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Figure 28. Distribution of depths to the top of the intermediate-depth seis-
micity beneath individual volcanoes, adjusted to the location of their volcanic
fronts (see Figs 3 to 27).

Table 2. Notation.

a Thickness of the slab
A Age of slab
K Coefficient of thermal conductivity
L Characteristic length
L′ Dimensionless distance UL/κ
Q Heat flux at the base of the oceanic lithosphere
r Radial distance from wedge corner (Fig. 1)
T Temperature
U Characteristic speed
V Convergence rate between plates

(plate relative velocity resolved perpendicular to the arc;
see Sections 3.1, 3.2 for discussion of backarc spreading)

z Depth below Earth’s surface
zw Depth of wedge corner beneath

Earth’s surface (Fig. 1)
δ Dip of the zone of

intermediate-depth seismicity
κ Thermal diffusivity
φ Thermal parameter = VA sin δ

spreading. The most significant correlations are found where n is
between about 1 and 2 (Fig. 30). All correlations illustrated have
negative correlation coefficients. When n > 0.4, the correlations
have smaller than 10−3 probability of arising by chance, and in
the range 1 <∼ n <∼ 3 the probability is smaller than 10−5. We
take this result to indicate that it is highly likely that the depth,
D of the top of the intermediate-depth seismicity beneath volca-
noes depends upon both the rate of convergence between the plates,
V , and the dip, δ of the slab, and that other dependences – not
only those illustrated in Fig. 29, but any dependence that could
be suggested within the simple framework of thermal diffusion
and advection in the slab and mantle wedge (Fig. 1) – are less
likely.

4 C O N C L U S I O N

The analysis given in the previous sections establishes four impor-
tant conclusions about the relationship between arc volcanoes and
their underlying slabs. First, the locations of volcanoes forming the
frontal arcs lie within a few kilometres of small circles (Table 1,
see also Tovish & Schubert (1978)). Secondly, the depth to the top
of the intermediate-depth seismicity beneath these small circles is
also constant to within a few kilometres along individual arc seg-
ments (Figs 3 to 27). Thirdly, these depths vary, from arc to arc,
between about 65 km and 130 km. Finally, the depths increase sys-
tematically with a quantity that is closely related to the descent
speed of the slab (Figs 29f and 30). These conclusions make it rea-
sonable to infer that, among all the processes that occur beneath
island arcs, there is a single process that dictates the location of the
volcanoes.

We may go further, and rule out some of the models that are com-
monly believed to explain the location of arc volcanism. For exam-
ple, it might seem reasonable to expect that the younger the ocean
floor entering the subduction zone, the higher would be the geother-
mal gradients, and therefore the conditions necessary to promote
melting would be achieved at shallower depths. The observations
rule out any strong dependence of the location of arc volcanism
with the age of the oceanic lithosphere (Figs 29a and d). We there-
fore conclude that, although the thermal structure of the oceanic
lithosphere may be important in particular cases (perhaps when slab
of close to zero age is being subducted (e.g. Defant & Drummond
1990)), slab age is not generally an important factor in controlling
the locus of arc volcanism.

As another example, a common view is that the arc volcanoes
all lie above places where the slabs attain a roughly constant depth
of about 110 km, and this relation is explained by proposing that
volcanism is triggered by the release of H2O by the dehydration
of amphibole or chlorite at roughly constant pressures around 3.5
GPa (see, e.g. review by Tatsumi & Eggins 1995, and references
therein). Figs 3 to 27 show that the depth to the slab beneath the
volcanoes varies, from place to place, by almost a factor of two; this
observation cannot be reconciled in a simple way with a trigger that
is pulled when the top of the slab reaches a constant depth.

Recognizing that there is variation in the depths of the slab be-
neath arc volcanoes, Davies & Stevenson (1992) proposed a mech-
anism of fluid release followed by steps of upward percolation, and
lateral transport within the flow of the wedge. This mechanism now
seems implausible in view of the evidence that fluid from the slab
reaches the arc volcanoes within a few tens of thousands of years
(e.g. Hawkesworth et al. 1997; Turner et al. 2000), whereas lateral
transport within the wedge would require time-scales of order a mil-
lion years [the range in depths to the slab is ∼60 km and rates of
vertical motion of the slab and overlying wedge are tens of kilo-
metres per million years (Table 1)]. Furthermore, the relationship
predicted by Davies & Stevenson (1992) between dip of the slab
and its depth beneath the volcanoes is not observed (Fig. 29b). We
therefore conclude that, although it is inescapable that fluid released
from the slab must be involved in the melting of the wedge beneath
arc volcanoes, the locations of the volcanoes cannot be explained
simply by the release of that fluid in a single pressure-dependent
dehydration reaction (see, e.g. Schmidt & Poli 1998).

The strongest correlation between depth, D, to the top of the
intermediate-depth seismicity and subduction zone parameters is
with the descent speed, V sin δ, of the slab (Figs 29f and 30). If the
wedge is mechanically coupled to the slab, then we should expect
that increasing convergence rate should raise the rate at which hot
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and S2b) shows a large variety of H, H0, slab
dips, rates of convergence, and incoming seafloor
ages. In these compilations, 99% of H estimates
lie between 58 and 203 km and 50% between 85
and 119 km. Averaging H for 500-km sections of
arc results in a range in H from 72 ± 9 km in
the central Aleutians, to 173 ± 16 km in northern
Vanuatu. Taking medians, rather than means, of
individual parameters has little effect. Similarly,

H0 varies from 83 to 208 km with the same end-
members, and is on average 20 km greater than
H. Globally, H averages 105 km with a median
of 100 km (Figure 8). Horizontal distances from
volcano to trench range from 85–90 km in
Scotia and Vanuatu to 470 km in Alaska, with
the middle 50% of arc-trench distances between
180 km and 275 km. Slab dips (d) range from
17! in the central and northern Andes to 77! in

Figure 8. Histograms of H, distance from trench, d, Vc, and seafloor age for front-most volcanoes. Convergence
velocities that include back-arc spreading rates are shown in light gray. Volcanoes with unconstrained ages are evenly
distributed as being from the Cretaceous Quiet Period and are shown in light gray in Figure 8e.
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A lot of the variation is apparently most closely related to the vertical descent rate (V * sin(dip)).
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Kinematic variables and water transport control the
formation and location of arc volcanoes
T. L. Grove1, C. B. Till1, E. Lev1, N. Chatterjee1 & E. Médard1{

The processes that give rise to arc magmas at convergent plate
margins have long been a subject of scientific research and
debate1–6. A consensus has developed that the mantle wedge over-
lying the subducting slab3,4 and fluids and/or melts from the sub-
ducting slab itself6–11 are involved in themelting process. However,
the role of kinematic variables such as slabdip andconvergence rate
in the formation of arcmagmas is still unclear. The depth to the top
of the subducting slabbeneath volcanic arcs, usually 1106 20 km,
was previously thought to be constant among arcs3,6,12. Recent
studies13,14 revealed that the depth of intermediate-depth earth-
quakes underneath volcanic arcs, presumably marking the slab–
wedge interface, varies systematically between 60 and 173 km
and correlates with slab dip and convergence rate. Water-rich
magmas (over 4–6wt% H2O) are found in subduction zones with
very different subduction parameters, including those with a
shallow-dipping slab (north Japan), or steeply dipping slab
(Marianas). Here we propose a simple model to address how
kinematic parameters of plate subduction relate to the location of
mantlemelting at subduction zones.We demonstrate that the loca-
tion of arc volcanoes is controlled by a combination of conditions:

melting in the wedge is induced at the overlap of regions in the
wedge that are hotter than the melting curve (solidus) of vapour-
saturated peridotite and regions where hydrous minerals both in
the wedge and in the subducting slab break down. These two limits
for melt generation, when combined with the kinematic para-
meters of slab dip and convergence rate, provide independent con-
straints on the thermal structure of the wedge and accurately
predict the location of mantle wedge melting and the position of
arc volcanoes.

The extent and maximum depth of hydrous melting at subduction
zones are controlledby the supply ofwater from the subducting slab to
the overlying mantle wedge. New experimental work15,16 shows that
chlorite, [Mg4.6Fe0.3Cr0.1Al][Si3Al]O10(OH)8, which contains 13wt%
water, is stable in themantle wedge to depths of 100–120 km.As water
is released from the slab at shallow depths, it rises into overlying
mantle and hydrates it through the formation of chlorite. This chlorite
zone is advected to depth by corner flow as the sinking slab drags
overlying mantle downward. This zone of chlorite stability in the
wedge dehydrates at temperatures slightly above the vapour-saturated
solidus. Water released from chlorite breakdown is then transferred

1Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. {Present address: Laboratoire Magmas
et Volcans, Université Blaise Pascal, Clermont-Ferrand, F-63038, France.
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Figure 1 | Diagrams showing limits for melt generation. a, A typical
subduction zone with melting model (after ref. 15) using our thermal model
with a dip of 30u and a convergence rate of 40mmyr21, and depicting the
hydrous phase (.10wt% water) stability fields within the subducted
lithosphere andmantle wedge15,16,18–22. b, Hydrous peridotite phase diagram.

In a, the vertical lines A, B and C denote vertical cross-sections through the
mantle wedge and in b they denote a path through a pressure–temperature
phase diagram for vapour-saturated peridotite. The dark-grey region in
b labelled ‘P,Tmelt’ indicates the pressure–temperature region required for
melting in our geodynamic models.
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the thermal diffusivity of the mantle. In this scaling, the maximum
temperature in the mantle wedge Tr is given by:

Tr<T0 exp {B
Vrd2

k

! "b
" #

ð1Þ

while the temperature Ts at the top of the slab is:

Ts<
Tr

1zC Vrd2
#
k

$ %c ð2Þ

where T0 is a scale temperature, and B, C, b and c are constants, the
values of which depend on the details of the flow near the top of the
slab. This scaling was initially derived for a model of subduction zones
that treated themantle as a constant-viscosity fluid11;we showhere that
these relations also hold for the case in which the viscosity has a
dependence on temperature that is appropriate for the upper mantle
(Fig. 2 and Supplementary Information).
Precise earthquake hypocentral locations12 reveal that the depth D

to the top of the slab beneath the fronts of volcanic arcs is constant, to
within a few kilometres, along individual segments of arc, but varies
from 80 km to 160 km between different segments8,13 (Fig. 3). This

variation rules out the hypothesis that the arcs are located above the
place where the top of the slab reaches a critical pressure correspond-
ing to a single dehydration reaction1,3,5. We may also rule out the
hypothesis that the release of fluids by temperature-dependent re-
actions near the top of the slab determines the location of arcs (see,
for example, ref. 6). The top of the slab lies within a thermal boundary
layer a few tens of kilometres thick, across which there is a temperature
difference of,1,000 uC. Because isotherms within this boundary layer
are almost parallel to the slab, any given temperaturewill be found over
a large range of pressure (Fig. 2b, c). Therefore, temperature-dependent
processes taking place near the top of the slab cannot be sharply loca-
lized, but must occur over a broad range of down-dip distances14.
In contrast, the steep lateral thermal gradients in the core of the

mantle wedge provide a setting in which localization of temperature-
dependent processes is likely2,4. The maximum temperature in the
mantle wedge depends on the dimensionless distance from the wedge
corner Vrd2/k (equation (1) and Fig. 2a). Accordingly, we should
expect that if a temperature-dependent process is localized beneath
the arc, the relevant isotherm will reach its closest approach to the
wedge corner (which we refer to below as its ‘nose’) at a distanceR that
is inversely proportional to Vd2. Although R cannot be measured
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Figure 2 | Scaling relations for temperatures in the core of the mantle
wedge, andat the top of the slab. a,Maximum temperature in thewedge,Tr, as
a function of dimensionless distance from thewedge corner,Vrd2/k, whereV is
convergence speed, d is dip of the slab, and k is thermal diffusivity. Dots with
error bars indicate the averages and standard deviations ofTr, determined from
calculations in which V varies from 10mmyr21 to 100mmyr21, in steps of
10mmyr21, while d varies from 20u to 70u in steps of 10u. The red line
corresponds to the theoretical expression for Tr (equation (1)), with
T05 1,420 uC, B5 3.3 and b520.8. b, As for a, but for temperatures within
the slab. The thick blue line corresponds to the theoretical expression forTs, the
temperature on the top of the slab (equation (2)), with C5 1.4 and c520.06.
Thin blue lines indicate the temperatures at the base of the crust (7 km below

the top of the slab) for convergence ratesV of 40–100mmyr21 and a slab dip of
40u. c, The temperature structure near the wedge corner for a calculation with a
convergence speed V of 80mmyr21 and a slab dip of 40u. The location of the
500 uC isotherm is shown by green lines and the 1,225 uC and 1,275 uC
isotherms are shown by red lines. Green arrowheads show the horizontal extent
over which some part of the oceanic crust is at a temperature of 500 uC. Red
arrowheads show the range over which the maximum temperature in the
mantle wedge lies between 1,225 uC and 1,275 uC (a typical range of
temperature represented by the error bars in Fig. 3b). Uncertainties in the
temperatures arising from idealizations in themodel are discussed in section B2
of the Supplementary Information.
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Figure 3 | Systematic variation in depth to the
slab beneath volcanic arcs, and its relation to
pressure–temperature conditions beneath the
arcs. a, Depth to the topof the slab beneath volcanic
arcs (see Supplementary Information), plotted
againstVd (equation (3)).b, Conditions beneath the
volcanic fronts estimated from calculations with
descent speed, V, and dip, d, corresponding to the
arcs investigated in this paper. Dots show the
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bars represent the range in maximum temperature
(and the pressure at which it is reached) associated
with a65 kmuncertainty in the horizontal location
of the arc front. Lines labelled 50p.p.m., 200 p.p.m.
and 500 p.p.m. correspond to the solidi for
peridotite containing these fractions of water15.
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Maximum temperature in wedge

Exact mechanism for this relation is debated still, but increasingly seems like the temperature in the mantle wedge is what controls this
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At the broadest level (all of North America), it would seem that magmatism is pretty constant...
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America were underthrust beneath Mesozoic arc rocks with
oceanic or continental margin affinity. The ~30-km-deep amphi-
bolite and granulite facies basement from the Santa Lucia,
Tehachapi, and San Gabriel areas is isotopically rich in end
member S (e.g., Mattinson, 1978; Pickett and Saleeby, 1994;
Barth et al., 1992), consistent with that interpretation. This pro-
cess led to the significant crustal and lithospheric thickening of
the Mesozoic arc. Figure 5 is a schematic cross section of the
proposed prebatholithic domains involved in Mesozoic magma-
tism in the California arc region. The scenario envisioned is that
arc magmas tap different proportions of the two lithospheres
depending on their location. The western Sierra Nevada plutons
represent mixtures between young accreted mantle (end mem-
ber M) and corresponding supracrustal rocks (end member S),
whereas the central and eastern Sierra Nevada isotopic signa-
ture is dominated by the Precambrian lower crust-lithospheric
mantle (end member C), and overthrusted supracrustal rocks.
The presence of the mantle slice of end member M shown in
Figure 5 is constrained by the presence of a few spinel-bearing
peridotites with the isotopic characteristics of this reservoir in
the San Joaquin xenolith suites.

No sharp transition from one lithospheric type to the other is
preserved in the isotopic record of the surface granitoids, ques-
tioning the commonly inferred near-vertical boundary between
Panthalassa and North America along the 87Sr/86Sr = 0.706 iso-
pleth. The lithospheric-scale thrusting hypothesis can explain
the smooth isotopic gradients measured in the surface grani-
toids across the arc. Thrusting was likely synchronous with the
ductile deformation in the amphibolite to granulite facies frame-

Figure 5. Schematic west-east interpretative cross section (vertical ~
horizontal scale) through Sierra Nevada lithosphere prior to
generation of Cretaceous batholith. Approximate location of source
region of Cretaceous Sierra Nevada batholith (SNB) is indicated, as
well as Panthalassan (PT) and North American (NA) segments of
batholith (Kistler, 1990). SJF marks the approximate location of San
Joaquin xenolith probe in Sierra Nevada. Dark box delineates area
that experienced partial melting during magmatic flare-up.
Lithospheric domains: Ccrustal—Precambrian lower crust; Cmantle—
Precambrian enriched-mantle lithosphere; S—accreted crustal
rocks; M—accreted mantle; Mi—miogeocline rocks; FP—the
subducting Farallon plate.

Figure 6. A: Plot of total California arc apparent intrusive flux (area of presently exposed plutonic rocks produced per units of time; in
km2/m.y.) vs. time of magmatism, using an updated version of CONTACT88 (Barton et al., 1988). About 600 plutons representing almost
65% of arc-exposed area have been included in database. Line labeled DD indicates period of ductile deformation in exposed mid-crust of
arc and in granulite xenoliths. RS84 corresponds to magmatic addition rates in range of 20–40 km3/km • m.y., typical of island arcs (Reymer
and Schubert, 1984). Magmatic addition rate is defined as total volume of magma produced in an arc per unit of time scaled over length of
arc, assuming an average granitoid thickness of 30 km for California arc. B: Plot of apparent intrusive flux vs. normal convergence rate
between Farallon and North American plates in California (Page and Engebretson, 1985) for 5 m.y. intervals between 170 and 60 Ma. C:
Plot of apparent intrusive flux vs. angle of convergence in degrees. Zero corresponds to normal convergence, positive angles reflect right-lateral
motion, and negative angles represent left-lateral motion.
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Northern Sierra 
plutons

Ducea, GSA Today, 2001

Robinson et al, Geosphere, 2012

Northern Sierra Nevada magmatism
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1992; Busby and Putirka, 2009) (Fig. 1). Thus, 
the ages we present may not accurately refl ect the 
relative volumes of magmatic pulses in this part 
of the range. For example, a comparison of the 
age histogram from this study with the estimated 
age-area distribution of previously dated plutons 
from the northern Sierra Nevada (between 39 °N 
and 40 °N; Cecil et al., 2010) suggests that the 
large ca. 165 Ma age peak is overrepresented.

In addition to revealing temporal variability 
(periods of high and low magmatic fl ux), U-Pb 
zircon ages are also spatially variable. In both 
the northern and southern transects, Cretaceous 
plutons become systematically younger to the 
east (Fig. 3). This is similar to trends previ-
ously reported in the southern and central Sierra 
Nevada (Chen and Moore, 1982; Nadin and 
Saleeby, 2008), the Coast Mountain batholith of 
British Columbia (Gehrels et al., 2009), and the 
Peninsular Ranges (Silver et al., 1979; Silver and 
Chappell, 1988). Jurassic plutons are restricted 
to the western parts of both transects, and their 
ages have no apparent migratory trends. A 
single Late Devonian age (370 Ma) from the 
Bowman Lake pluton was also measured , and 
is in good agreement with previously published 
zircon ages from the same composite batholith 
(Saleeby et al., 1987b; Hanson et al., 1988). 
Because its petrogenetic history is not related to 
that of the other Mesozoic intrusions, it is not 
considered in subsequent sections.

Major and Trace Element Geochemistry

In this and subsequent sections and fi gures, 
northern Sierra plutons from this study are com-
pared with a range-wide suite of Jurassic and 
Cretaceous intrusive rocks, compiled from the 
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Figure 2. Histogram of Juras-
sic–Cretaceous U-Pb zircon 
ages from the northern Sierra 
Nevada. Apparent intrusive 
flux in the southern Sierra 
Nevada (dotted black line) is 
from Ducea (2001). A single 
Devonian age (370 Ma) from 
the Bowman Lake batholith is 
not plotted.

Figure 3. Arc migratory trends for the Sierra Nevada batholith. 
U-Pb ages for the central and southern Sierra Nevada (small circles) 
are from Saleeby and Sharp (1980), Stern et al. (1981), Chen and 
Moore (1982), Saleeby et al. (1987a, 2008), Chen and Tilton (1991), 
Tobisch et al. (1995), Clemens-Knott and Saleeby (1999), and Cole-
man et al. (2004). U-Pb zircon ages from plutons in north-central 
Nevada (large red circles) are from Van Buer and Miller (2010). 
Ar-Ar ages from plutons in north-central Nevada (black crosses) are 
from Smith et al. (1971). U-Pb ages from the Great Valley basement 
are from Saleeby (2007); location of batholithic rocks in the Great 
Valley subsurface at the latitude of the northern Sierra Nevada from 
Williams and Curtis (1977). Migratory trend 1 (wide-dashed line) = 
2.7 km/My (from Chen and Moore, 1982; at latitude ~37 °N). Migra-
tory trend 2 (dotted line) = 2.0 km/My. This is a fi t to Cretaceous 
data from the northern Sierra Nevada (38.5 °N–39.5 °N) presented 
in this study. Migratory trend 3 (dot-dash line) = 4.7 km/My. This is 
a fi t to early to mid-Cretaceous ages of batholithic rocks in the Great 
Valley subsurface (Saleeby, 2007), Cretaceous ages (this study), and U-Pb ages from north-central Nevada (Van Buer and Miller, 2010). This 
eastward migration rate is a minimum, because it uses maximum estimates of Neogene east-west extension across northwestern Nevada and 
the northeastern Sierra Nevada (35%; from Surpless et al., 2002; Colgan et al., 2006a).
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TABLE 3. Nd AND Sr ISOTOPE DATA
Sample 87Rb/86Sr 87Sr/86Sr 87Sr/86Sri

147Sm/144Nd 143Nd/144Nd 143Nd/144Ndi εNdi

Northern transect
G01 0.6852 0.70448 0.70293 0.1241 0.51275 0.51262 –0.31
G02 0.4816 0.70451 0.70340 0.1489 0.51293 0.51277 2.7
G03 0.2743 0.70548 0.70483 0.063 0.51250 0.51243 –3.9
G04 0.3137 0.70545 0.70480 0.1086 0.51243 0.51238 –5.1
G05 17.875 0.73463 0.70798 0.1284 0.51266 0.51257 –1.2
G06 0.4667 0.70562 0.70489 0.1111 0.51248 0.51239 –4.6
G08 0.5423 0.70568 0.70283 0.1165 0.51261 0.51233 –6.0
G09 0.7513 0.70722 0.70598 0.1334 0.51245 0.51231 –6.3
G10 0.5082 0.70629 0.70549 0.1209 0.51245 0.51236 –5.3
G11 0.4817 0.70666 0.70584 0.1197 0.51234 0.51225 –7.5
G12 0.1078 0.70500 0.70476 0.1381 0.51255 0.51241 –4.3
Southern transect
G14 0.919 0.70752 0.70538 0.1229 0.51248 0.51235 –5.5
G16 0.488 0.70615 0.70501 0.1162 0.51258 0.51246 –3.4
G17 134.614 1.04810 0.70668 0.1233 0.51256 0.51244 –3.7
G18 8.8334 0.72381 0.70807 0.1325 0.51234 0.51223 –7.9
G19 0.712 0.70649 0.70542 0.1219 0.51244 0.51236 –5.4
G20 0.9927 0.70736 0.70593 0.1078 0.51234 0.51226 –7.2
G21 0.5254 0.70644 0.70562 0.1133 0.51237 0.51228 –6.8
G22 0.6417 0.70639 0.70557 0.1013 0.51242 0.51236 –5.4
G23 0.783 0.70616 0.70498 0.1009 0.51258 0.51248 –2.9

 as doi:10.1130/GES00729.1Geosphere, published online on 19 April 2012

Observationally, arc (expressed as plutons) at any one latitude seems to vary in intensity (though it is unclear if this captures the full E-W extent of arc)
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America were underthrust beneath Mesozoic arc rocks with
oceanic or continental margin affinity. The ~30-km-deep amphi-
bolite and granulite facies basement from the Santa Lucia,
Tehachapi, and San Gabriel areas is isotopically rich in end
member S (e.g., Mattinson, 1978; Pickett and Saleeby, 1994;
Barth et al., 1992), consistent with that interpretation. This pro-
cess led to the significant crustal and lithospheric thickening of
the Mesozoic arc. Figure 5 is a schematic cross section of the
proposed prebatholithic domains involved in Mesozoic magma-
tism in the California arc region. The scenario envisioned is that
arc magmas tap different proportions of the two lithospheres
depending on their location. The western Sierra Nevada plutons
represent mixtures between young accreted mantle (end mem-
ber M) and corresponding supracrustal rocks (end member S),
whereas the central and eastern Sierra Nevada isotopic signa-
ture is dominated by the Precambrian lower crust-lithospheric
mantle (end member C), and overthrusted supracrustal rocks.
The presence of the mantle slice of end member M shown in
Figure 5 is constrained by the presence of a few spinel-bearing
peridotites with the isotopic characteristics of this reservoir in
the San Joaquin xenolith suites.

No sharp transition from one lithospheric type to the other is
preserved in the isotopic record of the surface granitoids, ques-
tioning the commonly inferred near-vertical boundary between
Panthalassa and North America along the 87Sr/86Sr = 0.706 iso-
pleth. The lithospheric-scale thrusting hypothesis can explain
the smooth isotopic gradients measured in the surface grani-
toids across the arc. Thrusting was likely synchronous with the
ductile deformation in the amphibolite to granulite facies frame-

Figure 5. Schematic west-east interpretative cross section (vertical ~
horizontal scale) through Sierra Nevada lithosphere prior to
generation of Cretaceous batholith. Approximate location of source
region of Cretaceous Sierra Nevada batholith (SNB) is indicated, as
well as Panthalassan (PT) and North American (NA) segments of
batholith (Kistler, 1990). SJF marks the approximate location of San
Joaquin xenolith probe in Sierra Nevada. Dark box delineates area
that experienced partial melting during magmatic flare-up.
Lithospheric domains: Ccrustal—Precambrian lower crust; Cmantle—
Precambrian enriched-mantle lithosphere; S—accreted crustal
rocks; M—accreted mantle; Mi—miogeocline rocks; FP—the
subducting Farallon plate.

Figure 6. A: Plot of total California arc apparent intrusive flux (area of presently exposed plutonic rocks produced per units of time; in
km2/m.y.) vs. time of magmatism, using an updated version of CONTACT88 (Barton et al., 1988). About 600 plutons representing almost
65% of arc-exposed area have been included in database. Line labeled DD indicates period of ductile deformation in exposed mid-crust of
arc and in granulite xenoliths. RS84 corresponds to magmatic addition rates in range of 20–40 km3/km • m.y., typical of island arcs (Reymer
and Schubert, 1984). Magmatic addition rate is defined as total volume of magma produced in an arc per unit of time scaled over length of
arc, assuming an average granitoid thickness of 30 km for California arc. B: Plot of apparent intrusive flux vs. normal convergence rate
between Farallon and North American plates in California (Page and Engebretson, 1985) for 5 m.y. intervals between 170 and 60 Ma. C:
Plot of apparent intrusive flux vs. angle of convergence in degrees. Zero corresponds to normal convergence, positive angles reflect right-lateral
motion, and negative angles represent left-lateral motion.

Figure 5. Detrital zircon U-Pb age histograms and relative probability curves for the four analyzed
Franciscan metagraywacke samples combined, in term of (a) the Mesozoic age distribution and (b) the
pre-Mesozoic age span (lighter bars are somewhat discordant data which, however, are compatible with
the higher-quality U-Pb age data). Aggregate zircon ages of the nearby GVG sandstones of the San
Joaquin section have peaks at roughly 105, 122, and 150 Ma [DeGraaff-Surpless et al., 2002], whereas
Pacheco Pass Franciscan metagraywacke age culminations are at about 90, 105, 150, and 160 Ma. This
contrast in zircon ages may reflect a moderate dextral slip component conjectured for the Ortigalita fault
that juxtaposes these two lithotectonic units [Ernst, 1993].
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Ernst zircons from metagraywackes dating from ~102 to ~85 Ma.
Ducea: Plot of total California arc apparent intrusive flux (area of presently exposed plutonic rocks produced per units of time; in km2/m.y.) vs. time of magmatism, using an updated version 
of CONTACT88 (Barton et al., 1988). About 600 plutons representing almost 65% of arc-exposed area have been included in database. Line labeled DD indicates period of ductile 
deformation in exposed mid-crust of arc and in granulite xenoliths. RS84 corresponds to magmatic addition rates in range of 20–40 km3/km • m.y., typical of island arcs (Reymer and 
Schubert, 1984). Magmatic addition rate is defined as total volume of magma produced in an arc per unit of time scaled over length of arc, assuming an average granitoid thickness of 30 km 
for California arc.
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Figure 8. Detrital zircon age histograms for the San Joaquin Valley samples. Each sample

is plotted at two scales to highlight changes in the Mesozoic age distributions. All ages are

plotted from 0 to 3500 Ma, and Mesozoic ages are plotted from 50 to 250 Ma with su-

perimposed relative-probability curves. Depositional age estimates from Linn et al. (1991)

are given and indicated by gray bars in the Mesozoic age plots.

trofacies and younger strata, which were de-

posited when detrital felsic volcanic grains

had become more common (Ingersoll, 1983).

However, the most prevalent sources of the

abundant large Mesozoic detrital zircon grains

in the Cretaceous Great Valley Group were

probably the felsic plutonic arc rocks and the

supracrustal metamorphic components of the

country rock and adjacent terranes; there may

have been minor input from intermediate-

composition volcanic cover rocks. This infer-

ence is supported by the lag time between de-

positional ages and contained detrital zircons

in all but the Upper Cretaceous samples where

depositional age control is less certain (Figs.

5–8; further discussion in later sections); the

presence of a time lag signals unroofed plu-

tonic sources rather than syndepositional vol-

canic cover sources.

Linn et al.’s (1991, 1992) neodymium anal-

yses on whole-rock samples (Fig. 9) likely

were influenced by the significant volcanic

lithic component of the sandstones (Table

DR3 [see footnote 1]; Linn, 1991). In contrast,

detrital zircon signatures result largely from

the erosion of the plutonic and supracrustal

metamorphic components of the arc. Taken to-

gether with petrographic data, the geochemical

whole-rock data and the detrital zircon age data

form a comprehensive database useful for un-

derstanding erosion and drainage systems from

the entire magmatic arc into the forearc basin.

Inferring Submarine-Canyon and

Shoreline Geometries from Detrital Zircon

With decreasing stratigraphic age in both

the Sacramento and San Joaquin Valleys, the

Mesozoic zircon age distributions broaden and

young, and the number of pre-Mesozoic

grains increases (Figs. 5–8). These trends,

most evident in the Cache Creek and San Joa-

quin sections, may reflect (1) drainage divide

migration to the east with the active volcanic

front, (2) increased dissection of the magmatic

arc with headward erosion of transverse drain-

age systems, and/or (3), increased sediment

mixing on a broadening shelf during eastward

shoreline migration.

However, the unexpected and surprisingly

unimodal nature of the detrital zircon age dis-

tributions in the lower Cache Creek section

occurs at a significant distance from previous-

ly postulated source areas in the Sierran and

Klamath terranes, requiring a transport path

from source to basin that prevented further in-

put of older or younger detrital zircon. Fur-

thermore, unimodal grain-age distributions in

a turbidite sequence indicate little or no sedi-

ment mixing in the nearshore environment be-

fore transport to deep water, contrary to what

is generally presumed (e.g., Ingersoll, 1990).

The combined effects of the coast and shelf

geometry and the confined flow in submarine

canyons provide a mechanism for isolating

sediment from further mixing during transport

to deep-water depocenters, as is demonstrated

by the present-day geometry of modern sub-

marine canyons in the Monterey Bay region

of central California (Fig. 10). The head of

Monterey Canyon cuts across the broad shelf

of Monterey Bay and extends nearly to the

shoreline. It currently receives sediment from

the Salinas and Pajaro Rivers, which together

drain a broad area in central and western Cal-

ifornia characterized by diverse bedrock and

derivative detrital heavy-mineral suites (Yan-

cey and Lee, 1972). In addition, Monterey

Canyon receives sediment transported to the

canyon mouth by longshore currents along the

broad shelf of Monterey Bay. The result of

this geometry is a submarine fan with com-

positionally integrated sediment derived from

an extremely broad area. In contrast, the heads

of Sur and Lucia submarine canyons directly

south of Monterey Bay are incised into the

narrow shelf of the Sur platform. No major

river systems feed these smaller canyons, so

sediment entering the canyons derives from a

localized onshore catchment area in the Santa

Lucia Range, and longshore current transport

is disrupted by numerous headlands along the

narrow shelf. As a result, Sur and Lucia Can-

yons receive sediment from localized regions,

and the sediment undergoes little to no mixing

in the shelf environment.

Figure 5. Detrital zircon U-Pb age histograms and relative probability curves for the four analyzed
Franciscan metagraywacke samples combined, in term of (a) the Mesozoic age distribution and (b) the
pre-Mesozoic age span (lighter bars are somewhat discordant data which, however, are compatible with
the higher-quality U-Pb age data). Aggregate zircon ages of the nearby GVG sandstones of the San
Joaquin section have peaks at roughly 105, 122, and 150 Ma [DeGraaff-Surpless et al., 2002], whereas
Pacheco Pass Franciscan metagraywacke age culminations are at about 90, 105, 150, and 160 Ma. This
contrast in zircon ages may reflect a moderate dextral slip component conjectured for the Ortigalita fault
that juxtaposes these two lithotectonic units [Ernst, 1993].
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Detrital zircons from Coalinga area (southern Coast Ranges) show a significant source in 120 Ma window that seems absent in batholith—could be plutons 
now buried under Great Valley that Saleeby has spoken about at a few meetings.  So a bit of a challenge in terms of understanding arc evolution. Other site 
in northern Coast Ranges doesn’t see the 120 Ma spike…
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DETRITAL RECORDS OF THE TIMING 
OF CALIFORNIA ARC MAGMATISM

In order to gauge whether these differences 
in melt compositions over time are persistent 
and regionally signifi cant, we turn to the longer-
term average arc record in detrital zircons. The 
California arc formed as a consequence of pro-
longed Mesozoic subduction beneath the for-
mer passive margin of western North America 
(Saleeby et al., 1992). The arc is composed 
of a northern, continent-fringing arc segment 
primarily exposed in the Sierra Nevada, and a 
southern, continental arc segment exposed in 
the Salinian Block, Mojave Desert, and Trans-
verse Ranges. The Cretaceous intrusive history 
of this arc has been intensely studied, but ques-
tions remain for the arc as a whole, which can 
be addressed from the detrital record. Signifi -
cant ambiguities include the interplay between 
prolonged subduction and the apparent pulsed 
nature of magmatism, and the petrogenetic rela-
tionships between exposed plutons and volcanic 
rocks now largely removed by erosion.

Considering the exposed intrusive record 
inferred from U-Pb ages, it is evident that the arc 
was long-lived and periodically active (Glazner, 
1991; Bateman, 1992; Ducea, 2001) (Fig. 3). 
Pluton ages defi ne three magmatic pulses: p1 in 
Triassic, p2 in Middle and Late Jurassic, and p3 
in mid-Early to Late Cretaceous time. Between 
these pulses, the arc apparently transitioned to 
magmatic lulls, episodes of less voluminous yet 
continued activity, l1 beginning in Late Trias-
sic and l2 in latest Jurassic time. Differences 
between the Sierra Nevada and Salinia-Mojave 
age distributions refl ect the migratory nature of 
arc magmatism and the relatively outboard posi-
tion of the Sierra Nevada, where the full Creta-
ceous arc but only the outboard fringes of the 
older arcs are exposed.

Such chronologic records are incomplete, 
because the plutonic arc is not fully exhumed, 
and associated volcanic and epizonal plutonic 
rocks have been eroded. To amplify the record, 
we consider cumulative detrital zircon ages 

from uppermost Jurassic to Eocene sequences 
deposited on both the outboard (forearc basin 
and trench) and inboard sides of the California 
arc (Fig. 3). The detrital zircon age spectra serve 
as time-integrated proxy records of arc activ-
ity, particularly with respect to the volume of 
zircon-bearing rocks in the now-eroded upper 
arc crust. Comparison of these records confi rms 
that the arc was continuously active from Late 
Permian to Late Cretaceous time, but probably at 
relatively modest volumes of zircon-bearing rock 
for much of this time interval. Three pulses are 
superimposed on the background magmatic fl ux; 
the detrital and plutonic records are consonant, 
suggesting that magmas produced during pulses 
were stored primarily in the crust. Lack of evi-
dence for p1 magmatism and the diminished p2 
record in the trench and forearc is consistent with 
spatially asymmetric, migratory arc magmatism.

GEOCHEMISTRY OF ARC-DERIVED 
DETRITAL ZIRCONS

The geochemistry of zircons from exposed 
arc rocks records consistent compositional dif-
ferences between p1 and p2 magmas (Figs. 1 
and 2), so we hypothesize that arc-derived 
detrital zircons can provide a temporally con-
trolled record of the evolution of average melt 
compositions during episodic magmatism. We 
analyzed 265 detrital zircons from six samples 
of the retro-arc McCoy Mountains Formation 
for U-Pb age and trace element abundances (see 
the GSA Data Repository1). Mid- to Late Creta-
ceous sandstone and conglomerate in the upper 
two-thirds of this formation record basin fi lling 
synchronous with p3 magmatism and crustal 
loading during retro-arc shortening in the Maria 
fold-and-thrust belt, the expression of the Sevier 
orogenic belt at this latitude (Stone et al., 1987; 
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is available online at www.geosociety.org/pubs/ft2013.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 2. Comparison of key zircon trace ele-
ment ratios, illustrating higher Th/U and lower 
Yb/Gd characteristic of Jurassic zircons.

Figure 3. Proxy records for 
function of the California 
arc (western United States) 
through time. Upper panel: 
Probability plots of zircon 
U-Pb ages of plutonic rocks 
from the fringing arc (Irwin 
and Wooden, 2001; Saleeby 
et al., 2008; Barth et al., 2011) 
and from the continental arc 
(Barth and Wooden, 2006; 
Barth et al., 2008; Needy et 
al., 2009), compared to detri-
tal zircons from uppermost 
Jurassic to middle Eocene 
sedimentary sequences on 
the outboard side of the arc, 
including the Great Valley 
Group (DeGraaff-Surpless et 
al., 2002; Wright and Wyld, 
2007), analogous forearc-
basin deposits of southern 
California (Jacobson et al., 
2011), underplated trench 
sediments (Pelona-Oro-
copia-Rand schists; Grove 
et al., 2003), and Upper Ju-
rassic to Upper Cretaceous 
retro-arc sediments (McCoy 
Mountains Formation; Barth 
et al., 2004). Lower panel: 
Zircon geochemistry over 
the same time frame as in 
upper panel. Diamonds with 
lines are average composi-
tions of detrital zircons in 
10 m.y. time windows. For 
comparison, gray individual 
diamonds are average com-
positions of zircons from 
exposed intrusive suites in 
the continental arc (Fohey-
Breting et al., 2010; Barth 
and Wooden, 2010; Table DR2 [see footnote 1]), and gray stars are average compositions 
of zircons from exposed intrusive and extrusive suites in the continent-fringing arc in the 
eastern Sierra Nevada (Table DR2).
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but within arcs, there seems to be episodic instances of major plutonic activity...maybe due to changes in ability to emplace plutons?
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Paterson et al., 2014). We compiled the geobarometric data and
integrated them with the strain data when available and used the
emplacement pressure of nearby intruding plutons as the
maximum paleo-depth of host rocks. Paleo-depths are then binned
into different groups (see Section 4.5). The rocks of shallower
paleo-depth (1e3 kbars) are from the central Sierra Nevada
whereas rocks of deeper paleo-depth (4e7 kbars) are from the
southern Sierra Nevada.

4. Characteristics of finite strain in Mesozoic Sierra Nevada

4.1. Orientations of metamorphic foliation and lineation in central
Sierra Nevada

Metamorphic foliation and lineation are well developed in the
WMB and host rock pendants in the central Sierra Nevada. Foliation
type varies from slaty cleavage to schistosity to mylonitic in ductile
shear zones. Mineral lineations are defined by aligned stretched
clasts, pebbles, and mineral grains. Fig. 3 shows the metamorphic
foliation and lineation from the WMB and several host rock pen-
dants in the central Sierra Nevada. The measurements are from
both Paleozoic and Mesozoic rocks but the great majority are from
Mesozoic rocks. The cylindrical best fits are calculated
(Allmendinger et al., 2012; Cardozo and Allmendinger, 2013).
Regional foliations in most of the areas dip steeply and strike NW to
NNWparallel to the trend of the arc. The foliation best fits only vary

within 17! between most areas except in the Iron Mountain and
Jackass Lake areas, where the foliation best fits strike slightly more
northerly. Lineations in all areas are steeply plunging
(plunge > 70!). We interpret the foliations and lineations to
approximate the XeY planes and X-axes of finite strain ellipsoids
(X, Y, Z are the longest, intermediate, and shortest axes of a strain
ellipsoid, respectively). Comparisons of calculated XeY planes and
X-axes of strain from samples analyzed in the lab support this
assumption (e.g., Paterson et al., 1989). The consistent orientations
of regional foliation and lineation across the central Sierra Nevada
suggest a more or less co-axial arc-perpendicular ductile short-
ening during Late Paleozoic and Mesozoic, or approximate the
shear plane orientations of arc-parallel shear zones and thus the
XeY plane of high shear related strains, which is consistent with
observations from many other researchers (e.g. Tobisch and Fiske,
1982; Greene and Schweickert, 1995; Sharp et al., 2000; Tobisch
et al., 2000; Albertz, 2006; Horsman et al., 2008; Cao et al., 2015).

4.2. General patterns of finite strain in Mesozoic Sierra Nevada

We plotted 612 strain measurements with age constraints on a
Hsu diagram (Hsu, 1966; Hossack, 1967) (Fig. 4). Most measure-
ments plot at a strain magnitude less than 1.8 with a few, typically
in shear zones, ranging up to 3.4. Lode's ratios (Lode,1926) are quite
variable with most between"0.75 and 1. Triassic and Jurassic rocks
show slightly higher magnitudes with very few (4 points) > 3.0. All

Fig. 3. Lower hemisphere, equal area projections of metamorphic foliations and lineations from Western Metamorphic Belt and host rock pendants in central Sierra Nevada. Kamb
contours with 2.0 sigma contour interval (C.I.) are added. Dots in the red shade are poles to the metamorphic foliation and dots in the blue shade are metamorphic lineation.
NF¼Number of foliation, NL¼Number of lineation. Cylindrical best fits are calculated using Stereonet 9.0 and 95% confidence ellipses (Allmendinger et al., 2012; Cardozo and
Allmendinger, 2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Structural work in the Sierra points to vertical elongation and arc-normal shortening.
Fig. 3. Lower hemisphere, equal area projections of metamorphic foliations and lineations from Western Metamorphic Belt and host rock pendants in central Sierra Nevada. Kamb contours with 2.0 
sigma contour interval (C.I.) are added. Dots in the red shade are poles to the metamorphic foliation and dots in the blue shade are metamorphic lineation. NF Number of foliation, NL Number of 
lineation. Cylindrical best fits are calculated using Stereonet 9.0 and 95% confidence ellipses (Allmendinger et al., 2012; Cardozo and Allmendinger, 2013). 
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Cretaceous rocks show magnitudes less than ~2.1. The data are
slightly concentrated in the flattening region (g > 0) but show an
overall symmetrical distribution.

We also plotted strain measurements in the space of X- and Z-
extension percent (Fig. 5). The central bold red curve (Y ¼ 0) rep-
resents the relationship between X- and Z-extension under plane
strain. The thin curves on either side of the central bold curve show
the relation between X- and Z-extension if volume loss and/or Y-
extension occurred during deformation. Fig. 5 shows that the ma-
jority of data clustering about the red curves with X-direction
extension ranging from <5% to about 500%. Most data cluster in the
space defined by 25%e150% X-direction extension, 20%e70% Z-di-
rection shortening, and between Y ¼ 0% and Y ¼ 20% extension

curves. Average Z-direction shortening is 49.4% with a standard
deviation of 16.7%. Since the volume change has not been deter-
mined by strain measurements in the present study, the deviation
of points plotted off the central “plane strain” curve in Fig. 5 is
interpreted as the results of length change along the Y-direction. In
reality, both length change along the Y-direction and volume
change can cause the deviation from the plane strain. Most of the
measurements from slate fall in the flattening field on the diagram,
which is interpreted as recording primary compaction during burial
and dewatering (Pfiffner and Ramsay, 1982; Paterson et al., 1995).
This is consistent with the observation in slates that cleavage is
commonly parallel to bedding. If we correct for this early
compaction, the resulting tectonic strains shift upwards and
approach the central “plane strain” curve (Paterson et al., 1989).

In summary, Fig. 5 suggests that although Sierran strain mea-
surements have a wide range of X- and Z-direction length change,
most points are within the Y ¼ 0 ± 20% range suggesting roughly
plane strain at the arc scale. Since the Y-Z plane parallels regional
NW-striking foliation and X-direction parallels lineation (Figure 3),
Figure 5 suggests the finite ductile strain in these pendant rocks is
50% arc-parallel shortening, ~100% vertical thickening and limited
arc-parallel length and/or volume change.

4.3. Strain vs. rock types

To investigate the relationship between strain and rock type in
the central Sierra Nevada, we plot strain data from 9 major rock
types (pebbly mudstone, sandstone, conglomerate, slate/phyllite,
andesite, rhyolite/dacite, tuff/lapilli stone, volcanic breccia, and
unclassified volcanics) on Hsu diagrams (Fig. 6). The strain plot of
pebbly mudstone (Fig. 6A) shows strain magnitude below 1.8 and
variable strain shape. Sandstone (Fig. 6B) shows a concentrated
distribution in strain magnitude less than 1.2 and variable strain
shape. Conglomerate (Fig. 6C) shows two groups: one with strain
magnitudes less then 1.8 and with slightly more flattening shape,
the second with higher strain magnitudes higher than 2.1 and
constrictional strain shape. The strain measurements in the first
and second groups are from conglomerates in the central and
southern Sierra Nevada, respectively. Slate and phyllite (Fig. 6D)
cluster in the flattening regime, probably due to compaction during
sedimentation and lithification or volume loss during plane strain

Fig. 4. (A) Hus plot (Hus, 1966; Hossack, 1967) of all 612 data with age constraints. Yellow part is the zoomed area shown in plot (B). Hus plots are made using the program
developed by Mookerjee and Nickleach (2011). Points are color-coded by rock ages. Lode's ratio is calculated based on Lode (1926). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Finite strain measurements plotted in the space of X- and Z-extension percent
(negative value ¼ shortening; X, Y, Z are the longest, intermediate and shortest axes of
a finite strain ellipsoid). Each dot represents an individual strain measurement. The
central coarse red curves represent the relation between X- and Z-extension if the
deformation is plane strain. The thin red curves represent the relation between X- and
Z-extension if there is volume loss or Y-extension during deformation. Measurements
from slates are shown as yellow dots, whose finite strain ellipsoids are likely to be
affected by primary compaction during sedimentation and lithification. The plot sug-
gests that the host rocks in the central Sierra Nevada are strained at about 50% in
average with <15e20% Y-direction length change and/or potential volume changes.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

W. Cao et al. / Journal of Structural Geology 84 (2016) 14e30 19

Note Z is maximum shortening (so arc-normal here) and X is maximum elongation (vertical). Note volume loss/gain trades off with extension/shortening 
along Y axis.
Fig. 5. Finite strain measurements plotted in the space of X- and Z-extension percent (negative value 1⁄4 shortening; X, Y, Z are the longest, intermediate and shortest axes of a finite strain ellipsoid). Each dot 
represents an individual strain measurement. The central coarse red curves represent the relation between X- and Z-extension if the deformation is plane strain. The thin red curves represent the relation between 
X- and Z-extension if there is volume loss or Y-extension during deformation. Measurements from slates are shown as yellow dots, whose finite strain ellipsoids are likely to be affected by primary compaction 
during sedimentation and lithification. The plot suggests that the host rocks in the central Sierra Nevada are strained at about 50% in average with <15e20% Y-direction length change and/or potential volume 
changes.
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America were underthrust beneath Mesozoic arc rocks with
oceanic or continental margin affinity. The ~30-km-deep amphi-
bolite and granulite facies basement from the Santa Lucia,
Tehachapi, and San Gabriel areas is isotopically rich in end
member S (e.g., Mattinson, 1978; Pickett and Saleeby, 1994;
Barth et al., 1992), consistent with that interpretation. This pro-
cess led to the significant crustal and lithospheric thickening of
the Mesozoic arc. Figure 5 is a schematic cross section of the
proposed prebatholithic domains involved in Mesozoic magma-
tism in the California arc region. The scenario envisioned is that
arc magmas tap different proportions of the two lithospheres
depending on their location. The western Sierra Nevada plutons
represent mixtures between young accreted mantle (end mem-
ber M) and corresponding supracrustal rocks (end member S),
whereas the central and eastern Sierra Nevada isotopic signa-
ture is dominated by the Precambrian lower crust-lithospheric
mantle (end member C), and overthrusted supracrustal rocks.
The presence of the mantle slice of end member M shown in
Figure 5 is constrained by the presence of a few spinel-bearing
peridotites with the isotopic characteristics of this reservoir in
the San Joaquin xenolith suites.

No sharp transition from one lithospheric type to the other is
preserved in the isotopic record of the surface granitoids, ques-
tioning the commonly inferred near-vertical boundary between
Panthalassa and North America along the 87Sr/86Sr = 0.706 iso-
pleth. The lithospheric-scale thrusting hypothesis can explain
the smooth isotopic gradients measured in the surface grani-
toids across the arc. Thrusting was likely synchronous with the
ductile deformation in the amphibolite to granulite facies frame-

Figure 5. Schematic west-east interpretative cross section (vertical ~
horizontal scale) through Sierra Nevada lithosphere prior to
generation of Cretaceous batholith. Approximate location of source
region of Cretaceous Sierra Nevada batholith (SNB) is indicated, as
well as Panthalassan (PT) and North American (NA) segments of
batholith (Kistler, 1990). SJF marks the approximate location of San
Joaquin xenolith probe in Sierra Nevada. Dark box delineates area
that experienced partial melting during magmatic flare-up.
Lithospheric domains: Ccrustal—Precambrian lower crust; Cmantle—
Precambrian enriched-mantle lithosphere; S—accreted crustal
rocks; M—accreted mantle; Mi—miogeocline rocks; FP—the
subducting Farallon plate.

Figure 6. A: Plot of total California arc apparent intrusive flux (area of presently exposed plutonic rocks produced per units of time; in
km2/m.y.) vs. time of magmatism, using an updated version of CONTACT88 (Barton et al., 1988). About 600 plutons representing almost
65% of arc-exposed area have been included in database. Line labeled DD indicates period of ductile deformation in exposed mid-crust of
arc and in granulite xenoliths. RS84 corresponds to magmatic addition rates in range of 20–40 km3/km • m.y., typical of island arcs (Reymer
and Schubert, 1984). Magmatic addition rate is defined as total volume of magma produced in an arc per unit of time scaled over length of
arc, assuming an average granitoid thickness of 30 km for California arc. B: Plot of apparent intrusive flux vs. normal convergence rate
between Farallon and North American plates in California (Page and Engebretson, 1985) for 5 m.y. intervals between 170 and 60 Ma. C:
Plot of apparent intrusive flux vs. angle of convergence in degrees. Zero corresponds to normal convergence, positive angles reflect right-lateral
motion, and negative angles represent left-lateral motion.
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in central California. There is an excellent correlation between the most 
negative pluton εNd and the age distribution of basement rocks at any given 
location (Barton, 1996). There is also a good negative correlation between 
Nd and Sr isotopes (not pictured). The average initial εNd for the Cordillera 
is −4.35, and the average initial 87Sr/86Sr is 0.7075. The great majority of 
the analyzed whole rocks and quartz separates in the Cordilleran batho-
liths display enrichments in δ18O relative to mantle values. The average 
whole-rock δ18O for the Cordillera is 8.5‰ (relative to SMOW), and the 
average quartz δ18O is 9.0‰, whereas mantle values worldwide are 5–6‰ 
(Eiler et al., 2000; Taylor, 1988). Quartz δ18O is signifi cantly more robust 
to hydrothermal alteration than whole rock, feldspar, or other minerals 
found in granitoids, which is why it has been commonly measured as an 
alternative to whole-rock values in studies of granitoids. Values of quartz 
δ18O that lie outside the range typical for the upper mantle indicate that the 
measured rock samples, or their precursors in the case of igneous rocks, 
have at some point interacted with the hydrosphere at or near Earth’s sur-
face; therefore they contain a signifi cant crustal component.

The isotopic data were also used in combination with magmatic fl ux 
data (CONTACT88; Barton et al., 1988; NAVDAT does not contain 
fl ux data). The databases can be combined for parts of three arc seg-
ments where signifi cant numbers of age and isotopic analyses exist: the 
Sierra Nevada, the northern Peninsular Ranges (combined here as one 
arc), and the Coast Mountains batholiths. There is a correlation between 
εNd (and 87Sr/86Sr) and magmatic fl ux in these arcs—episodes of high-fl ux 
magmatism coincide with negative εNd excursions (Fig. 2). Secular isotopic 
excursions shown in Figure 2 are typically also spatial excursions toward the 
conti nental interior, which does not alter the interpretations discussed here.

MAGMATIC EPISODICITY AND ISOTOPES
All North American continental arcs record high-fl ux episodes sepa-

rated by magmatic lulls (Armstrong, 1988; Barton, 1996; Barton et al., 
1988). These fl are-up episodes can generate as much as 80%–90% of 
the arc magmatic addition rates (Reymer and Schubert, 1984) within 
periods of 10–15 m.y. (Saleeby, 1990). Magmatic addition rates into 
the upper-middle crust are ~75–100 km3/km m.y. during fl are-ups and 
10–20 km3/km m.y. during lulls (Coleman et al., 1992; Ducea, 2001; Silver 
and Chappell, 1988). What process triggers magmatic fl are-ups in arcs? 
Correlations between magmatic fl uxes and rates of plate convergence or 
plate margin obliquity are not obvious from the data. From a regional tec-
tonic perspective, several drivers have been proposed to trigger fl are-ups, 
and they fall into two main categories: (1) lithospheric extension and/or 
delamination (Lee et al., 2006), and (2) intra-crustal and/or lithospheric 
shortening (Ducea, 2001).

Extension or convective removal would likely result in an infl ux of 
“fresh,” asthenospheric mantle and related melts (Kay and Kay, 1991). 
However, Cordilleran rocks have low εNd for all plutonic rocks during epi-
sodes of high-fl ux magmatism (Fig. 2), including mafi c rocks, where avail-

able (Coleman et al., 1992; Kidder et al., 2003). It is therefore unlikely that 
any form of convective removal of the lower crust, upper mantle, or both, 
could be responsible for triggering Cordilleran fl are-ups. The geologic 
record shows that all major fl are-ups in North American batholiths formed 
during times of compression, in concert with a foreland fold and thrust belt, 
not with back-arc extensional basins. Crustal (lithospheric) thickening was 
proposed to be the cause of fl are-up trigger in the California arc (Ducea, 
2001). Specifi cally, shortening of the North American plate from the fore-
land side due to the Sevier orogeny could have ignited the late Cretaceous 
fl are-up that built much of the Sierra Nevada arc, as a result of thickening 
and subsequent heating due to thermal relaxation (DeCelles, 2004). Large-
scale, crustal-derived melting is complemented by a baseline, arc-mantle 
wedge fl ux of basalt, and heat from this fl ux contributes signifi cantly to 
igniting a deep crustal fl are-up (Dufek and Bergantz, 2005).

MOSTLY UPPER PLATE MAGMAS
The large number of negative εNd in the North American plutons 

rules out the possibility that slab-derived melts (Drummond and Defant, 
1990) could be a major contributor to the mass balance of batholiths 
(cf. DePaolo, 1981). Oceanic crust εNd values and underlying lithosphere 
do not typically depart from MORB values of +12(±3), even after strong 
seawater interaction (Gregory and Taylor, 1981).

The isotopic compositions of North American batholiths corre-
late with the Nd model age of the local basement (Fig. 1) (Farmer and 
DePaolo, 1983). A crustal age corresponds very roughly to a value of εNd 
= −10 × t (DePaolo, 1988), where t is the crustal residence age in billions 
of years. These data indicate that the batholiths have not undergone major 
lateral transport from their source terrains following their emplacement. 
More importantly, the average batholith is a mixture of 15%–25% MORB 
(εNd = 12) and local basement, assuming equal Nd concentrations in the 
two end-member melts. Melts with MORB isotopic compositions could, 
in principle, be derived from the subducting slab, as well as other mantle 
reservoirs. In the limiting case where the MORB component is derived 
entirely from subducting oceanic crust, such a slab-derived component 
could not produce more than ~20% of the mass of North American batho-
liths. In this calculation, possible contributions from subducted sediments 
(Albarede, 1998; Davidson and Arculus, 2006; Plank, 2005) are ignored—
they cannot be distinguished using the isotopes compiled here from 
framework continental, upper plate materials in arcs. This leaves open the 
possibility that sediments that undergo subduction erosion (Clift and Van-
nucchi, 2004; Scholl and von Huene, 2007) might be major contributors to 
the arc budgets. However, sediments are thought to undergo dehydration 
reactions at lower temperatures when the slab is still in a forearc posi-
tion (Peacock, 2003), which should diminish their melt fertility under the 
arcs. North American average batholith compositions also require a bulk 
source that is mafi c to intermediate in silica concentration and hydrous, 
equivalent to an amphibolite in the lower crust (Ducea, 2002). The aver-
age sedimentary input into a trench facing a large continent is unlikely to 
be “immature” or basaltic in composition. Their Nd isotopic composition 
is an average refl ecting the mix of terrigenous (low εNd) and pelagic (εNd) 
inputs; there is no reason why subducted sediment, if it is a major source 
of magmatic fl are-ups, would cause a negative excursion in the εNd com-
position of the arc. Moreover, given typical sediment subduction fl uxes 
(Plank and Langmuir, 1998), it is diffi cult to account for signifi cant mass 
fractions of arc fl are-ups by “en masse” melting of subducting sediments.

In summary, Nd isotopes provide strong evidence that Cordilleran 
arcs are derived primarily from the “upper plate,” that is, the overlying 
continental crust and mantle lithosphere. Shortening from the forearc 
side and subduction erosion processes can plausibly provide such materi-
als in the source regions of arcs, and future work is certain to illuminate 
our understanding of this topic. Underthrusting from the back arc (conti-
nental) side is our preferred shortening model for delivering crustal mate-
rials to the arc-source regions during or prior to times of high magmatic 
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America were underthrust beneath Mesozoic arc rocks with
oceanic or continental margin affinity. The ~30-km-deep amphi-
bolite and granulite facies basement from the Santa Lucia,
Tehachapi, and San Gabriel areas is isotopically rich in end
member S (e.g., Mattinson, 1978; Pickett and Saleeby, 1994;
Barth et al., 1992), consistent with that interpretation. This pro-
cess led to the significant crustal and lithospheric thickening of
the Mesozoic arc. Figure 5 is a schematic cross section of the
proposed prebatholithic domains involved in Mesozoic magma-
tism in the California arc region. The scenario envisioned is that
arc magmas tap different proportions of the two lithospheres
depending on their location. The western Sierra Nevada plutons
represent mixtures between young accreted mantle (end mem-
ber M) and corresponding supracrustal rocks (end member S),
whereas the central and eastern Sierra Nevada isotopic signa-
ture is dominated by the Precambrian lower crust-lithospheric
mantle (end member C), and overthrusted supracrustal rocks.
The presence of the mantle slice of end member M shown in
Figure 5 is constrained by the presence of a few spinel-bearing
peridotites with the isotopic characteristics of this reservoir in
the San Joaquin xenolith suites.

No sharp transition from one lithospheric type to the other is
preserved in the isotopic record of the surface granitoids, ques-
tioning the commonly inferred near-vertical boundary between
Panthalassa and North America along the 87Sr/86Sr = 0.706 iso-
pleth. The lithospheric-scale thrusting hypothesis can explain
the smooth isotopic gradients measured in the surface grani-
toids across the arc. Thrusting was likely synchronous with the
ductile deformation in the amphibolite to granulite facies frame-

Figure 5. Schematic west-east interpretative cross section (vertical ~
horizontal scale) through Sierra Nevada lithosphere prior to
generation of Cretaceous batholith. Approximate location of source
region of Cretaceous Sierra Nevada batholith (SNB) is indicated, as
well as Panthalassan (PT) and North American (NA) segments of
batholith (Kistler, 1990). SJF marks the approximate location of San
Joaquin xenolith probe in Sierra Nevada. Dark box delineates area
that experienced partial melting during magmatic flare-up.
Lithospheric domains: Ccrustal—Precambrian lower crust; Cmantle—
Precambrian enriched-mantle lithosphere; S—accreted crustal
rocks; M—accreted mantle; Mi—miogeocline rocks; FP—the
subducting Farallon plate.

Figure 6. A: Plot of total California arc apparent intrusive flux (area of presently exposed plutonic rocks produced per units of time; in
km2/m.y.) vs. time of magmatism, using an updated version of CONTACT88 (Barton et al., 1988). About 600 plutons representing almost
65% of arc-exposed area have been included in database. Line labeled DD indicates period of ductile deformation in exposed mid-crust of
arc and in granulite xenoliths. RS84 corresponds to magmatic addition rates in range of 20–40 km3/km • m.y., typical of island arcs (Reymer
and Schubert, 1984). Magmatic addition rate is defined as total volume of magma produced in an arc per unit of time scaled over length of
arc, assuming an average granitoid thickness of 30 km for California arc. B: Plot of apparent intrusive flux vs. normal convergence rate
between Farallon and North American plates in California (Page and Engebretson, 1985) for 5 m.y. intervals between 170 and 60 Ma. C:
Plot of apparent intrusive flux vs. angle of convergence in degrees. Zero corresponds to normal convergence, positive angles reflect right-lateral
motion, and negative angles represent left-lateral motion.
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in central California. There is an excellent correlation between the most 
negative pluton εNd and the age distribution of basement rocks at any given 
location (Barton, 1996). There is also a good negative correlation between 
Nd and Sr isotopes (not pictured). The average initial εNd for the Cordillera 
is −4.35, and the average initial 87Sr/86Sr is 0.7075. The great majority of 
the analyzed whole rocks and quartz separates in the Cordilleran batho-
liths display enrichments in δ18O relative to mantle values. The average 
whole-rock δ18O for the Cordillera is 8.5‰ (relative to SMOW), and the 
average quartz δ18O is 9.0‰, whereas mantle values worldwide are 5–6‰ 
(Eiler et al., 2000; Taylor, 1988). Quartz δ18O is signifi cantly more robust 
to hydrothermal alteration than whole rock, feldspar, or other minerals 
found in granitoids, which is why it has been commonly measured as an 
alternative to whole-rock values in studies of granitoids. Values of quartz 
δ18O that lie outside the range typical for the upper mantle indicate that the 
measured rock samples, or their precursors in the case of igneous rocks, 
have at some point interacted with the hydrosphere at or near Earth’s sur-
face; therefore they contain a signifi cant crustal component.

The isotopic data were also used in combination with magmatic fl ux 
data (CONTACT88; Barton et al., 1988; NAVDAT does not contain 
fl ux data). The databases can be combined for parts of three arc seg-
ments where signifi cant numbers of age and isotopic analyses exist: the 
Sierra Nevada, the northern Peninsular Ranges (combined here as one 
arc), and the Coast Mountains batholiths. There is a correlation between 
εNd (and 87Sr/86Sr) and magmatic fl ux in these arcs—episodes of high-fl ux 
magmatism coincide with negative εNd excursions (Fig. 2). Secular isotopic 
excursions shown in Figure 2 are typically also spatial excursions toward the 
conti nental interior, which does not alter the interpretations discussed here.

MAGMATIC EPISODICITY AND ISOTOPES
All North American continental arcs record high-fl ux episodes sepa-

rated by magmatic lulls (Armstrong, 1988; Barton, 1996; Barton et al., 
1988). These fl are-up episodes can generate as much as 80%–90% of 
the arc magmatic addition rates (Reymer and Schubert, 1984) within 
periods of 10–15 m.y. (Saleeby, 1990). Magmatic addition rates into 
the upper-middle crust are ~75–100 km3/km m.y. during fl are-ups and 
10–20 km3/km m.y. during lulls (Coleman et al., 1992; Ducea, 2001; Silver 
and Chappell, 1988). What process triggers magmatic fl are-ups in arcs? 
Correlations between magmatic fl uxes and rates of plate convergence or 
plate margin obliquity are not obvious from the data. From a regional tec-
tonic perspective, several drivers have been proposed to trigger fl are-ups, 
and they fall into two main categories: (1) lithospheric extension and/or 
delamination (Lee et al., 2006), and (2) intra-crustal and/or lithospheric 
shortening (Ducea, 2001).

Extension or convective removal would likely result in an infl ux of 
“fresh,” asthenospheric mantle and related melts (Kay and Kay, 1991). 
However, Cordilleran rocks have low εNd for all plutonic rocks during epi-
sodes of high-fl ux magmatism (Fig. 2), including mafi c rocks, where avail-

able (Coleman et al., 1992; Kidder et al., 2003). It is therefore unlikely that 
any form of convective removal of the lower crust, upper mantle, or both, 
could be responsible for triggering Cordilleran fl are-ups. The geologic 
record shows that all major fl are-ups in North American batholiths formed 
during times of compression, in concert with a foreland fold and thrust belt, 
not with back-arc extensional basins. Crustal (lithospheric) thickening was 
proposed to be the cause of fl are-up trigger in the California arc (Ducea, 
2001). Specifi cally, shortening of the North American plate from the fore-
land side due to the Sevier orogeny could have ignited the late Cretaceous 
fl are-up that built much of the Sierra Nevada arc, as a result of thickening 
and subsequent heating due to thermal relaxation (DeCelles, 2004). Large-
scale, crustal-derived melting is complemented by a baseline, arc-mantle 
wedge fl ux of basalt, and heat from this fl ux contributes signifi cantly to 
igniting a deep crustal fl are-up (Dufek and Bergantz, 2005).

MOSTLY UPPER PLATE MAGMAS
The large number of negative εNd in the North American plutons 

rules out the possibility that slab-derived melts (Drummond and Defant, 
1990) could be a major contributor to the mass balance of batholiths 
(cf. DePaolo, 1981). Oceanic crust εNd values and underlying lithosphere 
do not typically depart from MORB values of +12(±3), even after strong 
seawater interaction (Gregory and Taylor, 1981).

The isotopic compositions of North American batholiths corre-
late with the Nd model age of the local basement (Fig. 1) (Farmer and 
DePaolo, 1983). A crustal age corresponds very roughly to a value of εNd 
= −10 × t (DePaolo, 1988), where t is the crustal residence age in billions 
of years. These data indicate that the batholiths have not undergone major 
lateral transport from their source terrains following their emplacement. 
More importantly, the average batholith is a mixture of 15%–25% MORB 
(εNd = 12) and local basement, assuming equal Nd concentrations in the 
two end-member melts. Melts with MORB isotopic compositions could, 
in principle, be derived from the subducting slab, as well as other mantle 
reservoirs. In the limiting case where the MORB component is derived 
entirely from subducting oceanic crust, such a slab-derived component 
could not produce more than ~20% of the mass of North American batho-
liths. In this calculation, possible contributions from subducted sediments 
(Albarede, 1998; Davidson and Arculus, 2006; Plank, 2005) are ignored—
they cannot be distinguished using the isotopes compiled here from 
framework continental, upper plate materials in arcs. This leaves open the 
possibility that sediments that undergo subduction erosion (Clift and Van-
nucchi, 2004; Scholl and von Huene, 2007) might be major contributors to 
the arc budgets. However, sediments are thought to undergo dehydration 
reactions at lower temperatures when the slab is still in a forearc posi-
tion (Peacock, 2003), which should diminish their melt fertility under the 
arcs. North American average batholith compositions also require a bulk 
source that is mafi c to intermediate in silica concentration and hydrous, 
equivalent to an amphibolite in the lower crust (Ducea, 2002). The aver-
age sedimentary input into a trench facing a large continent is unlikely to 
be “immature” or basaltic in composition. Their Nd isotopic composition 
is an average refl ecting the mix of terrigenous (low εNd) and pelagic (εNd) 
inputs; there is no reason why subducted sediment, if it is a major source 
of magmatic fl are-ups, would cause a negative excursion in the εNd com-
position of the arc. Moreover, given typical sediment subduction fl uxes 
(Plank and Langmuir, 1998), it is diffi cult to account for signifi cant mass 
fractions of arc fl are-ups by “en masse” melting of subducting sediments.

In summary, Nd isotopes provide strong evidence that Cordilleran 
arcs are derived primarily from the “upper plate,” that is, the overlying 
continental crust and mantle lithosphere. Shortening from the forearc 
side and subduction erosion processes can plausibly provide such materi-
als in the source regions of arcs, and future work is certain to illuminate 
our understanding of this topic. Underthrusting from the back arc (conti-
nental) side is our preferred shortening model for delivering crustal mate-
rials to the arc-source regions during or prior to times of high magmatic 
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DETRITAL RECORDS OF THE TIMING 
OF CALIFORNIA ARC MAGMATISM

In order to gauge whether these differences 
in melt compositions over time are persistent 
and regionally signifi cant, we turn to the longer-
term average arc record in detrital zircons. The 
California arc formed as a consequence of pro-
longed Mesozoic subduction beneath the for-
mer passive margin of western North America 
(Saleeby et al., 1992). The arc is composed 
of a northern, continent-fringing arc segment 
primarily exposed in the Sierra Nevada, and a 
southern, continental arc segment exposed in 
the Salinian Block, Mojave Desert, and Trans-
verse Ranges. The Cretaceous intrusive history 
of this arc has been intensely studied, but ques-
tions remain for the arc as a whole, which can 
be addressed from the detrital record. Signifi -
cant ambiguities include the interplay between 
prolonged subduction and the apparent pulsed 
nature of magmatism, and the petrogenetic rela-
tionships between exposed plutons and volcanic 
rocks now largely removed by erosion.

Considering the exposed intrusive record 
inferred from U-Pb ages, it is evident that the arc 
was long-lived and periodically active (Glazner, 
1991; Bateman, 1992; Ducea, 2001) (Fig. 3). 
Pluton ages defi ne three magmatic pulses: p1 in 
Triassic, p2 in Middle and Late Jurassic, and p3 
in mid-Early to Late Cretaceous time. Between 
these pulses, the arc apparently transitioned to 
magmatic lulls, episodes of less voluminous yet 
continued activity, l1 beginning in Late Trias-
sic and l2 in latest Jurassic time. Differences 
between the Sierra Nevada and Salinia-Mojave 
age distributions refl ect the migratory nature of 
arc magmatism and the relatively outboard posi-
tion of the Sierra Nevada, where the full Creta-
ceous arc but only the outboard fringes of the 
older arcs are exposed.

Such chronologic records are incomplete, 
because the plutonic arc is not fully exhumed, 
and associated volcanic and epizonal plutonic 
rocks have been eroded. To amplify the record, 
we consider cumulative detrital zircon ages 

from uppermost Jurassic to Eocene sequences 
deposited on both the outboard (forearc basin 
and trench) and inboard sides of the California 
arc (Fig. 3). The detrital zircon age spectra serve 
as time-integrated proxy records of arc activ-
ity, particularly with respect to the volume of 
zircon-bearing rocks in the now-eroded upper 
arc crust. Comparison of these records confi rms 
that the arc was continuously active from Late 
Permian to Late Cretaceous time, but probably at 
relatively modest volumes of zircon-bearing rock 
for much of this time interval. Three pulses are 
superimposed on the background magmatic fl ux; 
the detrital and plutonic records are consonant, 
suggesting that magmas produced during pulses 
were stored primarily in the crust. Lack of evi-
dence for p1 magmatism and the diminished p2 
record in the trench and forearc is consistent with 
spatially asymmetric, migratory arc magmatism.

GEOCHEMISTRY OF ARC-DERIVED 
DETRITAL ZIRCONS

The geochemistry of zircons from exposed 
arc rocks records consistent compositional dif-
ferences between p1 and p2 magmas (Figs. 1 
and 2), so we hypothesize that arc-derived 
detrital zircons can provide a temporally con-
trolled record of the evolution of average melt 
compositions during episodic magmatism. We 
analyzed 265 detrital zircons from six samples 
of the retro-arc McCoy Mountains Formation 
for U-Pb age and trace element abundances (see 
the GSA Data Repository1). Mid- to Late Creta-
ceous sandstone and conglomerate in the upper 
two-thirds of this formation record basin fi lling 
synchronous with p3 magmatism and crustal 
loading during retro-arc shortening in the Maria 
fold-and-thrust belt, the expression of the Sevier 
orogenic belt at this latitude (Stone et al., 1987; 

0

20

40

60

80

0.0 0.5 1.0 1.5 2.0 2.5

Yb
/G
d

Th/U

Jurassic
 Triassic

1GSA Data Repository item 2013054, analytical methods, zircon ages and trace element geochemistry, 
is available online at www.geosociety.org/pubs/ft2013.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 2. Comparison of key zircon trace ele-
ment ratios, illustrating higher Th/U and lower 
Yb/Gd characteristic of Jurassic zircons.

Figure 3. Proxy records for 
function of the California 
arc (western United States) 
through time. Upper panel: 
Probability plots of zircon 
U-Pb ages of plutonic rocks 
from the fringing arc (Irwin 
and Wooden, 2001; Saleeby 
et al., 2008; Barth et al., 2011) 
and from the continental arc 
(Barth and Wooden, 2006; 
Barth et al., 2008; Needy et 
al., 2009), compared to detri-
tal zircons from uppermost 
Jurassic to middle Eocene 
sedimentary sequences on 
the outboard side of the arc, 
including the Great Valley 
Group (DeGraaff-Surpless et 
al., 2002; Wright and Wyld, 
2007), analogous forearc-
basin deposits of southern 
California (Jacobson et al., 
2011), underplated trench 
sediments (Pelona-Oro-
copia-Rand schists; Grove 
et al., 2003), and Upper Ju-
rassic to Upper Cretaceous 
retro-arc sediments (McCoy 
Mountains Formation; Barth 
et al., 2004). Lower panel: 
Zircon geochemistry over 
the same time frame as in 
upper panel. Diamonds with 
lines are average composi-
tions of detrital zircons in 
10 m.y. time windows. For 
comparison, gray individual 
diamonds are average com-
positions of zircons from 
exposed intrusive suites in 
the continental arc (Fohey-
Breting et al., 2010; Barth 
and Wooden, 2010; Table DR2 [see footnote 1]), and gray stars are average compositions 
of zircons from exposed intrusive and extrusive suites in the continent-fringing arc in the 
eastern Sierra Nevada (Table DR2).
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in central California. There is an excellent correlation between the most 
negative pluton εNd and the age distribution of basement rocks at any given 
location (Barton, 1996). There is also a good negative correlation between 
Nd and Sr isotopes (not pictured). The average initial εNd for the Cordillera 
is −4.35, and the average initial 87Sr/86Sr is 0.7075. The great majority of 
the analyzed whole rocks and quartz separates in the Cordilleran batho-
liths display enrichments in δ18O relative to mantle values. The average 
whole-rock δ18O for the Cordillera is 8.5‰ (relative to SMOW), and the 
average quartz δ18O is 9.0‰, whereas mantle values worldwide are 5–6‰ 
(Eiler et al., 2000; Taylor, 1988). Quartz δ18O is signifi cantly more robust 
to hydrothermal alteration than whole rock, feldspar, or other minerals 
found in granitoids, which is why it has been commonly measured as an 
alternative to whole-rock values in studies of granitoids. Values of quartz 
δ18O that lie outside the range typical for the upper mantle indicate that the 
measured rock samples, or their precursors in the case of igneous rocks, 
have at some point interacted with the hydrosphere at or near Earth’s sur-
face; therefore they contain a signifi cant crustal component.

The isotopic data were also used in combination with magmatic fl ux 
data (CONTACT88; Barton et al., 1988; NAVDAT does not contain 
fl ux data). The databases can be combined for parts of three arc seg-
ments where signifi cant numbers of age and isotopic analyses exist: the 
Sierra Nevada, the northern Peninsular Ranges (combined here as one 
arc), and the Coast Mountains batholiths. There is a correlation between 
εNd (and 87Sr/86Sr) and magmatic fl ux in these arcs—episodes of high-fl ux 
magmatism coincide with negative εNd excursions (Fig. 2). Secular isotopic 
excursions shown in Figure 2 are typically also spatial excursions toward the 
conti nental interior, which does not alter the interpretations discussed here.

MAGMATIC EPISODICITY AND ISOTOPES
All North American continental arcs record high-fl ux episodes sepa-

rated by magmatic lulls (Armstrong, 1988; Barton, 1996; Barton et al., 
1988). These fl are-up episodes can generate as much as 80%–90% of 
the arc magmatic addition rates (Reymer and Schubert, 1984) within 
periods of 10–15 m.y. (Saleeby, 1990). Magmatic addition rates into 
the upper-middle crust are ~75–100 km3/km m.y. during fl are-ups and 
10–20 km3/km m.y. during lulls (Coleman et al., 1992; Ducea, 2001; Silver 
and Chappell, 1988). What process triggers magmatic fl are-ups in arcs? 
Correlations between magmatic fl uxes and rates of plate convergence or 
plate margin obliquity are not obvious from the data. From a regional tec-
tonic perspective, several drivers have been proposed to trigger fl are-ups, 
and they fall into two main categories: (1) lithospheric extension and/or 
delamination (Lee et al., 2006), and (2) intra-crustal and/or lithospheric 
shortening (Ducea, 2001).

Extension or convective removal would likely result in an infl ux of 
“fresh,” asthenospheric mantle and related melts (Kay and Kay, 1991). 
However, Cordilleran rocks have low εNd for all plutonic rocks during epi-
sodes of high-fl ux magmatism (Fig. 2), including mafi c rocks, where avail-

able (Coleman et al., 1992; Kidder et al., 2003). It is therefore unlikely that 
any form of convective removal of the lower crust, upper mantle, or both, 
could be responsible for triggering Cordilleran fl are-ups. The geologic 
record shows that all major fl are-ups in North American batholiths formed 
during times of compression, in concert with a foreland fold and thrust belt, 
not with back-arc extensional basins. Crustal (lithospheric) thickening was 
proposed to be the cause of fl are-up trigger in the California arc (Ducea, 
2001). Specifi cally, shortening of the North American plate from the fore-
land side due to the Sevier orogeny could have ignited the late Cretaceous 
fl are-up that built much of the Sierra Nevada arc, as a result of thickening 
and subsequent heating due to thermal relaxation (DeCelles, 2004). Large-
scale, crustal-derived melting is complemented by a baseline, arc-mantle 
wedge fl ux of basalt, and heat from this fl ux contributes signifi cantly to 
igniting a deep crustal fl are-up (Dufek and Bergantz, 2005).

MOSTLY UPPER PLATE MAGMAS
The large number of negative εNd in the North American plutons 

rules out the possibility that slab-derived melts (Drummond and Defant, 
1990) could be a major contributor to the mass balance of batholiths 
(cf. DePaolo, 1981). Oceanic crust εNd values and underlying lithosphere 
do not typically depart from MORB values of +12(±3), even after strong 
seawater interaction (Gregory and Taylor, 1981).

The isotopic compositions of North American batholiths corre-
late with the Nd model age of the local basement (Fig. 1) (Farmer and 
DePaolo, 1983). A crustal age corresponds very roughly to a value of εNd 
= −10 × t (DePaolo, 1988), where t is the crustal residence age in billions 
of years. These data indicate that the batholiths have not undergone major 
lateral transport from their source terrains following their emplacement. 
More importantly, the average batholith is a mixture of 15%–25% MORB 
(εNd = 12) and local basement, assuming equal Nd concentrations in the 
two end-member melts. Melts with MORB isotopic compositions could, 
in principle, be derived from the subducting slab, as well as other mantle 
reservoirs. In the limiting case where the MORB component is derived 
entirely from subducting oceanic crust, such a slab-derived component 
could not produce more than ~20% of the mass of North American batho-
liths. In this calculation, possible contributions from subducted sediments 
(Albarede, 1998; Davidson and Arculus, 2006; Plank, 2005) are ignored—
they cannot be distinguished using the isotopes compiled here from 
framework continental, upper plate materials in arcs. This leaves open the 
possibility that sediments that undergo subduction erosion (Clift and Van-
nucchi, 2004; Scholl and von Huene, 2007) might be major contributors to 
the arc budgets. However, sediments are thought to undergo dehydration 
reactions at lower temperatures when the slab is still in a forearc posi-
tion (Peacock, 2003), which should diminish their melt fertility under the 
arcs. North American average batholith compositions also require a bulk 
source that is mafi c to intermediate in silica concentration and hydrous, 
equivalent to an amphibolite in the lower crust (Ducea, 2002). The aver-
age sedimentary input into a trench facing a large continent is unlikely to 
be “immature” or basaltic in composition. Their Nd isotopic composition 
is an average refl ecting the mix of terrigenous (low εNd) and pelagic (εNd) 
inputs; there is no reason why subducted sediment, if it is a major source 
of magmatic fl are-ups, would cause a negative excursion in the εNd com-
position of the arc. Moreover, given typical sediment subduction fl uxes 
(Plank and Langmuir, 1998), it is diffi cult to account for signifi cant mass 
fractions of arc fl are-ups by “en masse” melting of subducting sediments.

In summary, Nd isotopes provide strong evidence that Cordilleran 
arcs are derived primarily from the “upper plate,” that is, the overlying 
continental crust and mantle lithosphere. Shortening from the forearc 
side and subduction erosion processes can plausibly provide such materi-
als in the source regions of arcs, and future work is certain to illuminate 
our understanding of this topic. Underthrusting from the back arc (conti-
nental) side is our preferred shortening model for delivering crustal mate-
rials to the arc-source regions during or prior to times of high magmatic 
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Figure 2. Initial εNd whole rock values, as a function of crystallization 
age for plutons in the (A) Coast Mountains batholith (British Colum-
bia) and (B) Sierra Nevada batholith.
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Ratios from detrital zircons (solid lines) and magmatic zircons (points) Interpret the decreasing Yb/Gd as increasing crustal influence (basically, garnet is increasingly 
involved as a residue, requiring thicker crust); Th/U high in higher volume episodes requires crustal input.  Lull 1 maybe related to extension (little slab derived fluid + 
little crustal involvement [GSA talk 2016 claimed there was nothing significantly different in lulls-Hernandez et al. poster Tuesday afternoon]
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and must operate according to physical and chemical laws that 
govern material properties and mass transfer.

A unifying model
We propose a conceptual model for the long-term evolution of 
Cordilleran orogenic systems that integrates apparently disparate 
temporal variations in retroarc and forearc kinematics, foreland 
!exural-wave migration, magma !ux and composition, eclogite 
formation and subsequent removal, and hinterland elevation gain 
and extension (Figs 3 and 4). Once a two-plate, strongly convergent 
retroarc system is established, shortening begins to feed continen-
tal lower crust and mantle into the region below the magmatic 
arc (Fig. 3c), which up to this point is characterized by low !ux 
and ocean-island-arc composition. Upper-crustal sedimentary 
rocks are scraped o" the underthrusting continental plate to form 
the retroarc thrust belt, which drives a wave of !exural foreland 
basin subsidence through the continental lithosphere at a rate 
equal to the sum of the shortening and thrust-belt propagation 
rates64. An in!ux of melt-fertile lower crust and mantle lithosphere 
beneath the arc initiates a HFE in the arc. We suggest that the heat 
necessary to produce these melts is already supplied by upward 
migration of hot hydrous melts from the asthenosphere plus or 
minus radiogenic heating, and that the trigger for the HFE is the 
increased supply of hydrous continental lithosphere rather than 
any change in the architecture or dynamics of the system. HFE’s 
would not be expected in subduction systems that are not 
strongly convergent.

Melting beneath the arc begins to di"erentiate a dense restitic 
granulite and garnet pyroxenite (eclogite) root in the lower crust 
and mantle lithosphere (Fig. 3d). High-!ux events are clearly 
synchronous with root development; systems that produce thick 
batholiths, in some cases >30 km thick43, are almost certain 
to develop a root that is denser than the underlying mantle15. 
Consequently, delamination of the lower crust and the upper 
mantle lithosphere will take place a#er, not before, HFE’s (Fig. 4a). 
$is timing is also supported by the negative excursions in εNd 
values during HFE’s. Magmas derived from the underthrusted 
continental material become increasingly evolved as exempli&ed 
by the Nd isotopic pull-down (Fig. 4a). Build-up of lithosphere 
beneath the arc exerts negative feedback on continued retroarc 
shortening, and the growing eclogite exerts a negative buoyancy 
force on the upper plate, paradoxically decreasing surface 
elevation in spite of continued shortening and crustal thickening 
(Figs 3d and 4c). Subcritical taper causes internal shortening and 
disruption of the forearc basin in sediment-rich forearcs, and out-
of-sequence thrusting in the retroarc wedge (Fig. 3a, d). $e stage 
is now set for the second phase of the model.

Attainment of critical mass in the growing eclogitic root 
results in a foundering event (Fig. 3e)53,65,66. Removal of large 
volumes of dense lithosphere from beneath the arc and in!ux of 
asthenospheric heat causes a rapid isostatic increase in surface 
elevation and ignimbrite eruptions44 (Fig. 3e). Magmatism soon 
returns to background !ux-rates and relatively primitive isotopic 
compositions (the Nd isotopic pull-up) due to the proximity of 
the asthenosphere directly below the recon&gured arc Moho44,65 

and the absence of melt-fertile lithosphere. Rapid upli# and 
increased gravitational potential energy may rotate maximum 
principal stress from horizontal to vertical, so that the upper crust 
in the arc and the thrust-belt hinterland is thrown into exten-
sion54,67. Catastrophic, locally fault-controlled caldera-collapse 
eruptions44 may take place at the surface (Fig. 3e). Increased hin-
terland elevation also causes both forearc and retroarc orogenic 
wedges to become supercritically tapered and propagate forward. 
Taper increase in the forearc enhances forearc basin accumulation 
in a sediment-rich setting, and forearc extension and subduction 
erosion in a sediment-starved setting. Simultaneously, relief of the 

room problem beneath the arc by root foundering allows the cycle 
to begin anew, with rapid underthrusting of retroarc continental 
lithosphere, propagation of the retroarc thrust belt towards 
the craton, and !exural-wave migration through the foreland. 
Eventually, regional elevation declines as retroarc underthrusting 
rejuvenates the supply of melt-fertile lithosphere and the arc root 
begins to reform over the ensuing 20–30 Myr (Figs 4c). Crustal 
shortening and magmatic !ux are out of phase (Fig. 4a, b).

$e duration of magmatic lulls between HFE’s is controlled 
by the amount of time required for retroarc underthrusting to 
replenish melt-fertile lithosphere su'cient to trigger a new HFE. 
Additional lag time may result from thermal inertia. $e tempo of 
HFE’s is thus controlled by the rate of retroarc shortening: rapid 
shortening supplies more melt-fertile material to the system, 
which produces greater volumes of melting, which increases 
rates of granite and eclogite production, and causes more rapid 
attainment of critical mass in the arc root, culminating in more 
frequent dripping or delamination.

$is model does not explicitly incorporate episodes of !at-slab 
subduction, which are common in Cordilleran orogenic settings68–70 

and have been called on to explain some of the phenomena 
illustrated in Fig. 3 (refs 27,71). Flat-slab subduction terminates or 
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drives arc magmatism towards the continental interior (Fig. 3f)71–74, 
and disrupts the trench63, forearc basin75 and retroarc foreland73,76. 
In so far as !at-slab subduction is caused by anomalously buoy-
ant oceanic crust entering the subduction zone70, no inherent 

spatial–temporal relationship exists with the Cordilleran cycle 
as portrayed here. In the case of buoyant oceanic lithosphere 
entering the trench at the peak of a HFE, the growing arc root 
may force the slab to !atten at a deeper level75. "e buoyant slab 
may prop up the eclogitic root and prevent delamination/dripping 
(Fig. 3f)33,75. A post-drip/delamination con#guration beneath the 
magmatic arc is conducive to shallow !at-slab subduction and arc 
shut-down, such as proposed to explain late Miocene shut-downs 
in the Andean arc in Peru and central Chile (Fig. 1)71,73. Flat-slab 
subduction should exacerbate lithospheric crowding beneath the 
arc, increasing di$erential stress to the point of failure within 
the cratonic basement >1,000 km from the trench and leading 
to inboard basement-involved foreland deformation (Fig. 3f)72,73. 
Simultaneously, decreased retroarc shortening due to extreme 
crowding above the !at slab should increase strain in the forearc 
region. Slab steepening a%er the anomalously buoyant oceanic 
lithosphere has passed through the subduction system may lead to 
catastrophic regional ignimbrite eruptions such as those that took 
place during the middle Cenozoic a%er the Laramide event in the 
western US. (Fig. 3g).

Eclogitic root production and foundering beneath the 
Sierra Nevada batholith are well documented33,34, and provide an 
example of what may happen when !at-slab subduction interrupts 
the proposed Cordilleran cycle. Onset of Laramide !at-slab 
subduction soon a%er a HFE at 90–100 Myr ago partially preserved 
the arc root until resumption of normal-angle subduction and 
opening of the slab window a%er the East Paci#c spreading centre 
began to collide with the western continental margin around 
30 Myr. Xenolith and seismic studies demonstrate the existence 
of a garnet pyroxenite root beneath the Sierra Nevada during the 
Miocene, and its removal from the southern part of the range 
between 10 and 3 Myr ago (ref. 33). Receiver-function and tomo-
graphic imaging show that the root is delaminating from beneath 
the eastern side of the Sierra Nevada and !owing into an upper 
mantle drip beneath the southern San Joaquin Valley77. Constraints 
from xenoliths, volcanism and geodynamic modelling78 suggest 
that foundering initiated around 25 Myr ago with the onset of 
Basin and Range extension, but the actual delamination event in 
the central and southern Sierra Nevada only began ~5 Myr ago 
and continues in the central part of the range79. A large body of 
dense pyroxenite remains in place beneath the low-lying central-
western foothills, where earthquakes in the lower crust indicate 
localized stresses. In contrast, the eastern side of the Sierra Nevada 
is underlain by a sharp and shallow Moho, suggesting that whole-
sale delamination can occur within 5–10 Myr.

Testing linked cyclicity
Although data su&cient to comprehensively test this model over sev-
eral cycles within a single Cordilleran orogenic system are only 
beginning to accumulate, aspects of the model are supported in 
parts of the North and South American Cordilleras. High-!ux 
events are recorded in the Sierra Nevada batholith during the Late 
Jurassic (160–150 Myr ago) and Late Cretaceous (100–90 Myr 
ago) periods (Fig. 2)43. "ese HFE’s are documented throughout 
the Sierra Nevada batholith, despite di$erent levels of exposure 
(from palaeo-calderas to >30 km palaeo-depths80). Each HFE was 
accompanied by an isotopic pull-down, and followed by an isotopic 
pull-up. "e 90–100 Myr-ago HFE was followed immediately 
by hinterland extension11,67,81, an episode of supercritical taper 
and rapid eastward propagation of the Sevier thrust belt12,81, and 
regional thrust-belt erosion58. "e Late Jurassic HFE was also 
followed by abrupt eastward propagation of the thrust front81. 
Our model explains these observations by removal of eclogitic arc 
roots created during HFE’s and associated isostatic rebound in the 
thrust-belt hinterland. "e two HFE’s were generated by preced-
ing periods of rapid underthrusting, during the Middle Jurassic82 

Figure 3 | Evolution of Cordilleran orogenic systems. a, Schematic cross-
section (not to scale) of a Cordilleran orogenic system with a sediment-
starved trench, illustrating the e!ects of eclogite root development and 
removal on isostatic and orogenic wedge taper (α + β). For clarity, the 
magmatic arc is omitted. All lettered labels refer to other parts of this 
figure. Dashed lines labelled d represent the topographic profile and 
base of the lithosphere configuration at the peak of eclogite (gray shading) 
growth. Solid lines labelled e show post-drip/delamination configurations, 
in which the base of the lithosphere is adjusted upward and the surface has 
rebounded to high elevation. Kinematic processes responding to changes 
in orogenic wedge taper (duplexing and underplating) are also illustrated. 
b, Critical taper diagram in terms of surface slope (α) and the angle of 
the basal detachment (β) depicting the evolution of taper in forearc and 
retroarc orogenic wedges at di!erent stages of the cycle. The dot labelled 
c represents a given orogenic wedge at the critical taper (the straight line 
with negative slope), and arrows indicate taper changes corresponding to 
configurations labelled in part a, and illustrated in cross sections c–g of 
this figure. c, Retroarc underthrusting. d, Development of an arc HFE and 
growth of the eclogite root (Ec) beneath the arc causing a regional isostatic 
depression of surface elevation, and internal underplating and duplexing 
in the forearc and retroarc wedges. e, Eclogite root foundering, regional 
uplift and outward propagation of the flanking orogenic wedges, upper-
crustal extension and ignimbrite flare-up. Subduction of a buoyant oceanic 
slab immediately after stage e would potentially produce the situation 
illustrated in f, where flat-slab subduction creates crowding beneath the arc 
and drives strain into the foreland region. As the slab returns to a normal 
subduction angle g, upwelling asthenosphere (As) may promote a regional 
ignimbrite flare-up.
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involved melting of North American continental crust, as indicated by Nd, 
Sr, and O isotope compositions (Barton et al., 1988; Ducea and Barton, 
2007; Fig. 2). Upper amphibolite- to granulite-grade metamorphism, duc-
tile shearing, and migmatization are recorded in rocks that equilibrated at 
pressures of 7–9 kb beneath the magmatic arc ca. 120–105 Ma (Barth and 
May, 1992; Ducea and Barton, 2007).

RETROARC EVENTS
The Sevier belt forms the frontal part of the greater Cordilleran retro-

arc thrust belt and consists of western and eastern thrust systems (Fig. 1; 
Camilleri et al., 1997). The western thrust system transported Proterozoic–
Paleozoic sedimentary rocks as much as ~140 km eastward from ca. 142 
to 90 Ma. The eastern thrust system carried Paleozoic–Mesozoic strata 
eastward from ca. 86 to 55 Ma, with total shortening of ~100 km. Each 
of these periods involved initial forward thrust belt propagation, followed 
by approximate stasis in the thrust front while deformation migrated back 
into the interior of the orogenic wedge (Fig. 2). The eastern thrust system 
was coeval with development of Laramide intraforeland uplifts and basins 
as far as 500 km to the east (Fig. 2).

While western thrust system, eastern thrust system, and Laramide 
faults developed in the upper crust, middle and lower crust beneath the 
several-hundred-kilometers-wide retroarc hinterland experienced ductile 
shortening, partial melting, and Barrovian metamorphism (Fig. 2). Hin-
terland basins (King Lear, Newark Canyon, Sheep Pass; Fig. 2) formed 
in association with both thrust and normal faults during Aptian and Cam-
panian time (e.g., Druschke et al., 2011). Local, large-magnitude tectonic 
exhumation of the hinterland occurred between 83 and 75 Ma (Hodges 
and Walker, 1992; Camilleri et al., 1997; Wells et al., 2012). By Late Cre-
taceous, the hinterland was a high plateau supported by double-thick crust 
(Coney and Harms, 1984; DeCelles, 2004; Chamberlain et al., 2012; Snell 
et al., 2014).

TRANSOROGENIC COMPARISON
Figure 2 highlights four tectono-magmatic phases (Fig. 3). Phase A 

(ca. 160–140 Ma) during and immediately after the Late Jurassic HFE 
involved eastward migration of deformation from the hinterland into the 
western thrust system of the Sevier belt. The Franciscan wedge experi-
enced high-pressure metamorphism (Wakabayashi and Dumitru, 2007), 
but accretion was sparse (Dumitru et al., 2010, 2015). Phase B (ca. 
140–105 Ma) involved strongly reduced arc magmatism with relatively 
juvenile sources; widespread hinterland shortening, ductile deformation, 
and Barrovian metamorphism; local extensional hinterland basin devel-
opment; granulite-grade metamorphism beneath the magmatic arc; and 
continued slip on faults in the western thrust system. The Great Valley 
forearc basin subsided steadily, and thick basin fill accumulated behind a 
growing forearc ridge. At ca. 123 Ma, the growth rate of the accretionary 
wedge increased abruptly (Dumitru et al., 2010, 2015), and extension and 
contraction affected both sides of the forearc; forearc sand changed from 
volcanic rich to quartzo-feldspathic (Ingersoll, 1983).

Phase C (ca. 105–80 Ma) began with a second HFE in the arc, pro-
ducing highly evolved (initial εNd values as low as –20) magma in the 
middle crust and eclogite beneath the arc (Ducea, 2001). The retroarc 
eastern thrust system migrated rapidly eastward. The Great Valley forearc 
basin axis migrated eastward, and thick basin fill onlapped the western 
flank of the arc; forearc sand became volcanic rich again; local shortening 
(Williams and Graham, 2013), rapid accretion, and tectonic exhumation 
characterized the accretionary wedge (Platt, 1986; Tagami and Dumitru, 
1996). Phase D (ca. 80–50 Ma) was dominated by Laramide flat-slab 
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insertion (Saleeby, 2003), which prolonged rapid exhumation and partial 
subaerial exposure of the accretionary wedge, forced the Rand-Orocopia-
Pelona and Sierra de Salinas schists beneath the magmatic arc, and termi-
nated arc-axis magmatism. In the hinterland, partial melting of previously 
thickened crust was widespread, and shortening and extension at upper 
crustal levels alternated on a 10 m.y. time scale (Wells et al., 2012). Exten-
sional hinterland basins formed while the eastern thrust system propa-
gated slowly forward and Laramide uplifts disrupted the foreland.

Figure 3 illustrates our interpretation of tectonic modes during each 
of these phases. Eclogite production was directly linked to HFE magma-
tism and metamorphism in the lower crust beneath the hinterland (Figs. 3A 
and 3C; Ducea and Barton, 2007; Wells et al., 2012). Eastward kinematic 
“jumps” in the retroarc thrust belt lagged slightly behind HFE peaks (Fig. 
2). Deformation migrated into the interior of the retroarc orogenic wedge 
during the magmatic lull while middle crust in the hinterland was strongly 
deformed and metamorphosed and hinterland basins formed (Figs. 3B and 
3D). This pattern evinces alternating periods of supercritical (ca. 145 Ma 
and 90 Ma) and subcritical orogenic wedge dynamics. We suggest that iso-
static rebound related to gravitational foundering of dense arc and meta-
morphic roots (as Rayleigh-Taylor instabilities or delaminating sheets; 
Currie et al., 2015) raised the surface elevation of the arc and hinterland 
enough to drive the wedge into a supercritical state; the locus of frontal 
thrusting migrated rapidly eastward to reduce taper to a critical value. Ret-
roarc wedge taper was subcritical during the magmatic lull (Fig. 3B).

The forearc is more difficult to interpret in terms of repeating arc 
HFEs, in part because the Franciscan wedge evolved from sparsely to 
strongly accretionary over time and the long-term pattern of processes is 
not obviously cyclical. Platt (1986) noted the change from a small, slowly 
accreting, critical to subcritical forearc wedge to a >100-km-wide wedge 
in which extension and exhumation of high-pressure metamorphic rocks 
corresponded to a transition to supercritical taper. In their discussions of 

processes that might have spurred the change from non-accretionary to 
accretionary behavior at ca. 123 Ma, Dumitru et al. (2010, 2015) favored 
increased sediment flux into the trench. It is clear that large-scale accre-
tion, extension (and rapid exhumation), underplating, internal shortening 
and/or backthrusting, cutting of a regional forearc unconformity, and east-
ward migration of forearc basin subsidence maxima occurred during and 
soon after the 105–90 Ma HFE in the magmatic arc (Fig. 2). From the 
trench to the retroarc thrust belt, the entire Cordillera was in a supercritical 
state of orogenic expansion (Fig. 3C). The latest Jurassic forearc record is 
not robust enough to assess whether an earlier episode of orogenic super-
criticality accompanied the Jurassic HFE.

The 105–90 Ma HFE was accompanied by gravitational root foun-
dering, but significant eclogite remained in place because of flat-slab sub-
duction beneath the western United States (e.g., Saleeby, 2003). Partial 
root removal and insertion of the flat slab may have increased elevation 
in the hinterland, rotating maximum principal stress to (sub)vertical and 
initiating upper crustal extension and partial melting coeval with ongoing 
shortening in the thrust belt (Wells et al., 2012). The supercritical state of 
the retroarc wedge coupled with end loading by the flat slab could have 
driven Laramide deformation far into the craton (Erslev, 1993).

CONCLUSIONS: A CORDILLERAN CYCLE?
This analysis suggests that the United States Cordillera was modu-

lated by cyclical magmatic-petrologic processes in the middle to lower 
crust beneath the arc and hinterland. Arc HFEs and growth of eclogitic 
roots require the feed of continental lower crust and lithosphere from ret-
roarc underthrusting (Ducea and Barton, 2007; DeCelles et al., 2009). Vol-
ume and tempo of this feed are proxied by distance and rate of shortening 
in the retroarc thrust belt. Attainment of critical mass in the arc-hinterland 
eclogitic roots and foundering into the mantle may cause changes in eleva-
tion and orogenic wedge taper (Garzione et al., 2006; Currie et al., 2015). 
Thrust-belt propagation is an expected response to increased wedge taper. 
Rapid frontal accretion and extensional exhumation of high-pressure met-
amorphic rocks may be responses of an accretionary forearc to eclogite 
removal under the arc. Removal of arc-hinterland roots also relieves the 
“room problem” beneath the arc, setting the stage for renewed retroarc 
underthrusting. This hypothetical cyclical behavior may be modified by 
unpredictable involvement of anomalously buoyant oceanic lithosphere 
giving rise to flat-slab subduction. Flat-slab subduction itself, however, 
may depend on the state of the upper plate: an upper plate from which 
arc roots have been removed completely should be conducive to shallow 
subduction, whereas an upper plate that retains arc roots may be prone 
to end loading and propagation of strain far into the craton. Although the 
Laramide flat-slab event truncated the Cordilleran cycle in the western 
interior United States, an additional younger HFE is preserved in the west-
ern Canada orogenic sector (along with the earlier HFEs as well; Gehrels 
et al., 2009). Arc HFEs provide the first-order signal of cycle tempo, as 
well as a context for interpreting diverse processes operating in Cordil-
leran orogenic belts.
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insertion (Saleeby, 2003), which prolonged rapid exhumation and partial 
subaerial exposure of the accretionary wedge, forced the Rand-Orocopia-
Pelona and Sierra de Salinas schists beneath the magmatic arc, and termi-
nated arc-axis magmatism. In the hinterland, partial melting of previously 
thickened crust was widespread, and shortening and extension at upper 
crustal levels alternated on a 10 m.y. time scale (Wells et al., 2012). Exten-
sional hinterland basins formed while the eastern thrust system propa-
gated slowly forward and Laramide uplifts disrupted the foreland.

Figure 3 illustrates our interpretation of tectonic modes during each 
of these phases. Eclogite production was directly linked to HFE magma-
tism and metamorphism in the lower crust beneath the hinterland (Figs. 3A 
and 3C; Ducea and Barton, 2007; Wells et al., 2012). Eastward kinematic 
“jumps” in the retroarc thrust belt lagged slightly behind HFE peaks (Fig. 
2). Deformation migrated into the interior of the retroarc orogenic wedge 
during the magmatic lull while middle crust in the hinterland was strongly 
deformed and metamorphosed and hinterland basins formed (Figs. 3B and 
3D). This pattern evinces alternating periods of supercritical (ca. 145 Ma 
and 90 Ma) and subcritical orogenic wedge dynamics. We suggest that iso-
static rebound related to gravitational foundering of dense arc and meta-
morphic roots (as Rayleigh-Taylor instabilities or delaminating sheets; 
Currie et al., 2015) raised the surface elevation of the arc and hinterland 
enough to drive the wedge into a supercritical state; the locus of frontal 
thrusting migrated rapidly eastward to reduce taper to a critical value. Ret-
roarc wedge taper was subcritical during the magmatic lull (Fig. 3B).

The forearc is more difficult to interpret in terms of repeating arc 
HFEs, in part because the Franciscan wedge evolved from sparsely to 
strongly accretionary over time and the long-term pattern of processes is 
not obviously cyclical. Platt (1986) noted the change from a small, slowly 
accreting, critical to subcritical forearc wedge to a >100-km-wide wedge 
in which extension and exhumation of high-pressure metamorphic rocks 
corresponded to a transition to supercritical taper. In their discussions of 

processes that might have spurred the change from non-accretionary to 
accretionary behavior at ca. 123 Ma, Dumitru et al. (2010, 2015) favored 
increased sediment flux into the trench. It is clear that large-scale accre-
tion, extension (and rapid exhumation), underplating, internal shortening 
and/or backthrusting, cutting of a regional forearc unconformity, and east-
ward migration of forearc basin subsidence maxima occurred during and 
soon after the 105–90 Ma HFE in the magmatic arc (Fig. 2). From the 
trench to the retroarc thrust belt, the entire Cordillera was in a supercritical 
state of orogenic expansion (Fig. 3C). The latest Jurassic forearc record is 
not robust enough to assess whether an earlier episode of orogenic super-
criticality accompanied the Jurassic HFE.

The 105–90 Ma HFE was accompanied by gravitational root foun-
dering, but significant eclogite remained in place because of flat-slab sub-
duction beneath the western United States (e.g., Saleeby, 2003). Partial 
root removal and insertion of the flat slab may have increased elevation 
in the hinterland, rotating maximum principal stress to (sub)vertical and 
initiating upper crustal extension and partial melting coeval with ongoing 
shortening in the thrust belt (Wells et al., 2012). The supercritical state of 
the retroarc wedge coupled with end loading by the flat slab could have 
driven Laramide deformation far into the craton (Erslev, 1993).

CONCLUSIONS: A CORDILLERAN CYCLE?
This analysis suggests that the United States Cordillera was modu-

lated by cyclical magmatic-petrologic processes in the middle to lower 
crust beneath the arc and hinterland. Arc HFEs and growth of eclogitic 
roots require the feed of continental lower crust and lithosphere from ret-
roarc underthrusting (Ducea and Barton, 2007; DeCelles et al., 2009). Vol-
ume and tempo of this feed are proxied by distance and rate of shortening 
in the retroarc thrust belt. Attainment of critical mass in the arc-hinterland 
eclogitic roots and foundering into the mantle may cause changes in eleva-
tion and orogenic wedge taper (Garzione et al., 2006; Currie et al., 2015). 
Thrust-belt propagation is an expected response to increased wedge taper. 
Rapid frontal accretion and extensional exhumation of high-pressure met-
amorphic rocks may be responses of an accretionary forearc to eclogite 
removal under the arc. Removal of arc-hinterland roots also relieves the 
“room problem” beneath the arc, setting the stage for renewed retroarc 
underthrusting. This hypothetical cyclical behavior may be modified by 
unpredictable involvement of anomalously buoyant oceanic lithosphere 
giving rise to flat-slab subduction. Flat-slab subduction itself, however, 
may depend on the state of the upper plate: an upper plate from which 
arc roots have been removed completely should be conducive to shallow 
subduction, whereas an upper plate that retains arc roots may be prone 
to end loading and propagation of strain far into the craton. Although the 
Laramide flat-slab event truncated the Cordilleran cycle in the western 
interior United States, an additional younger HFE is preserved in the west-
ern Canada orogenic sector (along with the earlier HFEs as well; Gehrels 
et al., 2009). Arc HFEs provide the first-order signal of cycle tempo, as 
well as a context for interpreting diverse processes operating in Cordil-
leran orogenic belts.
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Sierra Nevada Batholith
The Sierra Nevada displays prominent spa-

tial isotopic trends in which radiogenic isotopes 
become more evolved landward of the trench 
(Fig. 1). The Sr87/Sr86 spatial isotopic trend is 
the most well known because the Sr87/Sr86 = 
0.706 isopleth (“0.706 line”) has been used as 
a proxy for the western edge of North American 
basement (Kistler and Peterman, 1973, 1978), 
outboard of which are a series of isotopically 
juvenile accreted oceanic and ophiolitic terranes 
(Snow and Scherer, 2006). The spatial distribu-
tion of εNd mimics that of Sr87/Sr86 (negative cor-
relation) and shows increasingly evolved values 
to the east (Fig. 1). Similar isotopic trends are 
known from within the underlying continen-

tal mantle lithosphere (Ormerod et al., 1988; 
Wenner and Coleman, 2004). The radiogenic 
isotopic composition of magmatism through-
out the history of the batholith has followed 
the spatial isotopic trend. The Sierra Nevada 
experienced three high-"ux events during the 
Mesozoic, centered on ca. 225 Ma, ca. 160 Ma, 
and ca. 95 Ma (Ducea, 2001; Cecil et al., 2012; 
Paterson and Ducea, 2015). All three high-"ux 
events are associated with isotopic pull-downs, 
and all three occurred when magmatism was 
concentrated furthest from the trench (Ducea 
and Barton, 2007; Kirsch et al., 2016) (Fig. 1). 
As a result, the Triassic, Jurassic, and Creta-
ceous arcs are largely spatially coincident and 
form a composite batholith.

The #nal high-"ux event is diachronous from 
north to south, but it occurred during the Late 
Cretaceous in the southern and central Sierra 
Nevada where it is the most well documented 
(Paterson and Ducea, 2015). During the mag-
matic lull preceding the Late Cretaceous high-
"ux event, magmatism was located closer to the 
trench (modern-day western Sierra Nevada and 
Great Valley) and produced rocks with more ju-
venile isotopic compositions (Fig. 1). From 130 
to 80 Ma, magmatism migrated away from the 
trench at 2–5 mm/yr and produced rocks with in-
creasingly evolved isotopic compositions (Chen 
and Moore, 1982; Cecil et al., 2012;  Ardill et al., 
2018) (Fig. 1). Arc migration started during a 
magmatic lull, ca. 130 Ma. The Late Cretaceous 
high-"ux event occurred when the arc was lo-
cated in what is today the eastern Sierra Nevada, 
30–40 m.y. after arc migration had started (Fig. 
1). The data suggest not only that the Nd isotopic 
pull-downs and high-"ux events in the Sierra 
Nevada were produced by delivery of more iso-
topically evolved and melt-fertile material into 
a #xed melt source region beneath the arc, but 
that the melt source region and arc itself had 
migrated landward into a different part of the 
lithosphere.

Higher Sr/Y and La/Yb suggest an increase 
in crustal thickness during this time (Karlstrom 
et al., 2014; Profeta et al., 2015; Kirsch et al., 
2016), and an east-west spatial gradient in Sr/Y 
(Ardill et al., 2018) indicates that this thicken-
ing was concurrent with arc migration (Fig. 1). 
Other spatial geochemical gradients that were 
produced during eastward arc migration include 
increasing alkalinity (at approximately constant 
weight percent SiO2; Bateman, 1992), increasing 
oxygen fugacity (Dodge, 1972), and decreas-
ing Dy/Yb (Ardill et al., 2018). Xenolith data 
indicate that the mantle lithosphere was also 
thickened during this time, at least in part by 
melt entrapment (Chin et al., 2012). In the cen-
tral to northern Sierra Nevada, melt depletion 
and/or a thickened lithosphere that impinged on 
the subducting slab may have terminated the 
high-"ux event and all subduction magmatism 
at ca. 80 Ma (Ducea, 2001; Chin et al., 2012; 
Karlstrom et al., 2014).

Melt Fertility
Generating a high-"ux event requires in-

creased melt fertility, which is primarily depen-
dent on rock composition, pressure, temperature, 
and water content. Any mechanism to explain the 
high-"ux events in the Sierra Nevada should also 
produce more isotopically evolved compositions, 
occur on an episodic basis, and be associated 
with landward arc migration. One possibility 
is that landward arc migration simply hastens 
the delivery of lower-crustal material to the arc 
and adds to the rate of retroarc underthrusting. 
Shallowing of the subduction angle (causing 
landward arc migration) is commonly associ-
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Figure 1. A: Map of Sierra Nevada batholith 
(western United States) showing age and 
position of Mesozoic continental arc rocks 
plotted in panel G. During Jurassic and mid-
Cretaceous high-flux events (HFE), arc mag-
matism was concentrated in the eastern Sierra 
Nevada, farthest from the trench. “0.706 line” 
is Sr87/Sr86 = 0.706 isopleth. RDC—mafic-ultra-
mafic ring dike complex. B,C: Compilations 
of zircon U-Pb ages and whole-rock initial 
εNd values for the Sierra Nevada (from Kirsch 
et al., 2016). High-flux events (yellow bars) cor-
relate with isotopic pull-downs. D: Cumulative 
shortening through time showing periods of 
high-strain rate that correlate with high-flux 
events (from Cao et al., 2015). E: Sr/Y and 
La/Yb values through time showing increase 
during the Late Cretaceous high-flux event 
(black arrow) (from Karlstrom et al., 2014; Pro-
feta et al., 2015; Kirsch et al., 2016). Median 
values are plotted with ±1σ uncertainty. Only 
rocks with <70 SiO2 wt % are plotted, to ex-
clude highly fractionated melts. F: U-Pb rock 
ages from Sierra Nevada showing eastward 
(landward) migration of magmatism during 
the mid-Cretaceous (from Cecil et al., 2012). 
Mid-Cretaceous high-flux event occurred 
when magmatism migrated into the eastern 
Sierra Nevada. G: Spatial isotopic trend in the 
Sierra Nevada, showing more-evolved initial 
εNd values located farther from the trench. Map 
location of data is shown in panel A. Data are 
projected onto a vertical plane with strike ori-
ented perpendicular to the trend of the Sierra 
Nevada batholith. H–J: West-to-east spatial 
geochemical gradients in the Sierra Nevada 
show increase in weight percent K2O (from 
Bateman, 1992) (H), increase in Sr/Y and de-
crease in Dy/Yb (from Ardill et al., 2018) (I), 
and increase in ferrous-ferric (oxidation) 
 ratio (from Dodge, 1972) (J). Methods, data, 
and data sources for panels A and G are pre-
sented in the Data Repository (see footnote 1).
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Sierra Nevada Batholith
The Sierra Nevada displays prominent spa-

tial isotopic trends in which radiogenic isotopes 
become more evolved landward of the trench 
(Fig. 1). The Sr87/Sr86 spatial isotopic trend is 
the most well known because the Sr87/Sr86 = 
0.706 isopleth (“0.706 line”) has been used as 
a proxy for the western edge of North American 
basement (Kistler and Peterman, 1973, 1978), 
outboard of which are a series of isotopically 
juvenile accreted oceanic and ophiolitic terranes 
(Snow and Scherer, 2006). The spatial distribu-
tion of εNd mimics that of Sr87/Sr86 (negative cor-
relation) and shows increasingly evolved values 
to the east (Fig. 1). Similar isotopic trends are 
known from within the underlying continen-

tal mantle lithosphere (Ormerod et al., 1988; 
Wenner and Coleman, 2004). The radiogenic 
isotopic composition of magmatism through-
out the history of the batholith has followed 
the spatial isotopic trend. The Sierra Nevada 
experienced three high-"ux events during the 
Mesozoic, centered on ca. 225 Ma, ca. 160 Ma, 
and ca. 95 Ma (Ducea, 2001; Cecil et al., 2012; 
Paterson and Ducea, 2015). All three high-"ux 
events are associated with isotopic pull-downs, 
and all three occurred when magmatism was 
concentrated furthest from the trench (Ducea 
and Barton, 2007; Kirsch et al., 2016) (Fig. 1). 
As a result, the Triassic, Jurassic, and Creta-
ceous arcs are largely spatially coincident and 
form a composite batholith.

The #nal high-"ux event is diachronous from 
north to south, but it occurred during the Late 
Cretaceous in the southern and central Sierra 
Nevada where it is the most well documented 
(Paterson and Ducea, 2015). During the mag-
matic lull preceding the Late Cretaceous high-
"ux event, magmatism was located closer to the 
trench (modern-day western Sierra Nevada and 
Great Valley) and produced rocks with more ju-
venile isotopic compositions (Fig. 1). From 130 
to 80 Ma, magmatism migrated away from the 
trench at 2–5 mm/yr and produced rocks with in-
creasingly evolved isotopic compositions (Chen 
and Moore, 1982; Cecil et al., 2012;  Ardill et al., 
2018) (Fig. 1). Arc migration started during a 
magmatic lull, ca. 130 Ma. The Late Cretaceous 
high-"ux event occurred when the arc was lo-
cated in what is today the eastern Sierra Nevada, 
30–40 m.y. after arc migration had started (Fig. 
1). The data suggest not only that the Nd isotopic 
pull-downs and high-"ux events in the Sierra 
Nevada were produced by delivery of more iso-
topically evolved and melt-fertile material into 
a #xed melt source region beneath the arc, but 
that the melt source region and arc itself had 
migrated landward into a different part of the 
lithosphere.

Higher Sr/Y and La/Yb suggest an increase 
in crustal thickness during this time (Karlstrom 
et al., 2014; Profeta et al., 2015; Kirsch et al., 
2016), and an east-west spatial gradient in Sr/Y 
(Ardill et al., 2018) indicates that this thicken-
ing was concurrent with arc migration (Fig. 1). 
Other spatial geochemical gradients that were 
produced during eastward arc migration include 
increasing alkalinity (at approximately constant 
weight percent SiO2; Bateman, 1992), increasing 
oxygen fugacity (Dodge, 1972), and decreas-
ing Dy/Yb (Ardill et al., 2018). Xenolith data 
indicate that the mantle lithosphere was also 
thickened during this time, at least in part by 
melt entrapment (Chin et al., 2012). In the cen-
tral to northern Sierra Nevada, melt depletion 
and/or a thickened lithosphere that impinged on 
the subducting slab may have terminated the 
high-"ux event and all subduction magmatism 
at ca. 80 Ma (Ducea, 2001; Chin et al., 2012; 
Karlstrom et al., 2014).

Melt Fertility
Generating a high-"ux event requires in-

creased melt fertility, which is primarily depen-
dent on rock composition, pressure, temperature, 
and water content. Any mechanism to explain the 
high-"ux events in the Sierra Nevada should also 
produce more isotopically evolved compositions, 
occur on an episodic basis, and be associated 
with landward arc migration. One possibility 
is that landward arc migration simply hastens 
the delivery of lower-crustal material to the arc 
and adds to the rate of retroarc underthrusting. 
Shallowing of the subduction angle (causing 
landward arc migration) is commonly associ-
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Figure 1. A: Map of Sierra Nevada batholith 
(western United States) showing age and 
position of Mesozoic continental arc rocks 
plotted in panel G. During Jurassic and mid-
Cretaceous high-flux events (HFE), arc mag-
matism was concentrated in the eastern Sierra 
Nevada, farthest from the trench. “0.706 line” 
is Sr87/Sr86 = 0.706 isopleth. RDC—mafic-ultra-
mafic ring dike complex. B,C: Compilations 
of zircon U-Pb ages and whole-rock initial 
εNd values for the Sierra Nevada (from Kirsch 
et al., 2016). High-flux events (yellow bars) cor-
relate with isotopic pull-downs. D: Cumulative 
shortening through time showing periods of 
high-strain rate that correlate with high-flux 
events (from Cao et al., 2015). E: Sr/Y and 
La/Yb values through time showing increase 
during the Late Cretaceous high-flux event 
(black arrow) (from Karlstrom et al., 2014; Pro-
feta et al., 2015; Kirsch et al., 2016). Median 
values are plotted with ±1σ uncertainty. Only 
rocks with <70 SiO2 wt % are plotted, to ex-
clude highly fractionated melts. F: U-Pb rock 
ages from Sierra Nevada showing eastward 
(landward) migration of magmatism during 
the mid-Cretaceous (from Cecil et al., 2012). 
Mid-Cretaceous high-flux event occurred 
when magmatism migrated into the eastern 
Sierra Nevada. G: Spatial isotopic trend in the 
Sierra Nevada, showing more-evolved initial 
εNd values located farther from the trench. Map 
location of data is shown in panel A. Data are 
projected onto a vertical plane with strike ori-
ented perpendicular to the trend of the Sierra 
Nevada batholith. H–J: West-to-east spatial 
geochemical gradients in the Sierra Nevada 
show increase in weight percent K2O (from 
Bateman, 1992) (H), increase in Sr/Y and de-
crease in Dy/Yb (from Ardill et al., 2018) (I), 
and increase in ferrous-ferric (oxidation) 
 ratio (from Dodge, 1972) (J). Methods, data, 
and data sources for panels A and G are pre-
sented in the Data Repository (see footnote 1).
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ated with increased plate coupling and crustal 
shortening, which may explain the correlation 
between high-!ux events in the Sierra Nevada 
and kinematic jumps (new frontal thrust sheets) 
in the Sevier retroarc thrust belt ( DeCelles et al., 
2009; DeCelles and Graham, 2015).

A second possibility is that high-!ux events 
are produced when an arc migrates into a more 
melt-fertile crustal province, regardless of retro-
arc dynamics. The accreted oceanic and ophio-
litic terranes that compose basement in the 
western Sierra Nevada are relatively more ma#c 
(Snow and Scherer, 2006) and presumably less 
melt fertile (cf. Clemens and Vielzeuf, 1987) than 
the intermediate igneous and quartzofeldspathic 
rocks that compose (cratonic) North American 
crust in the eastern Sierra Nevada (Kistler and 
Peterman, 1978). However, the degree of crustal 
assimilation in the Sierra Nevada remains con-
tested (see review by Nelson et al. [2013]), 
and some researchers have suggested that the 
mantle exerts a #rst-order control on isotopic 
compositions, particularly in the eastern Sierra 
Nevada—the locus of the Late Cretaceous high-
!ux event (Wenner and Coleman, 2004; Lackey 
et al., 2008; Jagoutz and Klein, 2018).

If the mantle is an important contributor to 
Sierra Nevada arc rocks, then a third possibility 
to consider is whether processes that increase 
melt fertility in the mantle, speci#cally hydra-
tion ± (re)fertilization, could be responsible 
for producing high-!ux events. There is some 
evidence to suggest that this may be the case. 
Chin et al. (2012, 2014) documented refertil-
ized mantle (peridotite and garnet pyroxenite) 
xenoliths from the Sierra Nevada and suggested 
that refertilization occurred contemporaneously 
with the Late Cretaceous high-!ux event and 
that refertilization increased with depth in the 
mantle lithosphere. Compared to the convecting 
asthenospheric (depleted) mantle wedge, a thick 
and cool mantle lithosphere allows for ef#cient 

melt entrapment, incompatible element chroma-
tography, and long-term storage of water in hy-
drous phases and hydrated nominally anhydrous 
minerals (O’Reilly and Grif#n, 2013). Many of 
the temporal and spatial geochemical gradients 
in the Sierra Nevada that correlate with landward 
arc migration—increased Sr/Y, La/Yb, and oxy-
gen fugacity, and decreasing Dy/Yb (Fig. 1)—
are consistent with exceptionally hydrous melt 
conditions and the stabilization of amphibole ± 
garnet (Müntener et al., 2001; Davidson et al., 
2007). A landward increase in weight percent 
K2O in the Sierra Nevada (Fig. 1), and other 
arc systems globally, has been called the K-h 
(where h is depth) relationship (Dickinson, 
1975). One of the many plausible explanations 
for the K-h relationship is partial melting of 
!uid- and/or melt-metasomatized mantle litho-
sphere (e.g., phlogopite-peridotite), which is a 
common explanation for alkaline magmas in 
general (Menzies and Murthy, 1980). High-K 
magmas from the Sierra Nevada, erupted dur-
ing the Pliocene, have been related to melting 
of (delaminated) !uid-metasomatized mantle 
lithosphere (Farmer et al., 2002).

We envision a scenario in which melt-fertile, 
subduction-related, metasomatic products accu-
mulate over time in the mantle lithosphere, land-
ward of the arc axis (Fig. 2). Landward migra-
tion of the arc and mantle wedge into hydrated 
and fertile parts of the lithosphere may trigger 
a high-!ux event. This mechanism allows for a 
slow buildup (perhaps during magmatic lulls) 
but rapid delivery of melt-fertile material to a 
melt source region. The mid-Cenozoic ignim-
brite !areup in the North American Cordillera 
(Lipman, 1992) may be partially analogous to 
the high-!ux mechanism proposed above. Low-
angle subduction of the Farallon plate resulted 
in widespread refrigeration and hydration of the 
North American lithosphere (Humphreys et al., 
2003). After the Farallon slab foundered (or 

rolled back), hydrated North American mantle 
lithosphere was heated by upwelling astheno-
sphere and produced the mid-Cenozoic !areup 
(Farmer et al., 2008). Metasomatic accumulation 
and storage in the deep lithosphere followed by 
rapid heating may be a relatively common way 
to generate arc !areups and high-!ux events.

Arc Migration
Cyclical arc migration has been observed in 

long-lived Cordilleran orogenic systems (e.g., 
central Andes; Haschke et al., 2002), but what 
drives this behavior is debated. Periodicity rules 
out many noncyclical factors like subducting 
plate age, plate thickness, and rates of motion, 
which could control slab dip. Explanations for 
periodic arc migration generally fall into two 
categories: autocyclic processes (occurring 
within the arc system) or allocyclic processes 
(externally driven). Examples of autocyclic pro-
cesses include magmatic and tectonic thickening 
of the arc root and arc lithosphere, which could 
de!ect the mantle wedge or locus of pluton em-
placement landward (Karlstrom et al., 2014) or 
decrease slab dip by increasing mantle wedge 
suction (O’Driscoll et al., 2009). Examples of 
allocyclic processes include mechanisms like 
alternating periods of slab anchoring and slab 
break-off (Faccenna et al., 2013) or periodic slab 
folding in the mantle transition zone (Gibert 
et al., 2012), which affect slab dip and plate cou-
pling. Regardless of the exact processes (auto-
cyclic or allocyclic) involved, we suggest that 
episodic arc migration through a spatial isotopic 
trend may be a contributing factor to producing 
isotopic pull-downs in the Sierra Nevada.

CONCLUSIONS
In many continental arcs, relatively subtle 

changes in the spatial distribution of magma-
tism in!uence radiogenic isotopic compositions. 
In the Sierra Nevada, initial εNd compositions 
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ated with increased plate coupling and crustal 
shortening, which may explain the correlation 
between high-!ux events in the Sierra Nevada 
and kinematic jumps (new frontal thrust sheets) 
in the Sevier retroarc thrust belt ( DeCelles et al., 
2009; DeCelles and Graham, 2015).

A second possibility is that high-!ux events 
are produced when an arc migrates into a more 
melt-fertile crustal province, regardless of retro-
arc dynamics. The accreted oceanic and ophio-
litic terranes that compose basement in the 
western Sierra Nevada are relatively more ma#c 
(Snow and Scherer, 2006) and presumably less 
melt fertile (cf. Clemens and Vielzeuf, 1987) than 
the intermediate igneous and quartzofeldspathic 
rocks that compose (cratonic) North American 
crust in the eastern Sierra Nevada (Kistler and 
Peterman, 1978). However, the degree of crustal 
assimilation in the Sierra Nevada remains con-
tested (see review by Nelson et al. [2013]), 
and some researchers have suggested that the 
mantle exerts a #rst-order control on isotopic 
compositions, particularly in the eastern Sierra 
Nevada—the locus of the Late Cretaceous high-
!ux event (Wenner and Coleman, 2004; Lackey 
et al., 2008; Jagoutz and Klein, 2018).

If the mantle is an important contributor to 
Sierra Nevada arc rocks, then a third possibility 
to consider is whether processes that increase 
melt fertility in the mantle, speci#cally hydra-
tion ± (re)fertilization, could be responsible 
for producing high-!ux events. There is some 
evidence to suggest that this may be the case. 
Chin et al. (2012, 2014) documented refertil-
ized mantle (peridotite and garnet pyroxenite) 
xenoliths from the Sierra Nevada and suggested 
that refertilization occurred contemporaneously 
with the Late Cretaceous high-!ux event and 
that refertilization increased with depth in the 
mantle lithosphere. Compared to the convecting 
asthenospheric (depleted) mantle wedge, a thick 
and cool mantle lithosphere allows for ef#cient 

melt entrapment, incompatible element chroma-
tography, and long-term storage of water in hy-
drous phases and hydrated nominally anhydrous 
minerals (O’Reilly and Grif#n, 2013). Many of 
the temporal and spatial geochemical gradients 
in the Sierra Nevada that correlate with landward 
arc migration—increased Sr/Y, La/Yb, and oxy-
gen fugacity, and decreasing Dy/Yb (Fig. 1)—
are consistent with exceptionally hydrous melt 
conditions and the stabilization of amphibole ± 
garnet (Müntener et al., 2001; Davidson et al., 
2007). A landward increase in weight percent 
K2O in the Sierra Nevada (Fig. 1), and other 
arc systems globally, has been called the K-h 
(where h is depth) relationship (Dickinson, 
1975). One of the many plausible explanations 
for the K-h relationship is partial melting of 
!uid- and/or melt-metasomatized mantle litho-
sphere (e.g., phlogopite-peridotite), which is a 
common explanation for alkaline magmas in 
general (Menzies and Murthy, 1980). High-K 
magmas from the Sierra Nevada, erupted dur-
ing the Pliocene, have been related to melting 
of (delaminated) !uid-metasomatized mantle 
lithosphere (Farmer et al., 2002).

We envision a scenario in which melt-fertile, 
subduction-related, metasomatic products accu-
mulate over time in the mantle lithosphere, land-
ward of the arc axis (Fig. 2). Landward migra-
tion of the arc and mantle wedge into hydrated 
and fertile parts of the lithosphere may trigger 
a high-!ux event. This mechanism allows for a 
slow buildup (perhaps during magmatic lulls) 
but rapid delivery of melt-fertile material to a 
melt source region. The mid-Cenozoic ignim-
brite !areup in the North American Cordillera 
(Lipman, 1992) may be partially analogous to 
the high-!ux mechanism proposed above. Low-
angle subduction of the Farallon plate resulted 
in widespread refrigeration and hydration of the 
North American lithosphere (Humphreys et al., 
2003). After the Farallon slab foundered (or 

rolled back), hydrated North American mantle 
lithosphere was heated by upwelling astheno-
sphere and produced the mid-Cenozoic !areup 
(Farmer et al., 2008). Metasomatic accumulation 
and storage in the deep lithosphere followed by 
rapid heating may be a relatively common way 
to generate arc !areups and high-!ux events.

Arc Migration
Cyclical arc migration has been observed in 

long-lived Cordilleran orogenic systems (e.g., 
central Andes; Haschke et al., 2002), but what 
drives this behavior is debated. Periodicity rules 
out many noncyclical factors like subducting 
plate age, plate thickness, and rates of motion, 
which could control slab dip. Explanations for 
periodic arc migration generally fall into two 
categories: autocyclic processes (occurring 
within the arc system) or allocyclic processes 
(externally driven). Examples of autocyclic pro-
cesses include magmatic and tectonic thickening 
of the arc root and arc lithosphere, which could 
de!ect the mantle wedge or locus of pluton em-
placement landward (Karlstrom et al., 2014) or 
decrease slab dip by increasing mantle wedge 
suction (O’Driscoll et al., 2009). Examples of 
allocyclic processes include mechanisms like 
alternating periods of slab anchoring and slab 
break-off (Faccenna et al., 2013) or periodic slab 
folding in the mantle transition zone (Gibert 
et al., 2012), which affect slab dip and plate cou-
pling. Regardless of the exact processes (auto-
cyclic or allocyclic) involved, we suggest that 
episodic arc migration through a spatial isotopic 
trend may be a contributing factor to producing 
isotopic pull-downs in the Sierra Nevada.

CONCLUSIONS
In many continental arcs, relatively subtle 

changes in the spatial distribution of magma-
tism in!uence radiogenic isotopic compositions. 
In the Sierra Nevada, initial εNd compositions 
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Figure 2. Schematic cross sections for continental arc, illustrating the potential role of arc migration in Cordilleran orogenic cyclicity. A: Arc 
magmatism during magmatic lull. Asthenosphere is the main upper-mantle melt source region. Metasomatic products accumulate in the 
deep lithosphere landward of the main arc axis, increasing melt fertility. B: During landward arc migration, the upper-mantle melt source 
region incorporates more enriched continental mantle lithosphere and encounters a hydrated and (re)fertilized region of lithosphere, pro-
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migrate back toward the trench, restarting the cycle. Green arrow represents the possibility of underthrust lithosphere. Although the model 
presented is generalized, the projected position of the 0.706 line (Sr87/Sr86 = 0.706 isopleth, dashed brown double line) in the Sierra Nevada 
batholith is shown for reference.
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ated with increased plate coupling and crustal 
shortening, which may explain the correlation 
between high-!ux events in the Sierra Nevada 
and kinematic jumps (new frontal thrust sheets) 
in the Sevier retroarc thrust belt ( DeCelles et al., 
2009; DeCelles and Graham, 2015).

A second possibility is that high-!ux events 
are produced when an arc migrates into a more 
melt-fertile crustal province, regardless of retro-
arc dynamics. The accreted oceanic and ophio-
litic terranes that compose basement in the 
western Sierra Nevada are relatively more ma#c 
(Snow and Scherer, 2006) and presumably less 
melt fertile (cf. Clemens and Vielzeuf, 1987) than 
the intermediate igneous and quartzofeldspathic 
rocks that compose (cratonic) North American 
crust in the eastern Sierra Nevada (Kistler and 
Peterman, 1978). However, the degree of crustal 
assimilation in the Sierra Nevada remains con-
tested (see review by Nelson et al. [2013]), 
and some researchers have suggested that the 
mantle exerts a #rst-order control on isotopic 
compositions, particularly in the eastern Sierra 
Nevada—the locus of the Late Cretaceous high-
!ux event (Wenner and Coleman, 2004; Lackey 
et al., 2008; Jagoutz and Klein, 2018).

If the mantle is an important contributor to 
Sierra Nevada arc rocks, then a third possibility 
to consider is whether processes that increase 
melt fertility in the mantle, speci#cally hydra-
tion ± (re)fertilization, could be responsible 
for producing high-!ux events. There is some 
evidence to suggest that this may be the case. 
Chin et al. (2012, 2014) documented refertil-
ized mantle (peridotite and garnet pyroxenite) 
xenoliths from the Sierra Nevada and suggested 
that refertilization occurred contemporaneously 
with the Late Cretaceous high-!ux event and 
that refertilization increased with depth in the 
mantle lithosphere. Compared to the convecting 
asthenospheric (depleted) mantle wedge, a thick 
and cool mantle lithosphere allows for ef#cient 

melt entrapment, incompatible element chroma-
tography, and long-term storage of water in hy-
drous phases and hydrated nominally anhydrous 
minerals (O’Reilly and Grif#n, 2013). Many of 
the temporal and spatial geochemical gradients 
in the Sierra Nevada that correlate with landward 
arc migration—increased Sr/Y, La/Yb, and oxy-
gen fugacity, and decreasing Dy/Yb (Fig. 1)—
are consistent with exceptionally hydrous melt 
conditions and the stabilization of amphibole ± 
garnet (Müntener et al., 2001; Davidson et al., 
2007). A landward increase in weight percent 
K2O in the Sierra Nevada (Fig. 1), and other 
arc systems globally, has been called the K-h 
(where h is depth) relationship (Dickinson, 
1975). One of the many plausible explanations 
for the K-h relationship is partial melting of 
!uid- and/or melt-metasomatized mantle litho-
sphere (e.g., phlogopite-peridotite), which is a 
common explanation for alkaline magmas in 
general (Menzies and Murthy, 1980). High-K 
magmas from the Sierra Nevada, erupted dur-
ing the Pliocene, have been related to melting 
of (delaminated) !uid-metasomatized mantle 
lithosphere (Farmer et al., 2002).

We envision a scenario in which melt-fertile, 
subduction-related, metasomatic products accu-
mulate over time in the mantle lithosphere, land-
ward of the arc axis (Fig. 2). Landward migra-
tion of the arc and mantle wedge into hydrated 
and fertile parts of the lithosphere may trigger 
a high-!ux event. This mechanism allows for a 
slow buildup (perhaps during magmatic lulls) 
but rapid delivery of melt-fertile material to a 
melt source region. The mid-Cenozoic ignim-
brite !areup in the North American Cordillera 
(Lipman, 1992) may be partially analogous to 
the high-!ux mechanism proposed above. Low-
angle subduction of the Farallon plate resulted 
in widespread refrigeration and hydration of the 
North American lithosphere (Humphreys et al., 
2003). After the Farallon slab foundered (or 

rolled back), hydrated North American mantle 
lithosphere was heated by upwelling astheno-
sphere and produced the mid-Cenozoic !areup 
(Farmer et al., 2008). Metasomatic accumulation 
and storage in the deep lithosphere followed by 
rapid heating may be a relatively common way 
to generate arc !areups and high-!ux events.

Arc Migration
Cyclical arc migration has been observed in 

long-lived Cordilleran orogenic systems (e.g., 
central Andes; Haschke et al., 2002), but what 
drives this behavior is debated. Periodicity rules 
out many noncyclical factors like subducting 
plate age, plate thickness, and rates of motion, 
which could control slab dip. Explanations for 
periodic arc migration generally fall into two 
categories: autocyclic processes (occurring 
within the arc system) or allocyclic processes 
(externally driven). Examples of autocyclic pro-
cesses include magmatic and tectonic thickening 
of the arc root and arc lithosphere, which could 
de!ect the mantle wedge or locus of pluton em-
placement landward (Karlstrom et al., 2014) or 
decrease slab dip by increasing mantle wedge 
suction (O’Driscoll et al., 2009). Examples of 
allocyclic processes include mechanisms like 
alternating periods of slab anchoring and slab 
break-off (Faccenna et al., 2013) or periodic slab 
folding in the mantle transition zone (Gibert 
et al., 2012), which affect slab dip and plate cou-
pling. Regardless of the exact processes (auto-
cyclic or allocyclic) involved, we suggest that 
episodic arc migration through a spatial isotopic 
trend may be a contributing factor to producing 
isotopic pull-downs in the Sierra Nevada.

CONCLUSIONS
In many continental arcs, relatively subtle 

changes in the spatial distribution of magma-
tism in!uence radiogenic isotopic compositions. 
In the Sierra Nevada, initial εNd compositions 
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Figure 2. Schematic cross sections for continental arc, illustrating the potential role of arc migration in Cordilleran orogenic cyclicity. A: Arc 
magmatism during magmatic lull. Asthenosphere is the main upper-mantle melt source region. Metasomatic products accumulate in the 
deep lithosphere landward of the main arc axis, increasing melt fertility. B: During landward arc migration, the upper-mantle melt source 
region incorporates more enriched continental mantle lithosphere and encounters a hydrated and (re)fertilized region of lithosphere, pro-
ducing a high-flux event (HFE) and isotopic pull-down. C: Delamination of arc root and thickened mantle lithosphere may cause the arc to 
migrate back toward the trench, restarting the cycle. Green arrow represents the possibility of underthrust lithosphere. Although the model 
presented is generalized, the projected position of the 0.706 line (Sr87/Sr86 = 0.706 isopleth, dashed brown double line) in the Sierra Nevada 
batholith is shown for reference.
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Late Cretaceous rocks closely resemble 176Hf/177Hf 
patterns in the four other previously reported 
ca. 76–72 Ma plutons in the study area (Fisher et 
al., 2017; Chapman et al., 2018). Middle Cretaceous 
granodiorite (sample PO, Fig. 2) uniquely contains 
both the highest and lowest ratios but otherwise 
resembles Hf isotopic values previously reported 
from a ca. 101 Ma quartz monzodiorite from the 
Turtle assemblage (Ri, Figs. 2 and 6). Miocene dio-
rite (MH) compares well in its zircon Hf isotopes to 

a previously reported ca. 20 Ma dacitic rock (Sn). 
Jurassic samples have few values in the lower 
band, re!ecting a lack of inherited Proterozoic zir-
cons except in Middle Jurassic sample CO, which 
resembles Late Cretaceous rocks in its Hf isotopic 
compositions and its abundant inherited zircon. Hf 
ratios from two Late Jurassic plutons 7 km apart 
(MMd and MMg; Fig. 2) plot slightly below the 
upper band, corresponding to εHf(t) values −12 to 

−15 and model ages ca. 2 Ga.

Figure 7 displays secular differences in εHf(t) 
values for concordantly and near- concordantly 
dated Mesozoic and Cenozoic zircons including 
previously published data. Magmatic grains in the 
Late Cretaceous and Jurassic rocks share similar 
ranges in εHf(t), in contrast to Miocene and middle 
Cretaceous rocks. Mean εHf(t) values for magmatic 
grains (dating within 10% of the pluton age) are 

−6.5 in the two Miocene rocks (lower values occur 
in plutons just north of the study area; McDowell et 
al., 2016), −6 and −8.5 in the two middle Cretaceous 
rocks (but diverse in PO), and −9 to −11 in most 
Late Cretaceous and Jurassic rocks except a mean 
of −14 in a highly peraluminous Late Cretaceous 
granite reported by Fisher et al. (2017). Some mid-
dle Cretaceous zircons (in PO) are the least negative 
in εHf(t) value (three grains +0.3 to −5; Fig. 5). Four 
εHf(t) values from Cretaceous intrusions (including 
for one crystal dated as Jurassic) are more negative, 
from −23 to −52.

 ■ INTERPRETATION OF Hf ISOTOPIC 
COMPOSITIONS

The range in Hf isotopic composition for each 
sample exceeds the associated analytical uncer-
tainty (~1.5 epsilon units; see Item 2, footnote 1), 
indicating that each pluton is a hybrid of multiple 
sources. The clustered ranges of εHf(t) for most 
magmatic Late Cretaceous and Jurassic zircons 
project back along model evolution paths (arrow, 
Fig. 5) toward the Proterozoic xenocryst εHf(t) values, 
as if the inherited zircon was contributed from the 
same range of materials from which the Mesozoic 
magmas were sourced. The xenocryst values lay 
toward the upper end of values (boxes) shown for 
Proterozoic plutonic and metaplutonic rocks (Fig. 5; 
Wooden et al., 2013; Holland et al., 2018). This indi-
cates to us that the Jurassic and Late Cretaceous 
magmas were sourced from material slightly more 
primitive in 176Hf/177Hf than most of the exposed 
Paleoproterozoic plutonic rocks, but comparable 
to some isotopically primitive ca. 1.73 Ga plutons 
(Holland et al., 2018) and some measured Paleopro-
terozoic diorite, trondhjemite (Wooden et al., 2013), 
and even granite (Kilbeck Gneiss; Supplemental 
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Sierra Nevada Batholith
The Sierra Nevada displays prominent spa-

tial isotopic trends in which radiogenic isotopes 
become more evolved landward of the trench 
(Fig. 1). The Sr87/Sr86 spatial isotopic trend is 
the most well known because the Sr87/Sr86 = 
0.706 isopleth (“0.706 line”) has been used as 
a proxy for the western edge of North American 
basement (Kistler and Peterman, 1973, 1978), 
outboard of which are a series of isotopically 
juvenile accreted oceanic and ophiolitic terranes 
(Snow and Scherer, 2006). The spatial distribu-
tion of εNd mimics that of Sr87/Sr86 (negative cor-
relation) and shows increasingly evolved values 
to the east (Fig. 1). Similar isotopic trends are 
known from within the underlying continen-

tal mantle lithosphere (Ormerod et al., 1988; 
Wenner and Coleman, 2004). The radiogenic 
isotopic composition of magmatism through-
out the history of the batholith has followed 
the spatial isotopic trend. The Sierra Nevada 
experienced three high-"ux events during the 
Mesozoic, centered on ca. 225 Ma, ca. 160 Ma, 
and ca. 95 Ma (Ducea, 2001; Cecil et al., 2012; 
Paterson and Ducea, 2015). All three high-"ux 
events are associated with isotopic pull-downs, 
and all three occurred when magmatism was 
concentrated furthest from the trench (Ducea 
and Barton, 2007; Kirsch et al., 2016) (Fig. 1). 
As a result, the Triassic, Jurassic, and Creta-
ceous arcs are largely spatially coincident and 
form a composite batholith.

The #nal high-"ux event is diachronous from 
north to south, but it occurred during the Late 
Cretaceous in the southern and central Sierra 
Nevada where it is the most well documented 
(Paterson and Ducea, 2015). During the mag-
matic lull preceding the Late Cretaceous high-
"ux event, magmatism was located closer to the 
trench (modern-day western Sierra Nevada and 
Great Valley) and produced rocks with more ju-
venile isotopic compositions (Fig. 1). From 130 
to 80 Ma, magmatism migrated away from the 
trench at 2–5 mm/yr and produced rocks with in-
creasingly evolved isotopic compositions (Chen 
and Moore, 1982; Cecil et al., 2012;  Ardill et al., 
2018) (Fig. 1). Arc migration started during a 
magmatic lull, ca. 130 Ma. The Late Cretaceous 
high-"ux event occurred when the arc was lo-
cated in what is today the eastern Sierra Nevada, 
30–40 m.y. after arc migration had started (Fig. 
1). The data suggest not only that the Nd isotopic 
pull-downs and high-"ux events in the Sierra 
Nevada were produced by delivery of more iso-
topically evolved and melt-fertile material into 
a #xed melt source region beneath the arc, but 
that the melt source region and arc itself had 
migrated landward into a different part of the 
lithosphere.

Higher Sr/Y and La/Yb suggest an increase 
in crustal thickness during this time (Karlstrom 
et al., 2014; Profeta et al., 2015; Kirsch et al., 
2016), and an east-west spatial gradient in Sr/Y 
(Ardill et al., 2018) indicates that this thicken-
ing was concurrent with arc migration (Fig. 1). 
Other spatial geochemical gradients that were 
produced during eastward arc migration include 
increasing alkalinity (at approximately constant 
weight percent SiO2; Bateman, 1992), increasing 
oxygen fugacity (Dodge, 1972), and decreas-
ing Dy/Yb (Ardill et al., 2018). Xenolith data 
indicate that the mantle lithosphere was also 
thickened during this time, at least in part by 
melt entrapment (Chin et al., 2012). In the cen-
tral to northern Sierra Nevada, melt depletion 
and/or a thickened lithosphere that impinged on 
the subducting slab may have terminated the 
high-"ux event and all subduction magmatism 
at ca. 80 Ma (Ducea, 2001; Chin et al., 2012; 
Karlstrom et al., 2014).

Melt Fertility
Generating a high-"ux event requires in-

creased melt fertility, which is primarily depen-
dent on rock composition, pressure, temperature, 
and water content. Any mechanism to explain the 
high-"ux events in the Sierra Nevada should also 
produce more isotopically evolved compositions, 
occur on an episodic basis, and be associated 
with landward arc migration. One possibility 
is that landward arc migration simply hastens 
the delivery of lower-crustal material to the arc 
and adds to the rate of retroarc underthrusting. 
Shallowing of the subduction angle (causing 
landward arc migration) is commonly associ-
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Figure 1. A: Map of Sierra Nevada batholith 
(western United States) showing age and 
position of Mesozoic continental arc rocks 
plotted in panel G. During Jurassic and mid-
Cretaceous high-flux events (HFE), arc mag-
matism was concentrated in the eastern Sierra 
Nevada, farthest from the trench. “0.706 line” 
is Sr87/Sr86 = 0.706 isopleth. RDC—mafic-ultra-
mafic ring dike complex. B,C: Compilations 
of zircon U-Pb ages and whole-rock initial 
εNd values for the Sierra Nevada (from Kirsch 
et al., 2016). High-flux events (yellow bars) cor-
relate with isotopic pull-downs. D: Cumulative 
shortening through time showing periods of 
high-strain rate that correlate with high-flux 
events (from Cao et al., 2015). E: Sr/Y and 
La/Yb values through time showing increase 
during the Late Cretaceous high-flux event 
(black arrow) (from Karlstrom et al., 2014; Pro-
feta et al., 2015; Kirsch et al., 2016). Median 
values are plotted with ±1σ uncertainty. Only 
rocks with <70 SiO2 wt % are plotted, to ex-
clude highly fractionated melts. F: U-Pb rock 
ages from Sierra Nevada showing eastward 
(landward) migration of magmatism during 
the mid-Cretaceous (from Cecil et al., 2012). 
Mid-Cretaceous high-flux event occurred 
when magmatism migrated into the eastern 
Sierra Nevada. G: Spatial isotopic trend in the 
Sierra Nevada, showing more-evolved initial 
εNd values located farther from the trench. Map 
location of data is shown in panel A. Data are 
projected onto a vertical plane with strike ori-
ented perpendicular to the trend of the Sierra 
Nevada batholith. H–J: West-to-east spatial 
geochemical gradients in the Sierra Nevada 
show increase in weight percent K2O (from 
Bateman, 1992) (H), increase in Sr/Y and de-
crease in Dy/Yb (from Ardill et al., 2018) (I), 
and increase in ferrous-ferric (oxidation) 
 ratio (from Dodge, 1972) (J). Methods, data, 
and data sources for panels A and G are pre-
sented in the Data Repository (see footnote 1).
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KIRSCH ET AL.: TEMPORAL HISTORIES OF CORDILLERAN CONTINENTAL ARCS2138

FiGure 1. Igneous and detrital zircon U-Pb age spectra providing a temporal record of Cordilleran arc magmatism between 400 and 80 Ma. 
Individual diagrams include TIMS, LA-ICP-MS, SHRIMP, and SIMS age data presented as histograms with a 10 m.y. bin width and adaptive 
KDE functions (see text for details). For bedrock ages (BA), the number of analyses (n) given in each plot represents the number of crystallization 
ages, which are composite ages calculated from three or more single zircons. Exception: igneous ages from the Sierra Nevada represent single 
zircon ages. In detrital zircon spectra (DZ), n refers to ages of single zircon grains (or a domain therein). On the right-hand side, a map shows the 
extent of defined arc sectors and sample locations. Geological map data from Bouysse et al. (2010). Abbreviations in the age plots are as follows: 
PR = Peninsular Ranges, TR = Transverse Ranges, Moj = Mojave Desert, N Mex = Northern Mexico, SE Mexico = Southeastern Mexico. See 
Appendix1 for data sources. (Color online.)

When you look at entire Cordillera, seems controls are variable…so maybe some of the stories told in WUS are confusing coincidence with causality. Do 
these episodes correlate with plate kinematics?
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FiGure 3. Comparison of geochronological (panel 1), geochemical (panels 2–6), and kinematic data (panels 7–9) for arc-related igneous rocks in the sectors of (a) the Sierra Nevada; (b) the 
Peninsular and Transverse Ranges, Mojave, and northern Mexico; and (c) southeastern Mexico and Central America. Diagonally hatched bands mark magmatic flare-up events, visually delineated on 
the basis of peaks in the age spectra. For geochemical data, individual data points are plotted (dots), along with median values ±1s (circles and gray bars) for a moving 10 m.y. average. For kinematic 
data, black dots are average values and gray envelopes represent minimum–maximum ranges from a set of three values extracted per arc domain. Note differing age range in c. Abbreviations: BA = 
bedrock ages, DZ = detrital zircons, OConv. = orthogonal convergence, PDispl. = parallel displacement. For data sources see Appendix1.
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changes in the vigor of subduction-related magmatic activity in 
the Cordilleran arc. However, rather than measuring additions 
of new crustal material, peaks in zircon age spectra have been 
argued to reflect times of reduced destruction by subduction 
erosion (Condie et al. 2009, 2011; Hawkesworth et al. 2009, 
2010, 2013; Belousova et al. 2010; Cawood et al. 2012). We use 
a combination of bedrock ages and detrital zircon ages (from 
samples with different depositional age) to compensate for the 
fragmentary preservation record of arc magmatism. Hence, 
although the igneous suite of a certain age may no longer be 

preserved in situ due to recycling processes occurring at sub-
duction zones, such as subduction erosion (Clift and Vannucchi 
2004; Hawkesworth et al. 2009; Scholl and von Huene 2009), 
detrital zircons from sediments in arc-flanking basins may 
provide a record of the magmatic activity represented by the 
obliterated crust. Intrinsic factors, such as erodibility and zircon 
abundance of the source rock, as well as extrinsic factors, such 
as erosion (climate, relief, etc.) and transport processes (wind 
and drainage patterns, distance of source to sink, etc.) determine 
to what degree an igneous source is represented in the detrital 
zircon record (Cawood et al. 2012). These factors and the issue 
of preservation likely bias the observed abundance relative to the 
true abundance in the source area. Hence, the age spectra cannot 
be used to quantitatively evaluate the mass balance of igneous 
rocks, but can only be used as a general, qualitative indicator of 
magmatic arc activity.

Sampling bias. Igneous rocks that are only exposed in remote 
or logistically challenging areas will be under-represented in 
the bedrock age spectrum, whereas intense sampling of igneous 
rocks from small geographic areas can bias the relative signifi-
cance of a peak in the age spectrum. Furthermore, arc-parallel 
drainage systems or wind trajectories may potentially introduce 
zircons from adjacent sectors, yielding extraneous peaks in the 
detrital zircon spectra of a certain arc domain. Trench-parallel 
displacements of crustal blocks along strike-slip faults may be 
another way of introducing external material to any given arc 
sector. Since the boundaries of the eight arc domains are based 
on present day geographic location, trench-parallel displace-
ments of crustal fragments, either during or subsequent to the 
400–80 Ma observation period, such as those documented in 
southern California (Luyendyk et al. 1980; Jackson and Molnar 
1990; Nicholson et al. 1994), southern Mexico (e.g., Dickinson 
and Lawton 2001; Elías-Herrera and Ortega-Gutiérrez 2002; 
Pindell et al. 2012), the south-central Andes (Brown 1993; 
Taylor et al. 1998), and the southern Andes (Cembrano et al. 
2002; Rosenau et al. 2006), may distort age spectra of these or 
adjacent arc domains. Considering that along-arc translations of 
the mentioned crustal blocks are usually in the range of a few 
hundred kilometers at the most, and that the geographic limits of 
individual arc domains mostly coincide with tectonic boundaries, 
the effects on age spectra imposed by lateral displacements of 
crustal fragments should be relatively minor.

Tectonic setting bias. Our study is concerned with conti-
nental arc magmatism, so we want to compare rocks from the 
same tectonic setting. The compiled zircon ages, both igneous 
and detrital, are believed to represent magmatic ages, as zircon 
ages identified as metamorphic ages by the original investiga-
tors, have been excluded. However, apart from being produced 
in continental arc magmas, igneous zircon can also be generated 
due to continental collision or rifting (e.g., Hawkesworth et al. 
2009). Collisional processes associated with plate reorganizations 
during Pangea assembly particularly influence the Northern and 
Peruvian Andean sectors at 300–230 Ma (Mišković et al. 2009; 
Spikings et al. 2014), whereas notable episodes of extensional 
tectonics are documented in sector D at 215–185 (Centeno-
García et al. 1993; Martini et al. 2010), in sector E at 240–216 
Ma (Spikings et al. 2014), in sector F in the Permo-Triassic 
(Sempere et al. 2002; Mišković et al. 2009) and Jurassic (Ramos 

FiGure 5. Covariance matrix showing Pearson correlation coefficients 
for parameters of magmatism and plate kinematics. Letters A–H refer 
to the following arc sectors from north to south: A = Coast Ranges; B 
= Sierra Nevada; C = Peninsular and Transverse Ranges, Mojave, and 
northern Mexico; D = Southeastern Mexico and Central America; E = 
Northern Andes; F = Peruvian Andes; G = South-Central Andes; H = 
Southern Andes. Red is strong positive correlation; blue is strong negative 
correlation. (Color online.)
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of new crustal material, peaks in zircon age spectra have been 
argued to reflect times of reduced destruction by subduction 
erosion (Condie et al. 2009, 2011; Hawkesworth et al. 2009, 
2010, 2013; Belousova et al. 2010; Cawood et al. 2012). We use 
a combination of bedrock ages and detrital zircon ages (from 
samples with different depositional age) to compensate for the 
fragmentary preservation record of arc magmatism. Hence, 
although the igneous suite of a certain age may no longer be 
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the bedrock age spectrum, whereas intense sampling of igneous 
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drainage systems or wind trajectories may potentially introduce 
zircons from adjacent sectors, yielding extraneous peaks in the 
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another way of introducing external material to any given arc 
sector. Since the boundaries of the eight arc domains are based 
on present day geographic location, trench-parallel displace-
ments of crustal fragments, either during or subsequent to the 
400–80 Ma observation period, such as those documented in 
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1990; Nicholson et al. 1994), southern Mexico (e.g., Dickinson 
and Lawton 2001; Elías-Herrera and Ortega-Gutiérrez 2002; 
Pindell et al. 2012), the south-central Andes (Brown 1993; 
Taylor et al. 1998), and the southern Andes (Cembrano et al. 
2002; Rosenau et al. 2006), may distort age spectra of these or 
adjacent arc domains. Considering that along-arc translations of 
the mentioned crustal blocks are usually in the range of a few 
hundred kilometers at the most, and that the geographic limits of 
individual arc domains mostly coincide with tectonic boundaries, 
the effects on age spectra imposed by lateral displacements of 
crustal fragments should be relatively minor.

Tectonic setting bias. Our study is concerned with conti-
nental arc magmatism, so we want to compare rocks from the 
same tectonic setting. The compiled zircon ages, both igneous 
and detrital, are believed to represent magmatic ages, as zircon 
ages identified as metamorphic ages by the original investiga-
tors, have been excluded. However, apart from being produced 
in continental arc magmas, igneous zircon can also be generated 
due to continental collision or rifting (e.g., Hawkesworth et al. 
2009). Collisional processes associated with plate reorganizations 
during Pangea assembly particularly influence the Northern and 
Peruvian Andean sectors at 300–230 Ma (Mišković et al. 2009; 
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of new crustal material, peaks in zircon age spectra have been 
argued to reflect times of reduced destruction by subduction 
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2010, 2013; Belousova et al. 2010; Cawood et al. 2012). We use 
a combination of bedrock ages and detrital zircon ages (from 
samples with different depositional age) to compensate for the 
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rocks, but can only be used as a general, qualitative indicator of 
magmatic arc activity.

Sampling bias. Igneous rocks that are only exposed in remote 
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Sierra Nevada

More recent attempt to look at cycles through entire Cordillera.  This just Sierra part. Diagonally hatched bands mark magmatic flare-up events, visually delineated on the basis of 
peaks in the age spectra. For geochemical data, individual data points are plotted (dots), along with median values ±1s (circles and gray bars) for a moving 10 m.y. average. For kinematic data, black dots are 
average values and gray envelopes represent minimum–maximum ranges from a set of three values extracted per arc domain. Note differing age range in c. Abbreviations: BA = bedrock ages, DZ = detrital zircons, 
OConv. = orthogonal convergence, PDispl. = parallel displacement. 
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changes in the vigor of subduction-related magmatic activity in 
the Cordilleran arc. However, rather than measuring additions 
of new crustal material, peaks in zircon age spectra have been 
argued to reflect times of reduced destruction by subduction 
erosion (Condie et al. 2009, 2011; Hawkesworth et al. 2009, 
2010, 2013; Belousova et al. 2010; Cawood et al. 2012). We use 
a combination of bedrock ages and detrital zircon ages (from 
samples with different depositional age) to compensate for the 
fragmentary preservation record of arc magmatism. Hence, 
although the igneous suite of a certain age may no longer be 

preserved in situ due to recycling processes occurring at sub-
duction zones, such as subduction erosion (Clift and Vannucchi 
2004; Hawkesworth et al. 2009; Scholl and von Huene 2009), 
detrital zircons from sediments in arc-flanking basins may 
provide a record of the magmatic activity represented by the 
obliterated crust. Intrinsic factors, such as erodibility and zircon 
abundance of the source rock, as well as extrinsic factors, such 
as erosion (climate, relief, etc.) and transport processes (wind 
and drainage patterns, distance of source to sink, etc.) determine 
to what degree an igneous source is represented in the detrital 
zircon record (Cawood et al. 2012). These factors and the issue 
of preservation likely bias the observed abundance relative to the 
true abundance in the source area. Hence, the age spectra cannot 
be used to quantitatively evaluate the mass balance of igneous 
rocks, but can only be used as a general, qualitative indicator of 
magmatic arc activity.

Sampling bias. Igneous rocks that are only exposed in remote 
or logistically challenging areas will be under-represented in 
the bedrock age spectrum, whereas intense sampling of igneous 
rocks from small geographic areas can bias the relative signifi-
cance of a peak in the age spectrum. Furthermore, arc-parallel 
drainage systems or wind trajectories may potentially introduce 
zircons from adjacent sectors, yielding extraneous peaks in the 
detrital zircon spectra of a certain arc domain. Trench-parallel 
displacements of crustal blocks along strike-slip faults may be 
another way of introducing external material to any given arc 
sector. Since the boundaries of the eight arc domains are based 
on present day geographic location, trench-parallel displace-
ments of crustal fragments, either during or subsequent to the 
400–80 Ma observation period, such as those documented in 
southern California (Luyendyk et al. 1980; Jackson and Molnar 
1990; Nicholson et al. 1994), southern Mexico (e.g., Dickinson 
and Lawton 2001; Elías-Herrera and Ortega-Gutiérrez 2002; 
Pindell et al. 2012), the south-central Andes (Brown 1993; 
Taylor et al. 1998), and the southern Andes (Cembrano et al. 
2002; Rosenau et al. 2006), may distort age spectra of these or 
adjacent arc domains. Considering that along-arc translations of 
the mentioned crustal blocks are usually in the range of a few 
hundred kilometers at the most, and that the geographic limits of 
individual arc domains mostly coincide with tectonic boundaries, 
the effects on age spectra imposed by lateral displacements of 
crustal fragments should be relatively minor.

Tectonic setting bias. Our study is concerned with conti-
nental arc magmatism, so we want to compare rocks from the 
same tectonic setting. The compiled zircon ages, both igneous 
and detrital, are believed to represent magmatic ages, as zircon 
ages identified as metamorphic ages by the original investiga-
tors, have been excluded. However, apart from being produced 
in continental arc magmas, igneous zircon can also be generated 
due to continental collision or rifting (e.g., Hawkesworth et al. 
2009). Collisional processes associated with plate reorganizations 
during Pangea assembly particularly influence the Northern and 
Peruvian Andean sectors at 300–230 Ma (Mišković et al. 2009; 
Spikings et al. 2014), whereas notable episodes of extensional 
tectonics are documented in sector D at 215–185 (Centeno-
García et al. 1993; Martini et al. 2010), in sector E at 240–216 
Ma (Spikings et al. 2014), in sector F in the Permo-Triassic 
(Sempere et al. 2002; Mišković et al. 2009) and Jurassic (Ramos 
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changes in the vigor of subduction-related magmatic activity in 
the Cordilleran arc. However, rather than measuring additions 
of new crustal material, peaks in zircon age spectra have been 
argued to reflect times of reduced destruction by subduction 
erosion (Condie et al. 2009, 2011; Hawkesworth et al. 2009, 
2010, 2013; Belousova et al. 2010; Cawood et al. 2012). We use 
a combination of bedrock ages and detrital zircon ages (from 
samples with different depositional age) to compensate for the 
fragmentary preservation record of arc magmatism. Hence, 
although the igneous suite of a certain age may no longer be 
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2004; Hawkesworth et al. 2009; Scholl and von Huene 2009), 
detrital zircons from sediments in arc-flanking basins may 
provide a record of the magmatic activity represented by the 
obliterated crust. Intrinsic factors, such as erodibility and zircon 
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of preservation likely bias the observed abundance relative to the 
true abundance in the source area. Hence, the age spectra cannot 
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rocks, but can only be used as a general, qualitative indicator of 
magmatic arc activity.

Sampling bias. Igneous rocks that are only exposed in remote 
or logistically challenging areas will be under-represented in 
the bedrock age spectrum, whereas intense sampling of igneous 
rocks from small geographic areas can bias the relative signifi-
cance of a peak in the age spectrum. Furthermore, arc-parallel 
drainage systems or wind trajectories may potentially introduce 
zircons from adjacent sectors, yielding extraneous peaks in the 
detrital zircon spectra of a certain arc domain. Trench-parallel 
displacements of crustal blocks along strike-slip faults may be 
another way of introducing external material to any given arc 
sector. Since the boundaries of the eight arc domains are based 
on present day geographic location, trench-parallel displace-
ments of crustal fragments, either during or subsequent to the 
400–80 Ma observation period, such as those documented in 
southern California (Luyendyk et al. 1980; Jackson and Molnar 
1990; Nicholson et al. 1994), southern Mexico (e.g., Dickinson 
and Lawton 2001; Elías-Herrera and Ortega-Gutiérrez 2002; 
Pindell et al. 2012), the south-central Andes (Brown 1993; 
Taylor et al. 1998), and the southern Andes (Cembrano et al. 
2002; Rosenau et al. 2006), may distort age spectra of these or 
adjacent arc domains. Considering that along-arc translations of 
the mentioned crustal blocks are usually in the range of a few 
hundred kilometers at the most, and that the geographic limits of 
individual arc domains mostly coincide with tectonic boundaries, 
the effects on age spectra imposed by lateral displacements of 
crustal fragments should be relatively minor.

Tectonic setting bias. Our study is concerned with conti-
nental arc magmatism, so we want to compare rocks from the 
same tectonic setting. The compiled zircon ages, both igneous 
and detrital, are believed to represent magmatic ages, as zircon 
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in continental arc magmas, igneous zircon can also be generated 
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2009). Collisional processes associated with plate reorganizations 
during Pangea assembly particularly influence the Northern and 
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changes in the vigor of subduction-related magmatic activity in 
the Cordilleran arc. However, rather than measuring additions 
of new crustal material, peaks in zircon age spectra have been 
argued to reflect times of reduced destruction by subduction 
erosion (Condie et al. 2009, 2011; Hawkesworth et al. 2009, 
2010, 2013; Belousova et al. 2010; Cawood et al. 2012). We use 
a combination of bedrock ages and detrital zircon ages (from 
samples with different depositional age) to compensate for the 
fragmentary preservation record of arc magmatism. Hence, 
although the igneous suite of a certain age may no longer be 

preserved in situ due to recycling processes occurring at sub-
duction zones, such as subduction erosion (Clift and Vannucchi 
2004; Hawkesworth et al. 2009; Scholl and von Huene 2009), 
detrital zircons from sediments in arc-flanking basins may 
provide a record of the magmatic activity represented by the 
obliterated crust. Intrinsic factors, such as erodibility and zircon 
abundance of the source rock, as well as extrinsic factors, such 
as erosion (climate, relief, etc.) and transport processes (wind 
and drainage patterns, distance of source to sink, etc.) determine 
to what degree an igneous source is represented in the detrital 
zircon record (Cawood et al. 2012). These factors and the issue 
of preservation likely bias the observed abundance relative to the 
true abundance in the source area. Hence, the age spectra cannot 
be used to quantitatively evaluate the mass balance of igneous 
rocks, but can only be used as a general, qualitative indicator of 
magmatic arc activity.

Sampling bias. Igneous rocks that are only exposed in remote 
or logistically challenging areas will be under-represented in 
the bedrock age spectrum, whereas intense sampling of igneous 
rocks from small geographic areas can bias the relative signifi-
cance of a peak in the age spectrum. Furthermore, arc-parallel 
drainage systems or wind trajectories may potentially introduce 
zircons from adjacent sectors, yielding extraneous peaks in the 
detrital zircon spectra of a certain arc domain. Trench-parallel 
displacements of crustal blocks along strike-slip faults may be 
another way of introducing external material to any given arc 
sector. Since the boundaries of the eight arc domains are based 
on present day geographic location, trench-parallel displace-
ments of crustal fragments, either during or subsequent to the 
400–80 Ma observation period, such as those documented in 
southern California (Luyendyk et al. 1980; Jackson and Molnar 
1990; Nicholson et al. 1994), southern Mexico (e.g., Dickinson 
and Lawton 2001; Elías-Herrera and Ortega-Gutiérrez 2002; 
Pindell et al. 2012), the south-central Andes (Brown 1993; 
Taylor et al. 1998), and the southern Andes (Cembrano et al. 
2002; Rosenau et al. 2006), may distort age spectra of these or 
adjacent arc domains. Considering that along-arc translations of 
the mentioned crustal blocks are usually in the range of a few 
hundred kilometers at the most, and that the geographic limits of 
individual arc domains mostly coincide with tectonic boundaries, 
the effects on age spectra imposed by lateral displacements of 
crustal fragments should be relatively minor.

Tectonic setting bias. Our study is concerned with conti-
nental arc magmatism, so we want to compare rocks from the 
same tectonic setting. The compiled zircon ages, both igneous 
and detrital, are believed to represent magmatic ages, as zircon 
ages identified as metamorphic ages by the original investiga-
tors, have been excluded. However, apart from being produced 
in continental arc magmas, igneous zircon can also be generated 
due to continental collision or rifting (e.g., Hawkesworth et al. 
2009). Collisional processes associated with plate reorganizations 
during Pangea assembly particularly influence the Northern and 
Peruvian Andean sectors at 300–230 Ma (Mišković et al. 2009; 
Spikings et al. 2014), whereas notable episodes of extensional 
tectonics are documented in sector D at 215–185 (Centeno-
García et al. 1993; Martini et al. 2010), in sector E at 240–216 
Ma (Spikings et al. 2014), in sector F in the Permo-Triassic 
(Sempere et al. 2002; Mišković et al. 2009) and Jurassic (Ramos 

FiGure 5. Covariance matrix showing Pearson correlation coefficients 
for parameters of magmatism and plate kinematics. Letters A–H refer 
to the following arc sectors from north to south: A = Coast Ranges; B 
= Sierra Nevada; C = Peninsular and Transverse Ranges, Mojave, and 
northern Mexico; D = Southeastern Mexico and Central America; E = 
Northern Andes; F = Peruvian Andes; G = South-Central Andes; H = 
Southern Andes. Red is strong positive correlation; blue is strong negative 
correlation. (Color online.)

KIRSCH ET AL.: TEMPORAL HISTORIES OF CORDILLERAN CONTINENTAL ARCS2138

FiGure 1. Igneous and detrital zircon U-Pb age spectra providing a temporal record of Cordilleran arc magmatism between 400 and 80 Ma. 
Individual diagrams include TIMS, LA-ICP-MS, SHRIMP, and SIMS age data presented as histograms with a 10 m.y. bin width and adaptive 
KDE functions (see text for details). For bedrock ages (BA), the number of analyses (n) given in each plot represents the number of crystallization 
ages, which are composite ages calculated from three or more single zircons. Exception: igneous ages from the Sierra Nevada represent single 
zircon ages. In detrital zircon spectra (DZ), n refers to ages of single zircon grains (or a domain therein). On the right-hand side, a map shows the 
extent of defined arc sectors and sample locations. Geological map data from Bouysse et al. (2010). Abbreviations in the age plots are as follows: 
PR = Peninsular Ranges, TR = Transverse Ranges, Moj = Mojave Desert, N Mex = Northern Mexico, SE Mexico = Southeastern Mexico. See 
Appendix1 for data sources. (Color online.)
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example, extrusive rocks produced from the Altiplano-Puna magmatic 
body, located at ~18 km depth, are depleted in Sr but have a broad range 
of Rb/Sr at intermediate compositions (Muir et al., 2014). For this reason, 
we suggest that Sr/Y in magmatic rocks from the U.S. Cordillera may pro-
vide minimum estimates of crustal thickness, particularly for analyses from 
rocks with ages <45 Ma, which are dominated by ignimbrites.

METHODS AND RESULTS
We used major and trace element data on magmatic (intrusive and ex-

trusive) rocks in the Great Basin region from Nevada and Utah between 
119°W and 112°W. We chose this region as it is the best-studied area of the 
U.S. Cordilleran interior and the Nevadaplano (DeCelles, 2004). We in-
cluded rock analyses with ages between 200 Ma and 20 Ma, which was in-
tended to capture the orogenic lifespan of the Cordilleran interior, excluding 
magmatism associated with Basin and Range extension (McQuarrie and 
Wernicke, 2005). The primary sources for these data are the Western North 
American Volcanic and Intrusive Rock Database (NAVDAT, www.navdat.
org) and a compilation by Best et al. (2009). We filtered data by MgO (1–6 
wt%) and SiO2 (55–70 wt%) and created data subsets by grouping indi-
vidual analyses with similar ages and geographic location (Fig. 1). We re-
moved Sr/Y outliers from these data subsets using the modified Thompson 
tau statistical method and calculated median Sr/Y. Data subsets with Sr/Y 
standard deviations >10 or with average Rb/Sr > 0.2 or Rb/Sr < 0.05 were 
discarded. Because of unevenly reported or absent age uncertainties in our 
compiled data, we report mean ages from the data subsets and 5% age 
uncertainties. Individual analyses, discarded data subsets, and retained data 
subsets are located in the Data Repository (Tables DR1–DR3).

To ensure that our treatment of the U.S. Cordillera data did not skew 
existing global correlations (Chiaradia, 2015), we reconstructed the global 
correlation between Sr/Y and crustal thickness using the same filters and 
processing steps that we applied to the U.S. Cordillera data set (Fig. 2). 
We compiled data from the Geochemistry of Rocks of the Oceans and 
Continents (GEOROC, georoc.mpch-mainz.gwdg.de/georoc/) database 
and filtered for SiO2, MgO, and Rb/Sr using the values described above 
and removed outliers with the Thompson tau method. We included ad-
ditional arcs and arc segments with thick crust in our correlation (e.g., 
Andean arc) that were not included in the correlation of Chiaradia (2015) 

to help investigate periods of time when the crust was thick. When avail-
able, we used the same source for crustal thickness estimates as Chiaradia 
(2015). Otherwise, we used recently published estimates of Moho depth 
from geophysical studies (see Tables DR4–DR5). All of the compiled arc 
data form a linear trend, except for the central portion (20°–26°S lati-
tude) of the Central Volcanic Zone (CCVZ) in the Andes, which hosts 
the Altiplano-Puna magmatic body. Excluding the CCVZ, we performed 
a simple least-squares regression through the global data set to convert 
Sr/Y to crustal thickness in the U.S. Cordillera (Fig. 2). We propagated 
uncertainty from the regression into our estimates of crustal thickness. The 
greatest variability in Sr/Y occurs for arc thicknesses of 25–30 km, similar 
to the result of Mantle and Collins (2008) who found the largest variability 
in Ce/Y to occur for arc thicknesses of ~30 km. This is a common crustal 
thickness range for arcs, and it is possible that arcs in this range are near 
steady state and may rapidly change their crustal thickness, depending on 
subtle dynamics of the subduction system.

Median Sr/Y and calculated crustal thickness for the U.S. Cordillera are 
plotted against age in Figure 3. From the Middle to Late Jurassic, Sr/Y re-
mained relatively constant, corresponding to an average crustal thickness of 
30–45 km. Starting in the latest Jurassic to Early Cretaceous, Sr/Y increased, 
reaching a maximum at 85–95 Ma, corresponding to a crustal thickness of 
55–65 km. From the middle Cretaceous to at least the middle Eocene, Sr/Y 
remained high but relatively constant, corresponding to an average crustal 
thickness of 55–65 km. Sr/Y began to decrease in the middle Eocene to 
Oligocene and continued to decrease into the early Miocene, when arc mag-
matism ceased. Sr/Y in the earliest Miocene correlates to a crustal thickness 
of 30–40 km. The data coverage reflects a magmatic gap from 130 to 110 
Ma, a lull in magmatism from 80 to 45 Ma as the dip of the Farallon slab 
decreased, and an abundance (flare-up) of magmatism related to roll-back, 
or foundering, of the slab from 45 to 20 Ma during which time magmatism 
swept southward through the Great Basin (Dickinson, 2006).

INDEPENDENT CONSTRAINTS ON CRUSTAL THICKNESS
The modern Great Basin once formed the core of the Nevadaplano, 

a Cordilleran interior orogenic plateau similar to the modern Altiplano-
Puna plateau in South America. It was located behind the frontal mag-
matic arc (Sierra Nevada) and in the hinterland of the retroarc (Sevier) 
thrust belt (Fig. 1). The Sr/Y data compiled here suggest that crustal thick-
ness began to increase in the Late Jurassic to Early Cretaceous (Fig. 3), 
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Figure 1. Map of Great Basin region showing all data subsets ana-
lyzed (circles) and data subsets used in reconstruction of crustal 
thickness after data filters were applied (squares). Information 
on each subset is included in Tables DR1–DR3 (see footnote 1). 
SNB—Sierra Nevada batholith; EST—Eastern Sierra thrust belt; 
DVT—Death Valley thrust system; LFT—Luning-Fencemaker 
thrust belt; CNT—Central Nevada thrust belt; WUT—Western 
Utah thrust belt; SVT—Sevier thrust belt. Thrust faults are shown 
with barbs on hanging wall, dashed where approximate.

Figure 2. Global correlation between geophysically determined 
Moho depth and median Sr/Y from Pliocene and younger mag-
matic arcs, compiled from GEOROC database (georoc.mpch-
mainz.gwdg.de /georoc/). Median Sr/Y was calculated using same 
filters and processing steps as applied to Great Basin data. Data 
regression includes all data except central segment of Central 
Volcanic Zone (CCVZ) in the Andes; see text for discussion. Com-
piled data are included in Tables DR4 and DR5 (see footnote 1).
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Figure 2. Global correlation between geophysically determined Moho depth and median Sr/Y from Pliocene and younger magmatic arcs, compiled from GEOROC database (georoc.mpch- 
mainz.gwdg.de/georoc/). Median Sr/Y was calculated using same filters and processing steps as applied to Great Basin data. Data regression includes all data except central segment of Central 
Volcanic Zone (CCVZ) in the Andes; see text for discussion. Com- piled data are included in Tables DR4 and DR5 (see footnote 1).
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example, extrusive rocks produced from the Altiplano-Puna magmatic 
body, located at ~18 km depth, are depleted in Sr but have a broad range 
of Rb/Sr at intermediate compositions (Muir et al., 2014). For this reason, 
we suggest that Sr/Y in magmatic rocks from the U.S. Cordillera may pro-
vide minimum estimates of crustal thickness, particularly for analyses from 
rocks with ages <45 Ma, which are dominated by ignimbrites.

METHODS AND RESULTS
We used major and trace element data on magmatic (intrusive and ex-

trusive) rocks in the Great Basin region from Nevada and Utah between 
119°W and 112°W. We chose this region as it is the best-studied area of the 
U.S. Cordilleran interior and the Nevadaplano (DeCelles, 2004). We in-
cluded rock analyses with ages between 200 Ma and 20 Ma, which was in-
tended to capture the orogenic lifespan of the Cordilleran interior, excluding 
magmatism associated with Basin and Range extension (McQuarrie and 
Wernicke, 2005). The primary sources for these data are the Western North 
American Volcanic and Intrusive Rock Database (NAVDAT, www.navdat.
org) and a compilation by Best et al. (2009). We filtered data by MgO (1–6 
wt%) and SiO2 (55–70 wt%) and created data subsets by grouping indi-
vidual analyses with similar ages and geographic location (Fig. 1). We re-
moved Sr/Y outliers from these data subsets using the modified Thompson 
tau statistical method and calculated median Sr/Y. Data subsets with Sr/Y 
standard deviations >10 or with average Rb/Sr > 0.2 or Rb/Sr < 0.05 were 
discarded. Because of unevenly reported or absent age uncertainties in our 
compiled data, we report mean ages from the data subsets and 5% age 
uncertainties. Individual analyses, discarded data subsets, and retained data 
subsets are located in the Data Repository (Tables DR1–DR3).

To ensure that our treatment of the U.S. Cordillera data did not skew 
existing global correlations (Chiaradia, 2015), we reconstructed the global 
correlation between Sr/Y and crustal thickness using the same filters and 
processing steps that we applied to the U.S. Cordillera data set (Fig. 2). 
We compiled data from the Geochemistry of Rocks of the Oceans and 
Continents (GEOROC, georoc.mpch-mainz.gwdg.de/georoc/) database 
and filtered for SiO2, MgO, and Rb/Sr using the values described above 
and removed outliers with the Thompson tau method. We included ad-
ditional arcs and arc segments with thick crust in our correlation (e.g., 
Andean arc) that were not included in the correlation of Chiaradia (2015) 

to help investigate periods of time when the crust was thick. When avail-
able, we used the same source for crustal thickness estimates as Chiaradia 
(2015). Otherwise, we used recently published estimates of Moho depth 
from geophysical studies (see Tables DR4–DR5). All of the compiled arc 
data form a linear trend, except for the central portion (20°–26°S lati-
tude) of the Central Volcanic Zone (CCVZ) in the Andes, which hosts 
the Altiplano-Puna magmatic body. Excluding the CCVZ, we performed 
a simple least-squares regression through the global data set to convert 
Sr/Y to crustal thickness in the U.S. Cordillera (Fig. 2). We propagated 
uncertainty from the regression into our estimates of crustal thickness. The 
greatest variability in Sr/Y occurs for arc thicknesses of 25–30 km, similar 
to the result of Mantle and Collins (2008) who found the largest variability 
in Ce/Y to occur for arc thicknesses of ~30 km. This is a common crustal 
thickness range for arcs, and it is possible that arcs in this range are near 
steady state and may rapidly change their crustal thickness, depending on 
subtle dynamics of the subduction system.

Median Sr/Y and calculated crustal thickness for the U.S. Cordillera are 
plotted against age in Figure 3. From the Middle to Late Jurassic, Sr/Y re-
mained relatively constant, corresponding to an average crustal thickness of 
30–45 km. Starting in the latest Jurassic to Early Cretaceous, Sr/Y increased, 
reaching a maximum at 85–95 Ma, corresponding to a crustal thickness of 
55–65 km. From the middle Cretaceous to at least the middle Eocene, Sr/Y 
remained high but relatively constant, corresponding to an average crustal 
thickness of 55–65 km. Sr/Y began to decrease in the middle Eocene to 
Oligocene and continued to decrease into the early Miocene, when arc mag-
matism ceased. Sr/Y in the earliest Miocene correlates to a crustal thickness 
of 30–40 km. The data coverage reflects a magmatic gap from 130 to 110 
Ma, a lull in magmatism from 80 to 45 Ma as the dip of the Farallon slab 
decreased, and an abundance (flare-up) of magmatism related to roll-back, 
or foundering, of the slab from 45 to 20 Ma during which time magmatism 
swept southward through the Great Basin (Dickinson, 2006).

INDEPENDENT CONSTRAINTS ON CRUSTAL THICKNESS
The modern Great Basin once formed the core of the Nevadaplano, 

a Cordilleran interior orogenic plateau similar to the modern Altiplano-
Puna plateau in South America. It was located behind the frontal mag-
matic arc (Sierra Nevada) and in the hinterland of the retroarc (Sevier) 
thrust belt (Fig. 1). The Sr/Y data compiled here suggest that crustal thick-
ness began to increase in the Late Jurassic to Early Cretaceous (Fig. 3), 
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Figure 1. Map of Great Basin region showing all data subsets ana-
lyzed (circles) and data subsets used in reconstruction of crustal 
thickness after data filters were applied (squares). Information 
on each subset is included in Tables DR1–DR3 (see footnote 1). 
SNB—Sierra Nevada batholith; EST—Eastern Sierra thrust belt; 
DVT—Death Valley thrust system; LFT—Luning-Fencemaker 
thrust belt; CNT—Central Nevada thrust belt; WUT—Western 
Utah thrust belt; SVT—Sevier thrust belt. Thrust faults are shown 
with barbs on hanging wall, dashed where approximate.

Figure 2. Global correlation between geophysically determined 
Moho depth and median Sr/Y from Pliocene and younger mag-
matic arcs, compiled from GEOROC database (georoc.mpch-
mainz.gwdg.de /georoc/). Median Sr/Y was calculated using same 
filters and processing steps as applied to Great Basin data. Data 
regression includes all data except central segment of Central 
Volcanic Zone (CCVZ) in the Andes; see text for discussion. Com-
piled data are included in Tables DR4 and DR5 (see footnote 1).
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consistent with estimates for the initiation of shortening in the Cordilleran 
retroarc thrust belt in Utah and Nevada (Allmendinger and Jordan, 1981), 
the formation of a regional foreland basin system (DeCelles, 2004), and 
thermobarometry from the Sevier hinterland (Cruz-Uribe et al., 2015).

The timing of maximum crustal thickening in the Nevadaplano is con-
strained by peak Barrovian metamorphism where deep crustal levels are 
exposed in metamorphic core complexes. In the study area, peak meta-
morphism occurred at 80–90 Ma in the Ruby, East Humbolt, and Snake 
Range core complexes (Miller and Gans, 1989; McGrew et al., 2000; Sul-
livan and Snoke, 2007; Wells et al., 2012). These estimates are in broad 
agreement with the Sr/Y data that suggest maximum crustal thicknesses 
at 85–95 Ma (Fig. 3). The magnitude of Late Cretaceous crustal thick-
ness calculated from the Sr/Y data also closely aligns with independent 
constraints. Structural reconstructions for the U.S. Cordillera indicate that 
crustal thicknesses were 50–60 km in the Late Cretaceous (DeCelles and 
Coogan, 2006). Similarly, stable isotope, paleo-geomorphic, and low-
temperature thermochronology studies suggest that the elevation of the 
Nevadaplano in the Late Cretaceous was >3 km (House et al., 2001; Cas-
sel et al., 2014; Snell et al., 2014), which implies a crustal thickness of >50 
km assuming Airy isostatic compensation.

The timing for extension and crustal thinning in the Great Basin region 
is debated and likely diachronous. Localized extension may have begun as 
early as ca. 80 Ma (Wells et al., 1990; Druschke et al., 2009; Long et al., 
2015), although most authors have suggested that regional extension began 
in the Eocene (Sonder and Jones, 1999). Contraction ended in the Sevier 
thrust belt by ca. 50 Ma (Constenius, 1996). Syn-extensional deposition be-
gan by the mid-Eocene (Vandervoort and Schmitt, 1990; Axen et al., 1993), 
and structural relationships suggest that extensional faulting was wide-
spread by the late Eocene (Mueller et al., 1999; Gans et al., 2001; Druschke 
et al., 2009). Extension and exhumation in the Nevadaplano metamorphic 
core complexes also initiated at 45–50 Ma (Lee, 1995; McGrew et al., 2000; 
Wells et al., 2000), although the bulk of exhumation in the Nevadaplano 
core complexes may have occurred during the Oligocene or later (Sullivan 
and Snoke, 2007). Many authors also have suggested that initial Eocene 
extension may have been minor and that significant extension did not occur 
until the Miocene, associated with Basin and Range extension (McQuarrie 
and Wernicke, 2005; Colgan et al., 2006, 2010; Henry, 2008; Best et al., 
2009; Cassel et al., 2014). Sr/Y began to decrease at 40–50 Ma, in good 
agreement with estimates for a mid-Eocene initiation of extension, although 
there is considerable scatter in the Sr/Y data. Possible explanations for the 
scatter in the Cenozoic Sr/Y data include diachronous extension in the Great 
Basin and Sr loss during fractionation within the crust. By the Miocene, 
Sr/Y had decreased, and corresponding crustal thicknesses had returned to 
values similar to modern-day estimates of 30–35 km (Gilbert, 2012).

CONCLUSIONS
Understanding how crustal thickness changes through time is essential 

to deciphering how orogens evolve and which processes influence that 

evolution. We have demonstrated that Sr/Y from intermediate continental 
calc-alkaline magmatic rocks in a convergent orogenic setting can be used 
to track temporal variations in crustal thickness. In the case of the interior 
U.S. Cordillera, we can resolve when crustal thickening initiated, when 
maximum crustal thickness was achieved, and, with less precision, when 
crustal extension began (Fig. 3). These periods represent fundamental 
shifts in the geodynamics of the orogen and are exemplary of the type of 
data often targeted by tectonic studies in ancient Cordilleran systems (e.g., 
Kapp et al., 2005). In addition, we have presented magnitudes for crustal 
thickness through time for the U.S. Cordillera using a customized global 
correlation between Sr/Y and Moho depth (Fig. 2). Whereas the uncer-
tainties in these magnitudes remain large (average uncertainty in Fig. 3 is 
~±10 km), they nonetheless appear to be reasonable estimates and provide 
valuable, quantitative constraints on crustal thickness.
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the entire data set is 57 ± 12 km (2σ), where 
the reported uncertainty is the average single 
measurement uncertainty and standard devia-
tion added in quadrature. Application of the em-
pirical relation between whole-rock Sr/Y and 
crustal thickness as presented in Chapman et al. 
(2015) to the "ltered data set indicates a median 
crustal thickness and median absolute deviation 
of 58 ± 16 km (1σ). We focused on the evalu-
ation based on La/Yb primarily because of the 
lower uncertainty.

DISCUSSION AND CONCLUSIONS
Our estimate, 57 ± 12 km, for the average 

crustal thickness in the southern United States 
Cordillera and northern Mexican Cordillera dur-
ing the Laramide orogeny is consistent with the 
concept of a high-elevation orogenic plateau. 
This crustal thickness estimate is similar to pre-

vious estimates (55–65 km) for the Nevadaplano 
during the same time span, ca. 90–45 Ma (Chap-
man et al., 2015). The crustal thickness reported 
in this study is slightly higher than crustal thick-
ness estimates (40–55 km) based on structural 
restoration of Cenozoic extension in southern 
Arizona (Coney and Harms, 1984). For com-
parison, the average crustal thickness beneath 
the highest elevations in the Altiplano in the 
Central Andes is 60–70 km (Ryan et al., 2016). 
An outstanding question is whether the southern 
United States and northern Mexican Cordillera 
was a true plateau—a low topographic relief sur-
face—during the Laramide orogeny. Evidence 
for crustal anatexis during Late Cretaceous to 
Eocene time (Miller and Brad"sh, 1980; Hax-
el et al., 1984) suggests hot and low-viscosity 
middle to lower crust, which would have favored 
development of a low-relief orogenic plateau 
(Bird, 1991).

Using average values for continental crust 
density (2800 kg/m3), upper mantle density 
(3300 kg/m3), and continental crust thickness 
(37 km; Rudnick and Gao, 2003) and assuming 
Airy isostatic compensation, 57-km-thick crust 
corresponds to a paleoelevation of ∼3 km during 
or immediately following the Laramide orog-
eny. This paleoelevation falls within the range 
of estimates (1.5–4.5 km) based on carbonate 
δ18O for the Eocene American Southwest (Li-
cht et al., 2017). Sedimentary provenance and 
paleocurrent data from gravels along the Mo-
gollon Rim of central Arizona (“rim gravels”; 
Fig. 2) also indicate an uplifted sediment source 
region south of the Colorado Plateau during the 
Laramide orogeny (Elston and Young, 1991). 
Paleoaltimetric studies for the Nevadaplano 
suggest minimum elevations of 2.2–3.1 km 
during Late Cretaceous time based on carbon-
ate clumped-isotope thermometry (Snell et al., 
2014) and as much as 3.5 km elevation during 
Oligocene time based on δD values of ancient 
meteoric water preserved in ignimbrite glasses 
(Cassel et al., 2014).

The major implication of this study is that 
some mechanism is required to have thickened 
the crust in the southern United States and north-
ern Mexican Cordillera during the Laramide 
orogeny. Unlike the central United States Cor-
dillera (the location of the Nevadaplano), the 
southern United States Cordillera was marked 
by extension associated with the Bisbee-Mc-
Coy-Sabinas rift system during Late Jurassic 
to Early Cretaceous time (Dickinson and Law-
ton, 2001). Aptian–Albian marine limestone in 
southern Arizona suggests that the region was 
at or below sea level during mid-Cretaceous 
time (Dickinson and Lawton, 2001) and only 
transitioned to a contractional regime at the 
start of the Laramide orogeny (Chapman et al., 
2018). Structural studies in the area indicate that 
deformation primarily occurred by folding or 
slip associated with high-angle reverse faults, 
which only accumulated a few to several tens 
of kilometers of horizontal shortening (Davis, 
1979; Krantz et al., 1989; Clinkscales and Law-
ton, 2017; Favorito and Seedorff, 2018). Con-
versely, parts of the thin-skinned Sevier thrust 
belt in the central United States Cordillera ac-
commodated ≥ 300 km of horizontal shortening 
(DeCelles and Coogan, 2006). To signi"cantly 
thicken the crust in southern Arizona and north-
ern Sonora, either (1) low-angle thrust faults 
are more prevalent than currently recognized, 
or (2) processes other than crustal shortening 
may have prevailed.

Late Cretaceous, north-south–directed short-
ening in the Maria fold-and-thrust belt (Spencer 
and Reynolds, 1990; Tosdal, 1990; Fig. 2) may 
have locally thickened the crust in west-central 
Arizona, but cannot explain elevated thicknesses 
elsewhere in the region. Despite the view that 
Laramide shortening in southern Arizona and 
northern Sonora primarily occurred by high-
angle reverse faulting, low-angle thrust faults 
have been locally documented, including in the 
Catalina-Rincon Mountains (e.g., Gehrels and 
Smith, 1991; Arca et al., 2010; Spencer et al., 
2011) and in and around the Baboquivari Moun-
tains (Haxel et al., 1984; Goodwin and Haxel, 
1990; Fig. 2). More work is needed to docu-
ment shortening magnitudes in these areas and 
test whether they are representative of a larger 
structural province or only local complexi-
ties. Erdman et al. (2016) suggested that mag-
matic additions in central Arizona during the 
Laramide orogeny may have thickened the crust 
and formed a Nevadaplano-like feature. Other 
mechanisms to form orogenic plateaus include 
underthrusting/underplating (Zhou and Murphy, 
2005), crustal in#ation by lateral channel #ow 
(Bird, 1991; Husson and Sempere, 2003), and 
intracontinental subduction (Tapponnier et al., 
2001). None of these processes has been explic-
itly evaluated in the southern United States and 
northern Mexican Cordillera, which highlights 
how the postulated plateau challenges  existing 

Figure 4. Histogram and 
kernel density estimate 
(KDE) showing the dis-
tribution of calculated 
crustal thicknesses for 
all data analyzed in this 
study. Average crustal 
thickness estimate for 
the postulated Arizo-
naplano (United States 
Cordillera) is 57 ± 12 km 
(2σ), which is signifi-
cantly higher than the 
global average of con-
tinental crust thickness 
(Rudnick and Gao, 2003). 
Gray bars show the range 
of crustal thicknesses 
estimated for the Late 

Cretaceous Nevadaplano (United States Cordillera) from Chapman et al. (2015) and for the 
modern Altiplano (central Andes) (Ryan et al., 2016).
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Figure 3. Intermediate (see text for discus-
sion of geochemical "lters) whole-rock La 
and Yb data used in this study (blue "lled cir-
cles), data from the Ray Cu-porphyry system 
( Arizona, USA) (pink squares), and data from 
the Quaternary Tonga arc (gray open circles; 
compiled from the GEOROC database, http://
georoc.mpch-mainz.gwdg.de). Solid lines are 
crustal thickness calculated from La/Yb using 
the empirical relation of Profeta et al. (2015). 
The modern Tonga arc has a geophysically 
determined crustal thickness of ∼20 km (Con-
treras-Reyes et al., 2011) and is only shown 
for comparison.
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Another proxy: La/Yb for intermediate rocks. This is similar in logic (but empirical) “As crustal thickness increases, whole-rock heavy rare earth element (HREE) 
concentrations decrease and light rare earth element (LREE) concentrations increase, due to the high-pressure stabilization of HREE- enriched phases such as amphibole and 
garnet at the expense of LREE-enriched phases such as plagioclase (Hu et al., 2017; Müntener and Ulmer, 2018). Despite the low concentration of LREE in plagioclase, the mineral 
is impor- tant because of its abundance in continental- arc rocks and because it is unstable at higher pressure, in contrast to other LREE-bearing accessory phases such as 
monazite.”

Intermediate (see text for discussion of geochemical filters) whole-rock La and Yb data used in this study (blue filled circles), data from the Ray Cu-porphyry system (Arizona, USA) (pink squares), and 
data from the Quaternary Tonga arc (gray open circles; compiled from the GEOROC database, http:// georoc.mpch-mainz.gwdg.de). Solid lines are crustal thickness calculated from La/Yb using the 
empirical relation of Profeta et al. (2015). The modern Tonga arc has a geophysically determined crustal thickness of ∼20 km (Contreras-Reyes et al., 2011) and is only shown for comparison.
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the entire data set is 57 ± 12 km (2σ), where 
the reported uncertainty is the average single 
measurement uncertainty and standard devia-
tion added in quadrature. Application of the em-
pirical relation between whole-rock Sr/Y and 
crustal thickness as presented in Chapman et al. 
(2015) to the "ltered data set indicates a median 
crustal thickness and median absolute deviation 
of 58 ± 16 km (1σ). We focused on the evalu-
ation based on La/Yb primarily because of the 
lower uncertainty.

DISCUSSION AND CONCLUSIONS
Our estimate, 57 ± 12 km, for the average 

crustal thickness in the southern United States 
Cordillera and northern Mexican Cordillera dur-
ing the Laramide orogeny is consistent with the 
concept of a high-elevation orogenic plateau. 
This crustal thickness estimate is similar to pre-

vious estimates (55–65 km) for the Nevadaplano 
during the same time span, ca. 90–45 Ma (Chap-
man et al., 2015). The crustal thickness reported 
in this study is slightly higher than crustal thick-
ness estimates (40–55 km) based on structural 
restoration of Cenozoic extension in southern 
Arizona (Coney and Harms, 1984). For com-
parison, the average crustal thickness beneath 
the highest elevations in the Altiplano in the 
Central Andes is 60–70 km (Ryan et al., 2016). 
An outstanding question is whether the southern 
United States and northern Mexican Cordillera 
was a true plateau—a low topographic relief sur-
face—during the Laramide orogeny. Evidence 
for crustal anatexis during Late Cretaceous to 
Eocene time (Miller and Brad"sh, 1980; Hax-
el et al., 1984) suggests hot and low-viscosity 
middle to lower crust, which would have favored 
development of a low-relief orogenic plateau 
(Bird, 1991).

Using average values for continental crust 
density (2800 kg/m3), upper mantle density 
(3300 kg/m3), and continental crust thickness 
(37 km; Rudnick and Gao, 2003) and assuming 
Airy isostatic compensation, 57-km-thick crust 
corresponds to a paleoelevation of ∼3 km during 
or immediately following the Laramide orog-
eny. This paleoelevation falls within the range 
of estimates (1.5–4.5 km) based on carbonate 
δ18O for the Eocene American Southwest (Li-
cht et al., 2017). Sedimentary provenance and 
paleocurrent data from gravels along the Mo-
gollon Rim of central Arizona (“rim gravels”; 
Fig. 2) also indicate an uplifted sediment source 
region south of the Colorado Plateau during the 
Laramide orogeny (Elston and Young, 1991). 
Paleoaltimetric studies for the Nevadaplano 
suggest minimum elevations of 2.2–3.1 km 
during Late Cretaceous time based on carbon-
ate clumped-isotope thermometry (Snell et al., 
2014) and as much as 3.5 km elevation during 
Oligocene time based on δD values of ancient 
meteoric water preserved in ignimbrite glasses 
(Cassel et al., 2014).

The major implication of this study is that 
some mechanism is required to have thickened 
the crust in the southern United States and north-
ern Mexican Cordillera during the Laramide 
orogeny. Unlike the central United States Cor-
dillera (the location of the Nevadaplano), the 
southern United States Cordillera was marked 
by extension associated with the Bisbee-Mc-
Coy-Sabinas rift system during Late Jurassic 
to Early Cretaceous time (Dickinson and Law-
ton, 2001). Aptian–Albian marine limestone in 
southern Arizona suggests that the region was 
at or below sea level during mid-Cretaceous 
time (Dickinson and Lawton, 2001) and only 
transitioned to a contractional regime at the 
start of the Laramide orogeny (Chapman et al., 
2018). Structural studies in the area indicate that 
deformation primarily occurred by folding or 
slip associated with high-angle reverse faults, 
which only accumulated a few to several tens 
of kilometers of horizontal shortening (Davis, 
1979; Krantz et al., 1989; Clinkscales and Law-
ton, 2017; Favorito and Seedorff, 2018). Con-
versely, parts of the thin-skinned Sevier thrust 
belt in the central United States Cordillera ac-
commodated ≥ 300 km of horizontal shortening 
(DeCelles and Coogan, 2006). To signi"cantly 
thicken the crust in southern Arizona and north-
ern Sonora, either (1) low-angle thrust faults 
are more prevalent than currently recognized, 
or (2) processes other than crustal shortening 
may have prevailed.

Late Cretaceous, north-south–directed short-
ening in the Maria fold-and-thrust belt (Spencer 
and Reynolds, 1990; Tosdal, 1990; Fig. 2) may 
have locally thickened the crust in west-central 
Arizona, but cannot explain elevated thicknesses 
elsewhere in the region. Despite the view that 
Laramide shortening in southern Arizona and 
northern Sonora primarily occurred by high-
angle reverse faulting, low-angle thrust faults 
have been locally documented, including in the 
Catalina-Rincon Mountains (e.g., Gehrels and 
Smith, 1991; Arca et al., 2010; Spencer et al., 
2011) and in and around the Baboquivari Moun-
tains (Haxel et al., 1984; Goodwin and Haxel, 
1990; Fig. 2). More work is needed to docu-
ment shortening magnitudes in these areas and 
test whether they are representative of a larger 
structural province or only local complexi-
ties. Erdman et al. (2016) suggested that mag-
matic additions in central Arizona during the 
Laramide orogeny may have thickened the crust 
and formed a Nevadaplano-like feature. Other 
mechanisms to form orogenic plateaus include 
underthrusting/underplating (Zhou and Murphy, 
2005), crustal in#ation by lateral channel #ow 
(Bird, 1991; Husson and Sempere, 2003), and 
intracontinental subduction (Tapponnier et al., 
2001). None of these processes has been explic-
itly evaluated in the southern United States and 
northern Mexican Cordillera, which highlights 
how the postulated plateau challenges  existing 

Figure 4. Histogram and 
kernel density estimate 
(KDE) showing the dis-
tribution of calculated 
crustal thicknesses for 
all data analyzed in this 
study. Average crustal 
thickness estimate for 
the postulated Arizo-
naplano (United States 
Cordillera) is 57 ± 12 km 
(2σ), which is signifi-
cantly higher than the 
global average of con-
tinental crust thickness 
(Rudnick and Gao, 2003). 
Gray bars show the range 
of crustal thicknesses 
estimated for the Late 

Cretaceous Nevadaplano (United States Cordillera) from Chapman et al. (2015) and for the 
modern Altiplano (central Andes) (Ryan et al., 2016).
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Figure 3. Intermediate (see text for discus-
sion of geochemical "lters) whole-rock La 
and Yb data used in this study (blue "lled cir-
cles), data from the Ray Cu-porphyry system 
( Arizona, USA) (pink squares), and data from 
the Quaternary Tonga arc (gray open circles; 
compiled from the GEOROC database, http://
georoc.mpch-mainz.gwdg.de). Solid lines are 
crustal thickness calculated from La/Yb using 
the empirical relation of Profeta et al. (2015). 
The modern Tonga arc has a geophysically 
determined crustal thickness of ∼20 km (Con-
treras-Reyes et al., 2011) and is only shown 
for comparison.
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GEOLOGIC BACKGROUND
Some early studies of the southern United 

States Cordillera suggested that the Sevier 
thrust belt was continuous from southern Ne-
vada to northern Chihuahua (Drewes, 1978). 
However, subsequent research has demon-
strated that many of the thrust faults used to 
support a thrust belt interpretation are low-
angle normal faults or other types of geologic 
contacts such as unconformities (Dickinson, 
1984; Krantz et al., 1989; Clinkscales and 
Lawton, 2017). As a result, most researchers 
now believe that the Sevier thrust belt termi-
nates in the Mojave region of southern Califor-
nia (DeCelles, 2004; Yonkee and Weil, 2015) 
and that shortening in southern Arizona and 
northern Sonora was temporally restricted 
to the Laramide orogeny and predominantly 
occurred along high-angle reverse faults, in 
part reactivating Late Jurassic to Early Cre-
taceous rift-related structures (Davis, 1979; 
Krantz et al., 1989; Lawton, 2000; Favorito 
and Seedorff, 2018; Fitz-Díaz et al., 2018).

Continental-arc magmatism migrated east-
ward through the study area (Fig. 2) during the 
Laramide orogeny as the subduction angle of 
the Farallon slab shallowed (Coney and Reyn-
olds, 1977). Laramide igneous rocks in south-
ern Arizona and northern Sonora are mainly 
intermediate, metaluminous, and calc-alkaline 
rocks that have radiogenic isotopic composi-
tions inherited from the lithospheric province 
into which they were emplaced (Lang and Ti-
tley, 1998; González-León et al., 2011; Chap-
man et al., 2018). During mid-Eocene time, 
toward the end of the Laramide orogeny and 
after arc magmatism had migrated through the 
region, silicic (SiO2 >70 wt%), peraluminous 
granitoids were emplaced as sills, dikes, and 
plutons interpreted as products of crustal melt-
ing (Miller and Brad"sh, 1980; Haxel et al., 
1984; Miller and Barton, 1990; Fornash et al., 
2013).

METHODS AND RESULTS
To estimate crustal thickness, we utilized an 

empirical relation between igneous whole-rock 
La/Yb and Moho depth for modern continental 
arcs (Profeta et al., 2015). The method was lim-
ited here to intermediate-composition rocks in 
order to avoid generally more ma"c rocks that 
originated directly from the mantle and gener-
ally more felsic rocks that originated by partial 
melting of middle to upper crust or from highly 
fractionated melts. We used data only from rocks 
within the compositional ranges of SiO2 = 55–70 
wt%, MgO = 1–4 wt%, and Rb/Sr = 0.05–0.25 
(Chapman et al., 2015; Profeta et al., 2015). These 
ranges exclude all analyses of Eocene peralumi-
nous rocks. The "ltered data set consisted of 105 
whole-rock geochemical analyses, 16 new and 89 
compiled from literature sources. Only minimally 
altered and unmineralized samples were included. 
Sample information, geochemical data for new 
and compiled analyses, and analytical methods 
are presented in the GSA Data Repository1.

Samples analyzed in this study came from lo-
cations between 108.5°W and 114°W longitude 
and 30°N and 35°N latitude (Fig. 2). Crystalliza-
tion ages of samples that passed through geo-
chemical "lters ranged from 81 to 50 Ma (see the 
Data Repository). All available data were used 
in the calculation of crustal  thickness  except for 

analyses from intrusive rocks associated with 
the Ray copper porphyry deposit in central Ari-
zona (Fig. 2; Lang and Titley, 1998). These were 
excluded because they exhibit anomalous REE 
trends compared to the rest of southern Arizona 
and northern Sonora (Fig. 3). The unusual REE 
patterns at the Ray deposit may be related to 
derivation from or assimilation of the 1.4 Ga 
Ruin Granite, a HREE-enriched A-type granite 
that is the predominant component of the upper 
crust around Ray (Banks et al., 1972).

Estimates of crustal thickness from individ-
ual rock analyses range from 45 to 72 km, with 
an average uncertainty (1σ) of 10 km (Fig. 2; 
Table DR2 in the Data Repository). Average 
crustal thickness estimates and average crys-
tallization ages for areas with ≥ 5 samples are 
labeled in Figure 2 to provide a representation of 
data variability. Crustal thickness estimates for 
speci"c areas range from 48 to 62 km (Fig. 3), 
with uncertainty ranging from 10 to 12 km (2σ). 
No clear correlation of age, location, and calcu-
lated crustal thickness was distinguishable in the 
data set, although the resolution of the data does 
not preclude possible correlations (Fig. DR1). 
As a result, we suggest that the best estimate of 
crustal thickness during the Laramide orogeny 
is obtained by considering the data collectively. 
Figure 4 presents all of our crustal thickness 
estimate results from the entire data set as a his-
togram and a kernel density estimate (KDE), 
which uses an adaptive bandwidth. The KDE 
is characterized by a large population of thick-
nesses (∼40% of data) centered on 61 km and a 
broad distribution of thickness values between 
47 and 57 km. Average crustal  thickness for 

1GSA Data Repository item 2020047, new and 
compiled geochemical data, data references, analyti-
cal methods, and supplementary "gures; and new and 
compiled data in an Excel "le, is available online at 
http://www.geosociety.org/datarepository/2020/, or 
on request from editing@geosociety.org.

Figure 2. Map showing 
locations of samples 
analyzed to estimate 
crustal thickness during 
the Laramide orogeny. 
Text in white boxes is the 
average crustal thickness 
and average age for loca-
tions (labeled in brown) 
with ≥ 5 samples. Crustal 
thickness uncertainty 
(2σ) for individual loca-
tions is 10–12 km, and age 
uncertainty (2σ) is ≤ 10%. 
Red line delineating the 
easternmost location 
of the Sevier thrust belt 
is modified from Wells 
and Hoisch (2008). The 
Maria fold-and-thrust belt 
location is from Spen-
cer and Reynolds (1990). 
CRM—Catalina-Rincon 
Mountains, BM—Babo-
quivari Mountains.
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Figure 1. Overview map of present-day con-
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Sonoran Desert
(“Arizona-plano”)

Another proxy: La/Yb for intermediate rocks.

Intermediate (see text for discussion of geochemical filters) whole-rock La and Yb data used in this study (blue filled circles), data from the Ray Cu-porphyry system (Arizona, USA) (pink squares), and 
data from the Quaternary Tonga arc (gray open circles; compiled from the GEOROC database, http:// georoc.mpch-mainz.gwdg.de). Solid lines are crustal thickness calculated from La/Yb using the 
empirical relation of Profeta et al. (2015). The modern Tonga arc has a geophysically determined crustal thickness of ∼20 km (Contreras-Reyes et al., 2011) and is only shown for comparison.
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Comparing 
Sr/Y and La/

Yb
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30 km spatial average and ~5 million years temporal average, although the numbers di!er from region 
to region, depending on local particularities of magmatism and data availability. "e two central Andes 
transects are consistent with the idea that the most recent crustal thickening began during an early 
Cenozoic orogeny (45–55 Ma), a process that continues through modern time30,31. "e Coast Mountains 
batholith displays three signi#cant pulses of Sr/Y and La/Yb increase, one during the Latest Jurassic, 
another during the Late Cretaceous and the last one during the Paleocene-Eocene, separated by periods 
of lower Sr/Y and La/Y. All three episodes of increase in these ratios correspond temporally to periods of 
crustal thickening in the arc’s foreland area32. "e Mesozoic Sierra Nevada batholith of California shows 
a gradual increase in crustal thickness from the mid-Cretaceous on, also consistent with independent 
geologic constraints such signi#cant crustal shortening in the retroarc thrust belt33. In both cases, the 
leading hypothesis for intra arc crustal thinning is thought to be due to episodes of lower crustal delam-
ination occurring a$er signi#cant crustal thickening, a sequence that is thought to occur cyclically in 
long-lived arcs34. In contrast to these arcs, the along strike segment of arc that formed south of the Sierra 
Nevada, represented by the Mojave-Transverse Ranges corridor, does not appear to have attained thick 

Figure 2. Average chondrite-normalized La/Yb versus time (million years) for several ancient 
subduction-related Andean, magmatic arcs. (A) Coast Mountains Batholith (52–55°N), (B) central 
Sierra Nevada batholith, California (35–38°N), (C) the Mojave-Transverse range segment of the Mesozoic 
California arc and (D) Central Andean frontal arc (15–24°S). Individual data points are 5 million year 
averages and median values for trace ratios with estimated 1-sigma error bars. See methods for data sources.

www.nature.com/scientificreports/

5Scientific RepoRts | 5:17786 | DOI: 10.1038/srep17786

crust during the late Cretaceous, as determined from independent regional geologic observations35; our 
compiled data con!rm that assertion.

Discussion
Modern global and regional data and ancient regional examples lend con!dence to the use of Sr/Y 
and La/Yb correlations in determining paleo-crustal evolution in magmatically active subduction oro-
gens, such as the Cordilleran/Andean ones investigated here. In contrast, short lived subduction events 
in Mediterranean type environments and collision-related magmatism are far less understood petro-
logically; our data may apply to those tectonic environments but that has not been tested yet. As for 
sui generis subduction magmatism, such correlations averaging out several processes as well as length 
and timescales will inherently be subjected to large errors; they nonetheless seem to provide reasonable 
quantitative constraints on crustal thickness evolution in subduction-related orogens. We propose that 
episodes of thin versus thick crust can be distinguished in the geologic record of subduction-related arc 
magmatism using the geochemical ratios presented here.
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Figure 3. Average Sr/Y versus time (million years) for several ancient subduction-related Andean, 
magmatic arcs; various arc segments are as in Fig. 2.

Comparing the two here…
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How else might we estimate crustal thickness?

One of the more influential paleothickness maps…
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How else might we estimate crustal thickness?

Simply push everything back. [These are old thicknesses…]
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How else might we estimate crustal thickness?
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Figure 7. Time-slice maps of crustal thickness (in km) for the Basin and Range of the western United States, based on integrating strain rates backward to estimate crustal 
thickness over time. State boundaries are moved with all points for reference.
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Figure 7. Time-slice maps of crustal thickness (in km) for the Basin and Range of the western United States, based on integrating strain rates backward to estimate crustal 
thickness over time. State boundaries are moved with all points for reference.
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Figure 7. Time-slice maps of crustal thickness (in km) for the Basin and Range of the western United States, based on integrating strain rates backward to estimate crustal 
thickness over time. State boundaries are moved with all points for reference.
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Simply push everything back; based on a geological section across the Great Basin.
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requirements. Magmatic bodies may be internally strained and
have their shapes influenced by tectonism. Solidified plutons will
act as a “plutonic framework”. As the crust is tectonically shortened,
the distances between plutons may decrease resulting a more
constrictional strain in host rocks with depth. We propose Model C
could depict the observed strain patterns in both shallower and
deeper parts of crust (Fig. 11-C2, C3).

Fig. 12 shows crustal column of Sierra Nevada arc with
increasing strain magnitude and constrictional shapes with depth
based on Model C. The limited increase in Mesozoic surface ele-
vations and upper crustal exhumation (discussed in next section)
requires major downwards transfer of host rocks to balance the
crustal shortening and emplacement of plutons. The downward
transported host rocks may spread laterally during growth of large
orogenic roots resulting in the vertical constructional strains
evolving to plane to flattening strains in the lower crust (Fig. 12).
And as descending host rocks enter the MASH zone (Hildreh and
Moorbath, 1988), they may be disaggregated, partly assimilated
and recycled into new ascending magma batches (e.g. Zellmer and
Annen, 2008).

The goal of our models (Figs. 11 and 12) is to give a first-order
approximation of processes that need evaluation as crust is
strained during magmatism and tectonism. We recognize that
more complicated processes occur during arc deformation
including structures that broke through the Mesozoic Sierran arc,

such as regional strike-slip faults, ductile shear zones, and low-
angle normal faults (e.g. Lahren and Schweickert, 1989; Kistler,
1990; Saleeby and Busby, 1993; Nadin and Saleeby, 2008;
Chapman et al., 2015; Saleeby and Dunne, 2015). Since most
strike slip faults trend ~ parallel to the arc, they may shuffle units
parallel to the arc but not significantly affect the overall shortening
and thickening. Dip slip faults/shears are less common but at times
may play a greater role in arc deformation and strain that deserves
greater attention in future studies. These structures will also aid in
the overall arc shortening/thickening and tilt of units discussed in
this paper and may add localized concentrated increments of strain
to the arc crust. When possible such strain increments are included
in the finite bulk arc strain. The model shown in Fig. 12 of course is
not a prefect explanation for arc strain. We do not fully understand
some observed strain patterns. For example, the spread of the
average strain magnitude and Lode's ratio in Late Cretaceous rocks
(mainly volcanic rocks of 100e80 Ma in age) (Fig. 7A and B). We
suspect such temporally restricted strain variations might be a
consequence of volumetrically large addition of magma in the Late
Cretaceous leading to a rheologically very heterogeneous crust.

5.2. The finite bulk arc strain, mass balance and crustal thickening

Above we concluded that the ductile strain in the WMB and
Sierran host rock pendants resulted in about 50% arc-perpendicular

Fig. 11. Three proposed models for ductile straining mechanisms. Model A is homogenous tectonic thickening only. Model B only has the magmatism. Model C combines tectonism
and magmatism. A1, B1, and C1 show the cartoon illustrating the corresponding models. A2, B2, and C2 show predicted trends of Lode's ratio (g), or strain shape, changing with
depth. A3, B3, and C3 show predicted trends of strain magnitude (ε) changing with depth. See text for full discussion. BDT¼ Brittle-ductile transition.

W. Cao et al. / Journal of Structural Geology 84 (2016) 14e3024

Can try using strain markers and magma volumes…
Three proposed models for ductile straining mechanisms. Model A is homogenous tectonic thickening only. Model B only has the magmatism. Model C combines tectonism and magmatism. A1, B1, and C1 show 
the cartoon illustrating the corresponding models. A2, B2, and C2 show predicted trends of Lode's ratio (g), or strain shape, changing with depth. A3, B3, and C3 show predicted trends of strain magnitude (ε) 
changing with depth. See text for full discussion. BDT 1⁄4 Brittle-ductile transition.
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(~86 Ma) plutons at ~2 kbars, suggesting a Mesozoic
exhumation< 5 km (Cao et al., 2015). In theWMB, Triassic volcanics
and Jurassic marine sediments are exposed at the surface and show
lower to upper greenschist grades of metamorphism. In addition,
Late Jurassic plutons in the WMB (e.g., the Guadalupe Igneous
Complex) intruded these sedimentary rocks at shallow levels cor-
responding to 1e2 kbars (Haeussler and Paterson, 1993; Putirka
et al., 2014) and are intruded by Late Cretaceous plutons with
slightly higher Al-in-hornblende pressures of ~3 kbars (Ague and
Brimhall, 1988a; Haeussler and Paterson, 1993), which suggests
that large exhumation did not occur in the WMB early in the
Mesozoic and if anything depths increased in the Cretaceous, the
latter consistent with Cretaceous crustal thickening.

In the southern Sierra, Early Triassic plutons emplaced at
10e15 km depth are intruded by Middle Jurassic and Late Creta-
ceous plutons emplaced at 5e6 km depth (Nadin and Saleeby,
2008; Saleeby and Dunne, 2015), suggesting that mid-crustal
exhumation from Early Triassic to Late Cretaceous in southern Si-
erra is ~10 km. Exhumation in the southern Sierra along the Kaweak
River based on barometry in plutons indicates an average 0.5 mm/
yr exhumation between ~100 Ma and 85 Ma although the western
and eastern parts of the southern Sierras have different exhumation
rates (Saleeby and Sousa, personal communication).

In summary, the by ~85 Ma, the exhumation of southern Sierra

Fig. 13. Crustal thickness determined by host rock strain (εH) and pluton volume
fraction (b). The initial thickness of the crust is assumed to be 25 km and the calcu-
lation takes 20% shortening in plutons and 20% volume loss/length change along Y-
direction of host rocks into account. If εH ¼ -0.65 and b ¼ 0.8, the resulting thickness of
crust is ~97 km. The crustal thickness show in this plot does not include exhumation.
Exhumation will reduce the thickness to 77e87 km for Late Cretaceous Sierra Nevada
(see text).

Fig. 14. Cartoon showing that exhumation based on barometry of plutons may only give a minimum value of exhumation. (A) is the case when there is no crustal thickening. At
Time 1, Pluton A was emplaced at 10 km depth and at Time 2, Pluton B was emplaced at 8 km depth. The difference between emplacement depth of Pluton A and B is 2 km and
equals to the thickness of rock eroded. (B) is the case when there is crustal thickening. At Time 1, Pluton A was emplaced at 10 km depth and at Time 2, Pluton B was emplaced at
8 km depth. The difference between emplacement depth of Pluton A and B is less than the thickness of rock eroded.

W. Cao et al. / Journal of Structural Geology 84 (2016) 14e3026

Note, exhumation not included

Sierra Nevada

Can try using strain markers and magma volumes…
Crustal thickness determined by host rock strain (εH) and pluton volume fraction (b). The initial thickness of the crust is assumed to be 25 km and the calcu- lation takes 20% shortening in plutons and 20% volume 
loss/length change along Y- direction of host rocks into account. If εH 1⁄4 -0.65 and b 1⁄4 0.8, the resulting thickness of crust is ~97 km. The crustal thickness show in this plot does not include exhumation. 
Exhumation will reduce the thickness to 77e87 km for Late Cretaceous Sierra Nevada
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“escape channels” in between solidified plutons that decrease in
size with time and depth resulting in an increase in the intensity of
constrictional strain with depth. The crustal thickness and surface
elevation are thus controlled by both tectonism and magmatism
but are slightly modify the surface erosion. On the one hand, the
downward transported crustal materials may fertilize the MASH
zone thus enhancing the generation of additional magmas. How-
ever, as the crustal root grows it may potentially pinch out and cool
the mantle wedge and thus cause reduction of arc magmatism.
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Fig. 16. Cartoon shows how magmatism and deformation thicken the crust. (A) is the geometry of an arc system before magmatism and deformation. The initial thickness of crust
(H0) is 25 km and elevation (h0) is at sea level (0 km). The mantle flow is not impeded. (B) is the geometry of the arc system after magmatism and deformation and it may apply to
the Sierra Nevada arc at ~85 Ma. Crust is thickened (H') to ~80 km and elevation (h') is ~5 km. The total thickness of crust and arc root extending into mantle wedge is ~80 km.
Mantle flow is impeded. The thickened crust could also cool down the mantle wedge. The impeded mantle flows, cooling effect, and the slab flattening are likely to contribute to the
migration of magmatism.
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Keep in mind when we talk about dynamic topo and arc shutdown, etc.
Cartoon shows how magmatism and deformation thicken the crust. (A) is the geometry of an arc system before magmatism and deformation. The initial thickness of crust (H0) is 25 km and elevation (h0) is at sea level (0 km). The mantle flow is 
not impeded. (B) is the geometry of the arc system after magmatism and deformation and it may apply to the Sierra Nevada arc at ~85 Ma. Crust is thickened (H') to ~80 km and elevation (h') is ~5 km. The total thickness of crust and arc root 
extending into mantle wedge is ~80 km. Mantle flow is impeded. The thickened crust could also cool down the mantle wedge. The impeded mantle flows, cooling effect, and the slab flattening are likely to contribute to the migration of 
magmatism.
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Figure 1. Simplified geology of Tuolumne Intrusive Suite after Bate-
man (1992). Inset shows location of Tuolumne and other Sierra Crest
zoned intrusive suites. Ages shown with errors are weighted means
of clustered concordant data; geologic unit designation and sample
number from Table DR1 (see footnote 1 in text) are in italics after
age (samples from this study only). Queried dates are for samples
with data that spread out along concordia and did not yield precise
results. Samples with no date shown did not yield reliable ages. See
text for discussion.

Ma (eastern body; Fig. 2C) and 91.7 6 0.2 Ma (western body; Fig.
2D). Samples collected on a transect eastward through the equigranular
phase of the Half Dome Granodiorite (toward the contact with the
Cathedral Peak Granodiorite) show progressively younger ages inward.
A sample from the top of Half Dome (proper) yielded an age of 91.1
6 0.1 Ma (Fig. 2E). Farther east, a sample of the porphyritic Half
Dome adjacent to the contact with the Cathedral Peak Granodiorite
yielded an age of 88.8 6 0.8 Ma (Fig. 2F). Data for other samples
(Figs. 2G–2K) show scatter along a significant increment of concordia
with little or no overlap between points, but are included for complete-
ness and discussion.

DISCUSSION
Interpretation of the Concordia Results

Concordia plots for samples from the Tuolumne Intrusive Suite
are characterized by either clusters of concordant data with distinct
outlier points, or a ‘‘smear’’ of data along an interval of concordia
(e.g., cf. Figs. 2D and 2K). Scatter in the data, whether as outliers or
a range of dates over an interval, must result from some combination
of Pb loss and/or inheritance. Deciphering these possibilities is required
for interpretation of the data and is significantly enhanced by air abra-
sion (Krogh, 1982) and analysis of single-grain and small zircon frac-
tions (Connelly, 2001).

For any combination of crystallization ages, zircon inheritance,
and Pb loss in the data for the Tuolumne, single-crystal analyses that
yield clusters of results are likely to yield a crystallization age because
(1) the composition of Tuolumne magmas favored rapid dissolution of
inherited grains (Watson and Harrison, 1983) and thus precluded the
possibility that all grains are inherited, (2) Pb loss in young, unmeta-
morphosed rocks should be low, and (3) it is unlikely that individual

grains of variable size and U content that are air abraded prior to
analysis will exhibit identical inheritance or Pb loss. Consequently, we
interpret the dominant populations of data for samples in Figures 2A–
2F to be crystallization ages; the outlier points for these samples we
interpret to indicate inheritance for all but HD01-49 and KGA-1, which
each have a single analysis characterized by Pb loss. Some additional
source of scatter may be present in samples HD01-49 and HD01-35
resulting in MSWDs of .2; however, the 206Pb/238U dates for these
samples overlap within uncertainty, and we interpret the age estimates
as robust.

Data for five additional samples do not yield similar high-preci-
sion results. It seems likely that some combination of Pb loss and
inheritance resulted in both spreading of the data along concordia and
obvious outliers caused by Pb loss (e.g., fraction C, Fig. 2I) and in-
heritance (e.g., fraction B, Fig. 2J).

Was There a Half Dome Magma Chamber?
These data plus data from Coleman and Glazner (1997) show a

pattern of monotonically decreasing age toward the exposed center of
the suite (Fig. 2L). This pattern is mimicked by the Half Dome Grano-
diorite, which is as old as 92.7 Ma near its outer contact with the Kuna
Crest Granodiorite and as young as 88.8 Ma at its inner contact with
the Cathedral Peak. Together, the data indicate that the time for em-
placement of the Tuolumne Intrusive Suite may have exceeded 10 m.y.
and that emplacement of the Half Dome pluton required nearly 4 m.y.

Thermal models show that a crustal magma chamber of the size
(;10 km half width; Fig. 1) and composition of the Half Dome Grano-
diorite should solidify rapidly, cooling by conduction below 700 8C in
,1 m.y. and even more rapidly if the magma convects. Because
700 8C should be well below the closure temperature for Pb in zircon
(.900 8C; Cherniak and Watson, 2001), 1 m.y. is the maximum pos-
sible range of U-Pb zircon dates in a pluton of this size emplaced as
a single intrusion. Consequently, the geochronologic data do not allow
the possibility that the Half Dome Granodiorite ever existed as a single
magma chamber.

Lateral age variation in the Tuolumne Intrusive Suite is consistent
with field evidence for dike or sheet intrusion of at least the outer units
of the suite (Templeton et al., 2000; Taylor, 2004). The pattern of dikes
and sheets at the margins of the suite, passing into a more homoge-
neous interior, is consistent with thermal models of incremental pluton
growth that predict a transitory sheeted-dike stage followed by for-
mation of a central (possibly small and ephemeral) steady-state magma
chamber (Hanson and Glazner, 1995; Yoshinobu et al., 1998).

The observation that contacts between units in the Tuolumne may
be locally gradational or sharp is readily explained if locations with
gradational contacts mark places where there is little or no difference
in the ages of adjacent rocks, and locations with sharp contacts mark
places where there is a significant difference in the ages of adjacent
rocks. For example, samples of the Kuna Crest Granodiorite and Half
Dome Granodiorite collected from near the gradational contact on the
eastern side of the suite yield nearly indistinguishable ages of 93.5 6
0.7 Ma (Fig. 2B) and 92.8 6 0.1 Ma (Fig. 2C). In contrast, the contact
between the outer tonalite and the Half Dome Granodiorite is sharp in
Yosemite Valley, where the Half Dome is significantly younger (91.7
6 0.2 Ma; Fig. 2D).

Implications for the Origin of Large Zoned Intrusions
Emplacement of the Tuolumne Intrusive Suite as a series of in-

trusions is consistent with the growing recognition that large magma
chambers may be uncommon in the crust. For example, at least some
large ignimbrites did not exist as large molten bodies until immediately
prior to eruption (Mahood, 1990; Bachman et al., 2002). Additionally,
geophysical surveys have rarely identified a magma chamber with
.20% liquid present even in active volcanic systems (Iyer et al., 1990;

Coleman et al., Geology, 2004
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On to something different if time.  Have been finding with increasingly high resolution dating that plutons are in some cases very long lived. This groups 
suggestion is that plutons are built more by successive intrusions and not a big cauldron
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 magmatic faults, the movement on these faults 
rigidly displaced but did not internally disrupt 
these layers (e.g., Fig. 9). The same is true when 
structures at internal margins were intruded and 
truncated by younger pulses, which required 
partial removal of the structure without inter-
nally deforming the remainder (Fig. 17). 
(3) Many troughs formed during magmatic ero-
sion of older layers prior to renewed deposition 
to form new layers: this erosion removed parts 
of the older layer without otherwise deform-
ing the remaining layering (Fig. 9). (4) All of 
these structures form during intrusion of one 
magma pulse into another along relatively sharp 
contacts across which no obvious mingling and 
only rare mixing has occurred (Figs. 3–17). The 
formation and preservation of these sharp con-
tacts suggests that at least the host rock magmas 
must have been fairly strong due to high crys-
tal percents (Saar et al., 2001; Bergantz, 2000). 
(5) Compaction of magmas and indentation of 
crystals (Fig. 16) during transmission of devia-
toric stresses through magmas also requires that 
the magmas are fairly crystal rich.

All of these observations support the inter-
pretation that the magmatic host rocks were 
fairly strong and thus crystal rich, at least at 
the time scales and rates at which the struc-
tures formed, although these host rocks must 
have retained melt since they (1) continued to 
contribute magma to the developing structures, 
(2) fl owed magmatically during reintrusion of 
some structures, and (3) strained in a magmatic 
state during the hypersolidus formation of mag-
matic fabrics (Žák et al., 2007). Magmas in the 
developing structures presumably began with 
fewer crystals than the host magmas, but still 
had a signifi cant percentage of crystals, since 
all crystal phases were sorted during formation 
of the structures and they had to have enough 
strength to preserve steeply dipping layering, 
resist subsequent erosion, undergo compaction 
and fi lter pressing, and act as rigid objects dur-
ing reintrusion and rotation.

Processes by Which Structures Formed

The formation of all of these structures 
involved multiphase magmatic fl ow during 
initially high and then decreasing temperatures 
and increasing crystal percents. Unfortunately, 
multiphase fl ow, particularly during changing 
conditions resulting in crystal growth, is not 
well understood (e.g., Carrigan et al., 1992; 
Bergantz, 2000; Bergantz, and Breidenthal, 
2001; Petford, 2003; Burgisser et al., 2005; 
Dingwell, 2006). In spite of this limitation, the 
existing fi eld observations and geochemistry 
place fairly large constraints on the develop-
ment of these structures.
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Weinberg et al. (2001) suggested that in the 
Tavares pluton tubes represent cylindrical chan-
nels of magma fl ow through crystal mushes, 
and that the main fl ow direction is parallel to the 
tube walls (Fig. 18). They interpreted slightly 
(snail structures) to fully migrating tubes (ladder 
dikes) as similar structures that result from the 
superposition of sequential cylindrical magma 
pathways in which each new, curved schliere 
represents the walls of a former cylindrical 
magma path. Magma fl ow through tubes, poten-
tially either up or down, is driven by thermal or 
compositional buoyancy (e.g., Griffi ths, 1986; 
Martin et al., 1987; Weinberg et al., 2001; Bach-
mann and Bergantz, 2008). Schlieren along the 

tube walls form by combined fl ow sorting and 
fi lter pressing.

This model explains well the tubes in the 
Tuolumne batholith with the following refi ne-
ments. In the Tuolumne batholith, the composi-
tions and textures of magma that fl owed through 
the tubes can be quite variable, implying that 
different magma sources were tapped. Also both 
stationary and most migrating tubes decrease in 
diameter with time, an observation interpreted 
to refl ect decreasing fl ow velocities and thus 
shrinking tube diameters. Mineral fabrics in 
tubes supports vertical motion parallel to tube 
margins, sometimes followed by vertical com-
paction in tubes (as fl ow ceased?), and fi nally 

Figure 18. Features discussed in this paper, possible relationships between different types 
of structures, and the relationships between mineral fabrics and accumulations. (A, B) 
Tubes. (C) Pipes; Kfs—K-feldspar. (D) Troughs. (E) Diapirs. (F) Plume heads. Some draw-
ings are based on diagrams in Weinberg et al. (2001), but with a number of additions. 
Trough illustrations show typical relationships between trough cutoffs, mineral fabrics, 
magma fl ow directions, and crystal accumulations seen in the fi eld. Arrows show implied 
magma fl ow directions in each structure.

Paterson et al., Geosphere, 2009
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recycling as an important magmatic process in 
this batholith.

We suggest that the same recycling process 
occurred in the lobes. Cathodoluminescence 
(CL) images (e.g., Fig. 9A) show that some 
zircons have truncated and/or slightly lobate 
zones around the crystal core, which can be 
interpreted as resorption marks that likely 
formed as magma mushes, and underwent 
cycles of zircon saturation and undersaturation 
during either magma replenishment or transfer 
of antecrystic zircons into other parts of the 
chamber. Many of these recycled antecrystic 
(or xenocrystic) zircons could have been in-
clusions in other minerals and therefore were 
armored from resorption processes. Thus, even 
if magma temperatures increased above zircon 
saturation temperatures, older zircons could 
have been safely transferred from older parts 
of the main chamber or from the lobes into 
younger parts of the chamber without under-
going resorption (Miller et al., 2007).

The widespread presence of recycled zircons, 
together with the normal zoning pattern of grad-
ually more silicic central lobe units, gradational 
contacts, lobe-wide magmatic fabric patterns, 
thermal modeling, and preliminary geochemis-
try, suggests that the lobes at one time consisted 
of regions of interconnected crystal-melt zones 
that both laterally and vertically, potentially 
both above and below the present exposed level, 
had dimensions of the present lobes. Figure 12 
shows schematically what the southern porphy-
ritic Half Dome lobe might have looked like 
in cross section while melt was present in this 
steep-sided lobe and was migrating inward (to-
ward the lobe center) and upward (toward the 
surface), while fractionation crystallization and 
recycling processes were taking place.

It is more speculative to make conclusions 
about the size of the pulses that led to the for-
mation of these lobe-sized magma chambers. 
If we envision the lobes being formed by mul-
tiple small magma pulses, the following must 
be addressed: (1) Since different lobe units have 
largely identical isotope values and a fairly nar-
row range of crystallization ages, the source 
must have been isotopically the same for all 
pulses and probably ascended along the same 
preheated pathway. Alternatively, a mecha-
nism is required that thoroughly homogenized 
(including isotopes) the entire lobe before the 
normal zonation pattern formed. (2) Consistent 
inward nesting of younger pulses without sig-
nifi cant disruption of the normal zoning pattern 
preceded the development of lobe-wide mag-
matic fabric patterns, the latter of which over-
print internal, gradational contacts. This implies 
that the pulses must have intruded fairly quickly, 
either in the specifi c zoning pattern, or they were 

fi rst amalgamated and then the normal zoning 
pattern was formed due to fractionation crystal-
lization before or during the resulting fi nal strain 
and fabric formation in the chamber. (3) Zircon 
mixing or transport between pulses is suggested 
by the range of consecutive ages obtained for 
antecrystic zircons from the lobes.

We favor the interpretation that the 60–
10 km2 lobes (in three dimensions, likely 
>100–600 km3) not only represent the mini-
mum size of areas of interconnected melt (i.e., 
miniature Tuolumne batholith magma cham-
bers; Fig. 12), but they may have been intruded 
as fairly large pulses, especially in the smaller 
Half Dome lobes. This does not preclude the 
scenario where these larger pulses were as-
sembled from smaller pulses at depth and then 
ascended as bigger pulses to the emplacement 
level. However, discrepancies between the ther-
mal modeling and geochronology regarding the 
longevity of melt presence in the lobes and the 
fact that the zircons refl ect near-solidus crystal-
lization, and thus minimum times of melt pres-
ence, suggest that lobes grew from fairly steady 
input of magma, after which fractional crystal-
lization occurred, and magmatic fabrics formed. 
Magma supply to the lobes and the main magma 
chamber could have been continuous or inter-
mittent (or alternating combinations) into the 
magma-mush environment. These chambers in 
the lobes need not have been stationary, but they 

could have been moving vertically (up or down) 
through a preheated magma column (Fig. 12) 
as new material was entering the chamber. We 
realize this picture is rather exploratory since 
the information needed for testing more detailed 
scenarios may be masked by subsequent mag-
matic processes, but this information may be 
recorded in individual minerals (e.g., Davidson 
et al., 2007), and thus we believe that such sce-
narios deserve further consideration.

We interpret these single lobes to have failed 
to amalgamate in the larger and longer-lived 
portion of the main batholith because they 
formed away from the main chamber in colder 
host rock. The lobes underwent differentiation 
(fractionation crystallization, local remixing of 
fractionates within the lobes) and then crystal-
lized quickly without subsequent interchange 
with the main batholithic body. Minimum melt 
presence at least at some location in the lobes as 
suggested by the zircon ages ranges from ~2 to 
0.5 m.y. and is relatively short compared to the 
main batholiths, which had zircons crystallizing 
over 8–10 m.y. This implies that lobes froze in 
shorter, less complicated snapshots of the frac-
tionation and external (emplacement) processes 
as opposed to the main batholith, where more 
complicated, longer-lived processes were re-
corded (e.g., amalgamation of multiple pulses 
from different sources, fractionation within, 
overprinted by mixing and recycling between 

15–30 km

Porphyritic Half Dome lobe

Fractionation, crystallization and cooling front

2 km

3 km

89.7 ± 0.2 Ma90.1 ± 0.1 Ma

Homogeneous
Half Dome

source

Figure 12. Schematic cross-
section  view of the porphyritic 
Half Dome granodiorite lobe. 
Explanation is as in Figure 4. 
Model suggests that lobe-
wide zircon (other minerals?) 
recycling and fractionation 
crystallization took place in a 
crystal-magma mush, which 
was moving and crystallizing 
toward the center of the lobe 
as more buoyant fractionates 
were migrating upward. Zir-
con symbols with core are ante-
crysts and xenocrysts, whereas 
zircons without core represent 
autocrystic crystals.
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