much smaller than a typical zircon,
which is on the order of 100 pm (0.1 mm) long, allowing dif-
ferent ages to be determined in the core versus the rim of a
single zircon. It is no wonder that zircon geochronology is
called “the queen of geochronology” (Harley and Kelly, 2007).

Regardless of the analytical particulars, U-Pb zircon geo-
chronology remains the best way to determine ages of ancient
zircons and by inference their host rocks. This reflects the
unmatched physical and chemical robustness of zircon cou-
pled with the sensitivity of the two U-Pb decay schemes.

www.geosociety.org/gsatoday

March-April 2025 | GSATODAY D



SCIENCE

1.2 T T T T T T T T T

4.5 billion
1.0 -

091 40 \ _

0.8 35 concordia —
07+ i

0.6 3.0

206Pb sl
238y 25 n

04120 B
03F
0.2 B
0.1 B

|
0 10 20 30 40 50 60 70 80 90 100

207Pb
235y

Figure 3. Concordia diagram, with the concordia shown as the red curve. Ages
are in billions of years. Samples plotting on the concordia (green ellipses) give
the same age in both the 22U/2°Pb and **U/?’Pb decay systems. Arrays of
discordant points (open purple ellipses) may form a chord (discordia; green line)
that intersects the concordia at the crystallization age. Portions of the concordia

diagram are enlarged on plots in Figure 4 to focus on the areas of the analyses.

Individual zircons can survive many cycles of erosion and
sedimentation, metamorphism, and partial melting.
Nonetheless, not all zircons survive these events intact isoto-
pically: Some events may add uranium, especially to zircon
rims, and metamorphism causes Pb loss. The significance of
ages revealed by analysis of any zircon by any method must be
judged on the basis of concordance.

Concordance in zircon geochronology is when ages calcu-
lated in the #*U->"Pb and the 238U-2°°Pb decay systems are
identical within analytical error. These results are typically
displayed on concordia diagrams (Fig. 3). The concordia curve
represents the locus of all data for which the two U-Pb ages
agree. Data that plot on concordia are called concordant ages,
while data that fall off the curve are discordant. Discordance
can range from essentially 0 to +99% and is most commonly
associated with loss of radiogenic Pb from zircons; this is
common when rocks were sufficiently heated by younger
metamorphism. While U gain produces a mathematically
identical result, it is rare. Greater discordance leads to greater
age uncertainty. Discordant data are not, however, bad data;
they reveal complexities in the history of these zircons, and
thus in the rocks that host them. As shown in Figure 3, discor-
dant data may define a discordia, which is a straight line con-
necting an array of discordant data. In coherent arrays, the
intersection of a discordia with concordia can provide critical
information. For example, the intersection of a well-con-
strained discordia with concordia yields a date equivalent to a
point on the concordia diagram; these are referred to below as
regressed ages. Even concordant zircon ages vary in reliabil-
ity; tight groups of ages are more reliable than loose groups of
ages. Geochronologists use statistical measures of the tight-
ness of the zircon age cluster, particularly the mean square of
weighted deviates (MSWD), in their interpretations. An age
with alow MSWD is more reliable than one with a high MSWD.
Another challenge in interpreting multiple age groupings
from old, typically migmatitic, gneisses is to identify younger

zircons that formed by metamorphism after the original
igneous rock crystallized; these may be recognized by their
low Th/U ratios (<0.1).

THE CANDIDATES

Our candidates for the oldest U.S. rock are ancient
gneisses with complex histories. As one might expect, these
candidates do not exist in isolation but are parts of larger
entities commonly referred to as age provinces, gneiss
complexes, terranes, or cratons. The oldest rocks in the
United States are located in the north-central part, where
our three candidates are found, in (1) the Archean Wyoming
Province (e.g., Condie, 1976); (2) the Minnesota River valley
subprovince of the Superior Province of the Canadian
Shield (e.g., Goldich et al., 1970); and (3) the Watersmeet
gneisses of the Upper Peninsula of Michigan (Peterman et
al., 1980). Each of these candidates is a gneiss that was
originally an igneous rock.

Wyoming Province

The Wyoming Province contains numerous indications
of its antiquity (e.g., Mueller and Frost, 2006; Mogk et al.,
2023). The northern part hosts ca. 3.5 Ga Paleoarchean
gneiss spectacularly exposed in the rugged Beartooth
Mountains and the northern Madison Range of Montana
and Wyoming (Mueller et al., 1996, 2014). Detrital zir-
cons as old as 4.0 Ga also are documented from the
northern Wyoming Province (Mueller et al., 1992; Mueller
and Wooden, 2012). Here, we highlight two samples of
the Sacawee orthogneiss of the Granite Mountains in
central Wyoming (Frost et al., 2017).

The Sacawee block comprises a narrow belt of Archean
crust exposed in central Wyoming (Fig. 1; Frost et al.,
2017). It is composed of quartzofeldspathic gneisses and
metamorphosed mafic rocks, variably deformed and
interlayered on outcrop to map scale. Gneiss protoliths
were mainly biotite-bearing trondhjemites, tonalites,
and granodiorites (TTG), a group of broadly granitic
rocks common in the Archean (Moyen and Martin, 2012).
Sacawee block gneisses are intruded to the south by
2.63-2.62 Ga granite of the Wyoming batholith and to
the north by ca. 2.65 Ga foliated granite. The oldest date
from the Sacawee block comes from U-Pb analyses of
zircons from a strongly foliated, but compositionally
homogeneous, coarse-grained biotite trondhjemite
gneiss (Fig. 2A). U-Pb isotopic data from zircons using
SIMS are shown in Figure 4A. A prominent grouping of
12 analyses, close to and within uncertainty of the con-
cordia, yielded a weighted mean 2°"Pb/2°°Pb age of 3452 +
3 Ma (where Ma = million years old; MSWD = 1.8), which
was interpreted as the intrusive age of the granitic pro-
tolith (Frost et al.,, 2017). Analyses yielding slightly
younger ages were interpreted as having lost Pb shortly
after intrusion, and a single analysis of an older zircon
suggested that this grain must have been “inherited” or
entrained as the magma passed through older rocks.
Clues to the identity of these older rocks were revealed in
a sample of a nearby biotite tonalite gneiss. This rock
contained two age populations of zircon, one group at ca.
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Figure 4. Concordia diagrams of the candidate oldest rocks in
the United States. (A) Sacawee gneiss sample T0GR2 from the
Wyoming Province. (B) Tonalite gneiss sample OOSRO1 from the
Wyoming Province, 20 km east of sample 10GR2. Data for both
samples from Frost et al. (2017). (C) Morton gneiss sample MRV-4
from the Minnesota River subprovince. Data are from Bickford et al.
(2006). (D) Watersmeet gneiss sample M45L. (E) Watersmeet gneiss
sample M93 from northern Michigan. Samples of Watersmeet gneiss
were collected by Z.E. Peterman and zircon U-Pb analyses were
conducted by P.A. Mueller by laser ablation—inductively coupled
plasma-mass spectrometry (LA-ICP-MS). Analytical methods
and data are provided in the Supplemental Material files (see text
footnote 5). Many analyses are strongly discordant. Data in part D
show the 29 of 60 analyses from M45L are <5% discordant (48%),
and data in part E show that 20 of 80 analyses from M93 that are
<10% discordant (25%). Insets show weighted mean 2°’Pb/2°Pb
ages of the oldest concordant analyses. In the case of M93 (Fig. 4E),
three analyses (3822 + 8 Ma, 3764 = 16 Maq, and 3687 = 9 Ma)
lie outside the error envelopes of the weighted mean ages and are
interpreted as xenocrysts derived from yet older crust. The 3822 Ma
analysis was not included in the weighted mean age. MSWD—mean

square of weighted deviates.
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3.4 Ga, which has been interpreted as the crystallization
age, and an older group (Fig. 4B). Nine analyses of grains
from this older group yielded a weighted mean 2°’Pb/?°°Pb
age of 3822 + 4 Ma (MSWD = 1.4; Frost et al., 2017). These
zircons were interpreted as xenocrysts, and their age was
interpreted as indicating that the protolith of the ca. 3.4
Ga gneiss intruded 3.82 Ga Eoarchean crust, although
such rocks have yet to be found.

Minnesota River Valley

Like Wyoming Province gneisses, the ancient Morton and
Montevideo gneisses of the Minnesota River valley (MRV) are
dominantly tonalite, trondhjemite, and granodiorite (Bickford
et al.,, 2006). The Minnesota River terrane is commonly
described as a subprovince of the Superior Province, but it is
separated from the Neoarchean (2.8-2.5 Ga) granite-green-
stone belts that dominate the southern Superior Province by
the Great Lakes tectonic zone (Sims et al., 1980). MRV gneisses,
particularly the Morton gneiss, have been widely used as a
building stone in North America (Lund, 1953, 1956).

The oldest MRV rocks have a complex history, as illustrated
by a Morton gneiss sample studied by Bickford et al. (2006). A
concordia diagram of SIMS U-Pb data (Fig. 4C) shows one
group of zircons with a regressed age of 3516 + 17 Ma and a
second group of essentially concordant grains with aregressed
age of 3360 = 9 Ma. One concordant analysis from a rim
around a ca. 3.5 Ga core yielded a concordant 2°“Pb/?°°Pb age of
3145 + 2 Ma, apparently reflecting zircon growth during an
igneous event associated with the nearby intrusion of mafic
magmas (Bickford et al., 2006). A fourth group of analyses,
with a regressed age of 2595 + 4 Ma, was obtained from rims
around the 3516 Ma and 3360 Ma zircons, and this group
records a Neoarchean event that affected these rocks (Fig. 4C).
The zircons in the 3516 Ma group are euhedral and show well-
developed oscillatory growth zones, whereas the 3360 Ma
grains do not show growth zones. These relationships suggest
that the Morton gneiss is an aggregate of older, ca. 3.5 Gaigne-
ous rocks mixed with ca. 3.36 Ga igneous rocks during a
deformation event 2.6 b.y. ago, which also formed young rims
on the older zircons (Bickford et al., 2006).

Upper Peninsula of Michigan

An Archean gneiss terrane forms the crystalline basement
in northern Wisconsin and the Upper Peninsula of Michigan
(Fig. 1). Although Archean rocks form the bedrock, exposures
are limited. Our candidate for the oldest rock in this terrane is
the Watersmeet gneiss, exposed in the center of the 8 x 25 km
Watersmeet dome. This is one of several domes that formed
during and immediately after the Paleoproterozoic Penokean
orogeny (ca. 1870-1830 Ma) that are cored by Archean gneiss
folded with and intruded by Proterozoic rocks (Schulz and
Cannon, 2007). The Watersmeet dome was deeply buried dur-
ing the Penokean orogeny and now exposes the deepest
crustal level in the orogen. Peterman et al. (1980) discussed
the “Gneiss at Watersmeet” and estimated the tonalite gneiss

to have a minimum age of 3410 Ma. Further refinement of the
ages by Peterman et al. (1980) using LA-ICP-MS on zircons
extracted from two of the same samples illustrated the com-
plex history experienced by this ancient gneiss (Figs. 4D and
4E; Table S1 in the Supplemental Material®). In one sample of
Watersmeet tonalite gneiss, 29 of 60 analyses were <5% dis-
cordant. Those 29 analyses defined two age groups of ca.
2.64 and ca. 3.60 Ga (Fig. 4D). U-Pb ages of zircons from a
second Watersmeet tonalite gneiss sample displayed sub-
stantial discordance with 2°’Pb/2°°Pb ages from 3.8 Ga to 1.3
Ga (Table S1). This discordance likely reflects Pb loss during
five later igneous and metamorphic events as well as
Phanerozoic uplift and erosion. Precambrian events incl-
uded: (1) intrusion of the Neoarchean Carney Lake gneiss
(ca. 2750 Ma; Ayuso et al., 2017, 2018); (2) crosscutting leuco-
granite dikes and intrusion of the ca. 2600 Ma Puritan
quartz monzonite (Peterman et al., 1980); (3) strong
Penokean deformation ca. 1800 Ma (inferred from Rb-Sr
whole-rock and U-Pb zircon analyses); (4) uplift of the
Watersmeet dome at 1755 Ma (Peterman et al.,, 1980;
Schneider et al., 1996); and (5) ca. 1110-1070 Ma igneous
activity of the Mesoproterozoic Midcontinent Rift (Fairchild
et al., 2017). Regression ages for the two aforementioned
samples were 3685 + 12 Ma and 3598 + 12 Ma (Figs. 4D and
4E). If only the oldest, least discordant analyses are consid-
ered, weighted mean 2°"Pb/?°°Pb ages of 3623 + 4 Ma and
3618 + 4 Ma are obtained (see insets on Figs. 4D and 4E).
Because discordance likely reflects Pb loss during later
events, the least discordant analyses are considered to be
the most reliable. However, because of possible early Pb loss,
even these ages should be viewed as minimum ages.

Despite the multiphase history of the Watersmeet gneiss,
there are indications of even older crust. Three analyses
from the tonalite gneiss lie outside the error envelopes of the
proposed ages and are viewed as xenocrysts derived from
older crust (3822 + 8 Ma, 3764 + 16 Ma, and 3687 + 9 Ma; see
inset in Fig. 4E).

A similar history is preserved in the Archean Carney Lake
gneiss, exposed east of the Watersmeet gneiss in northern
Michigan. Like the Watersmeet gneiss, it contains concor-
dant and discordant zircons that define regression ages of
around 1000 Ma, 2750 Ma, and 3750 Ma (Ayuso et al., 2017,
2018). Detrital zircons up to ca. 3.8 Ga have been reported
from Paleoproterozoic (Huronian) sedimentary rocks in the
region (Craddock et al., 2013), requiring an older source
rock. These data suggest that continental crust began to
form in what is now the Upper Peninsula of Michigan by
around 3.8 Ga, but like the 3.8 Ga crust of the Wyoming
Province, the oldest crust was largely subsumed in younger
magmas.

DISCUSSION AND CONCLUSIONS

Our interrogation of the oldest rocks in the United States
and their zircons unearthed many devilish complexities.
Interpretations are easy when multiple zircons give the

5 Supplemental Material. Text S1. Analytical methods. Table S1. Zircon U-Pb isotopic data for the Watersmeet gneiss. Please visit https://doi.org/10.1130/
GSAT.S.28315214 to access the supplemental material; contact editing@geosociety.org with any questions.
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same concordant age, but that is not the case for ancient
rocks such as these. So many different zircons analyzed
from each of the candidates yielded different ages. This age
range is of particular concern when (1) analyzed zircons
are discordant, requiring a regression age; (2) there are
limited geochemical data to help define groups of discor-
dant analyses (such as petrographic and trace-element
characteristics or O and/or Hf isotopic data on the grains;
e.g., Drabon et al., 2024); and (3) there is no corroborating
evidence to allow younger dates to be interpreted based on
the ages of “known” events in the region. Answering the
apparently simple question of “Which is and where is the
oldest rock in the United States?” requires an honest
appraisal of various possible interpretations.

So, which is the oldest rock in the United States? Is it the
Watersmeet gneiss in Michigan, which contains near-con-
cordant groups of zircons giving ages of 3623 + 4 and 3618
+ 4 Ma? Or is it the Wyoming Sacawee gneiss that contains
3822 + 4 Ma zircons? We can’t be sure, but based on our
analyses, we propose that the Watersmeet gneiss wins the
prize for the oldest rock, at >3.6 Ga. The 3822 Ma zircons,
interpreted as xenocrysts in the Sacawee gneiss, are impor-
tant because they tell us about the presence of even older,
Eoarchean crust. The Morton gneiss—no longer the oldest
rock in the world, or in the United States—nevertheless
serves as an outstanding example of how U-Pb zircon data
can be used to unravel complex Archean histories from a
single sample.

Moving beyond superlatives to science, it is useful to con-
sider the implications of ~3.5-b.y.-old crust in multiple
locations across the northern United States. The similar
Archean histories between the southern margins of the
Superior and Wyoming cratons suggest that these areas
once were part of a single crustal block. Archean gneiss in
northern Michigan may be part of the Minnesota River
subprovince (Sims, 1980; Bickford et al., 2007). Although
the Minnesota River subprovince has long been grouped
with the Superior Province of Canada, its Archean geologic
history has more in common with the Wyoming Province
than with adjacent parts of the Superior Province (Schmitz
et al., 2018). In fact, it has been proposed that the Wyoming
Province lay south of the Minnesota River subprovince
until ca. 2.1 Ga, when it rifted away and rotated to its pres-
ent location farther west (Ernst and Bleeker, 2010). Taken
together, the Archean rocks of the Wyoming-Minnesota-
Michigan block represent the oldest continental crust in
the United States, the nucleus around which the younger
rocks of the nation were assembled. That’s a superlative
worth knowing!
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