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Abstract

Geochemical analyses and geobarometric determinations have been combined to create a depth vs. radiogenic heat

production database for the Sierra Nevada batholith, California. This database shows that mean heat production values first

increase, then decrease, with increasing depth. Heat production is ~2 AW/m3 within the ~3-km-thick volcanic pile at the top of

the batholith, below which it increases to an average value of ~3.5 AW/m3 at ~5.5 km depth, then decreases to ~0.5–1 AW/m3 at

~15 km depth and remains at these values through the entire crust below 15 km. Below the crust, from depths of ~40–125 km,

the batholith’s root and mantle wedge that coevolved beneath the batholith appears to have an average radiogenic heat

production rate of ~0.14 AW/m3. This is higher than the rates from most published xenolith studies, but reasonable given the

presence of crustal components in the arc root assemblages. The pattern of radiogenic heat production interpreted from the

depth vs. heat production database is not consistent with the downward-decreasing exponential distribution predicted from

modeling of surface heat flow data. The interpreted distribution predicts a reasonable range of geothermal gradients and shows

that essentially all of the present day surface heat flow from the Sierra Nevada could be generated within the ~35 km thick crust.

This requires a very low heat flux from the mantle, which is consistent with a model of cessation of Sierran magmatism during

Laramide flat-slab subduction, followed by conductive cooling of the upper mantle for ~70 m.y. The heat production variation

with depth is principally due to large variations in uranium and thorium concentration; potassium is less variable in

concentration within the Sierran crust, and produces relatively little of the heat in high heat production rocks. Because silica

content is relatively constant through the upper ~30 km of the Sierran batholith, while U, Th, and K concentrations are highly

variable, radiogenic heat production does not vary directly with silica content.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Heat production; Heat flow; Sierra Nevada; Heat producing elements; Geothermal gradient
0024-4937/$ - s

doi:10.1016/j.lit

* Correspondi

E-mail addre
) 229–244
ee front matter D 2005 Elsevier B.V. All rights reserved.

hos.2005.06.003

ng author. Tel.: +1 403 210 8691; fax: +1 403 284 0074.

ss: rbrady@ucalgary.ca (R.J. Brady).

https://core.ac.uk/display/357405115?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


R.J. Brady et al. / Lithos 86 (2006) 229–244230
1. Introduction

Knowledge of the distribution of radiogenic heat

production as a function of depth in the Earth is critical

for the determination of crustal thermal and rheologi-

cal structure, and provides an important constraint on

geochemical, petrological, and tectonic models of

crustal evolution (e.g., Turcotte and Oxburgh, 1972;

Albarede, 1975; Buntebarth, 1976; Gosnold, 1987;

Shapiro et al., 1999; Beaumont et al., 2001). However,

variation of heat production with depth has rarely been

empirically constrained (Lambert and Heier, 1967;

Swanberg, 1972; Nicolaysen et al., 1981; Hart et al.,

1981; Kremenetsky et al., 1989; Ketcham, 1996;

Kumar and Reddy, 2004). Instead, heat production is

typically assumed to decrease exponentially with

depth, and the exponential is scaled to be consistent

with surface heat flow data. The exponential distribu-

tion model for radiogenic heat production has seen

widespread use and acceptance since it was first pro-

posed by Lachenbruch (1968), but represents, at best, a

gross simplification of the actual heat production pro-

file in any particular geologic setting (c.f. Kreme-

netsky et al., 1989; Ketcham, 1996).

The exponential distribution model is based on the

observation that co-located heat flow and near-surface

heat production determinations within a particular

heat flow province commonly fall on or near a line

defined by the equation:

Q0 ¼ QR þ DA0

where Q0 is the surface heat flow, QR is the reduced

heat flow value (the intercept of the best fit line at

A0=0), D is the slope of the best-fit line through the

data, and A0 is the near-surface radiogenic heat pro-

duction. The value of D is interpreted to represent the

depth scale of variation of heat production, and QR the

background heat flux (generally assumed to be the

mantle contribution to total heat flux). This linear

relationship could be explained by a model in which

radiogenic heat production is constant from surface to

a depth D, and then decreases to a regionally uniform

value such that integrated heat production below that

point is QR (Birch et al., 1968; Roy et al., 1968). This

may be reasonable in so far as sheet-like plutons of

near-constant thickness apparently are found at or near

the surface in some cases (e.g., Birch et al., 1968; Roy
et al., 1968), but is probably not widely applicable

because such a model requires a very fortuitous his-

tory of magma emplacement and erosion to create a

layer of plutons with laterally variable heat production

(A0) but constant thickness (D) over a large area.

Lachenbruch (1968) proposed an exponential distri-

bution model

A zð Þ ¼ A0e
�z=D

where heat production, A, varies as a function of

depth, z. This relationship is arguably more realistic

in so far as it would produce the linear relationship of

A0 vs. Q0 in spite of spatially variable erosion.

Lachenbruch (1968, 1970) noted that the exponen-

tial relationship had not been independently con-

firmed by depth vs. heat production studies, and his

discussion infers that the model may apply only to a

systematically differentiated granitoid crust.

While an exponential decrease of heat producing

elements with depth provides an elegant mathemat-

ical alternative to the generation of empirical depth

vs. heat production profiles, the model is not vali-

dated by direct measurements of the distribution of

radiogenic heat production in the crust. Radiogenic

heat production often changes in a discontinuous or

stepwise pattern as lithology changes downward. In

studies where upper crustal lithologies are included,

heat production tends to first increase with depth,

then decrease with depth (Hart et al., 1981; Nicolay-

sen et al., 1981; Ashwal et al., 1987; Kremenetsky et

al., 1989; Ketcham, 1996). In cases where radiogenic

heat production is seen to decrease downward, errors

in heat production and/or depth determinations have

been too large to test the exponential model (e.g.,

Swanberg, 1972; Swanberg and Blackwell, 1973;

Nicolaysen et al., 1981). One study of depth vs.

heat production within a single pluton from the

Sierra Nevada, California was permissive of either

a linear or an exponential depth distribution of heat

production, but with a depth scale (D) of only 2.2

km (Sawka and Chapell, 1988), which is inconsistent

with D =10.1 km for the Sierra Nevada as a whole

(Lachenbruch, 1968). In addition to a lack of empir-

ical evidence for an exponential depth distribution of

heat producing elements (HPEs), modeling of realis-

tic crustal structures has shown that it is possible to

generate a linear heat production vs. heat flow rela-

tionship from a crust that has generally downward-
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decreasing, but laterally highly variable, HPE abun-

dance (e.g., Fountain et al., 1987).

If the exponential distribution model is correct

anywhere, it is perhaps within large continental arcs

or batholiths, where numerous magmatic bodies have

long histories of melting, differentiation, and migra-

tion that could conceivably produce a systematic up-

ward increase in incompatible HPE abundance. For

example, data from the Closepet Batholith in the

Dharwar Craton of southern India does show a rough-

ly exponential distribution of radiogenic heat produc-

tion over a paleodepth range of ~8–20 km (Kumar and

Reddy, 2004). However, even in the end-member case

of a crustal section that has undergone progressive

fractionation upwards, there is no a priori reason for

the heat producing element concentrations to decrease

exponentially with depth.

Given the overall inability of the exponential dis-

tribution model for radiogenic heat production to

accurately represent the results of most published

empirical studies, it would be preferable to replace it

with a set of empirically constrained models that

define the probable patterns of crustal heat production,

ideally one for each heat flow province (or at least one

for each type and age of crust). This has previously

been untenable, simply due to the great effort in-

volved in acquiring a sufficient number of heat pro-

duction measurements, and the lack of deep drill-holes

or exhumed crustal sections with sufficient paleodepth

control. However, modern mass spectrometry, com-

bined with an increased number of well-understood

tectonically exposed crustal sections, and an increased

selection of reliable geobarometers, makes such

efforts more feasible.

In this study, we compiled published U, Th and

K concentration and geobarometry data on rocks

from the California arc (Sierra Nevada and related

terranes in California) in order to determine the heat

production profile of the arc crust. We added 25 new

heat production analyses from the southern Sierra

Nevada and estimated the distribution of radiogenic

heat production as a function of depth in the Meso-

zoic arc. We show that: (1) heat production gener-

ally decreases with depth, but not exponentially, (2)

the heat producing elements are most abundant at

paleo-depths of ~5 km where hydrothermal alter-

ation is most pronounced, and limited amounts of

fluid-saturated re-melting of granitoids and silicic
volcanics may have occurred, and (3) the thickness

of the felsic batholith (z30 km in California) is

significantly greater than predicted from modeling

of heat flow data.
2. Geology of the Sierra Nevada

The Sierra Nevada Batholith is an overall north-

ward-plunging exposure of the upper ~35–42 km

thick felsic-intermediate crust of the Jurassic to Cre-

taceous continental arc (Ague and Brimhall, 1988;

Saleeby, 1990; Pickett and Saleeby, 1993; Fliedner

et al., 1996); Fig. 1). Rocks exposed in the northern

and central Sierra Nevada crystallized at depths of b4

km (~0.1 GPa; Ague, 1997) and include eruptive

equivalents of the underlying intrusive rocks (Fiske

and Tobisch, 1994), while those from the southern-

most Sierra Nevada crystallized at ~25–30 km (0.7–

0.9 GPa; Pickett, 1991; Pickett and Saleeby, 1993;

Ague, 1997; Fig. 2). Low seismic velocities in the

Sierran crust (~6.25 km/s; Savage et al., 1994; Rup-

pert et al., 1998; Fliedner et al., 2000; Ducea, 2001)

support the assumption that exhumed felsic to inter-

mediate rocks in the southern Sierra Nevada batholith

are representative of unexhumed arc rocks to the

north. Xenolith populations from Miocene volcanics

in the central Sierra Nevada are consistent with this

interpretation as they include felsic arc-related rocks;

these volcanics plumb the upper mantle, but no good

barometric indicators have been found for the felsic

samples so it is not clear what depth they came from

(Ducea and Saleeby, 1996).

In addition to the main body of the Sierra Nevada

Batholith, a tectonically offset block of Sierran rocks

crops out in the Santa Lucia Mts. of coastal California

(Fig. 1; Hall, 1991). The Sierran affinity rocks in the

Santa Lucia Mts. include tonalites, diorites, gabbros

and metasediments. These rocks were exhumed from

depths of ~26–40 km (0.75–1.0 GPa; Kidder et al.,

2003, 2004).

Deeper portions of the Sierran arc lithosphere are

sampled by small volumes of mafic to intermediate

volcanics that erupted through the Sierra Nevada and

carried xenoliths from depths of ~25 to 125 km

(Dodge et al., 1986, 1988; Mukhopadhyay, 1989;

Mukhopadhyay and Manton, 1994; Ducea and Sale-

eby, 1996; Saleeby et al., 2003). These volcanics
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Fig. 1. Map showing numbered sample localities for new data points and general sample areas for previously published data within the main

outcrop mass of the Sierra Nevada batholith and the tectonically offset equivalent in the Santa Lucia Mts.
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occurred in two distinct intervals, one in the Mid-

Miocene, and the other in the Plio–Pleistocene; each

set shows a different sub-Sierran mantle lithosphere
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residue of the batholith) from ~40 to 75 km, and

mantle wedge peridotites to ~125 km (Ducea and

Saleeby, 1996, 1998c). In contrast, the younger vol-

canics include no eclogitic material; instead mantle

peridotites begin immediately beneath the felsic crust,

from depths of ~40 km downward. This change in

composition has been interpreted as being caused by

foundering of the batholith root, and replacement by

upper mantle material (Ducea and Saleeby, 1998a;

Saleeby et al., 2003). Because we are interested in

constructing a depth vs. heat production profile for the

Jurassic–Cretaceous crust; we will only consider data

from the older xenolith sample suite.
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Fig. 3. Paleodepth vs. radiogenic heat production plot for the Sierra

Nevada batholith. Data from published literature shown in grey (see

Table 1 for details), new data shown in black. Circles represen

metasediments, all data from igneous and meta-igneous rocks

shown as squares. Depth error bars represent average F1 kb errors

for a variety of barometric determinations, except for the samples

from the Minarets Caldera complex. The bar from 0 to 3 km depth

represents 61 samples from the Minarets Caldera ignimbrite, and is

plotted over a depth range equal to the measured stratigraphic

thickness of the ignimbrite (Fiske and Tobisch, 1994; Holt, 1994

Lowe, 1995). Samples plotted at 5.5 km depth come from a variety

of plutons in the Minarets and Merced Peak area and are plotted a

this depth because in situ melts fall between the PH2O=1 kb and

PH2O=2kb cotectics of the quartz+albite+orthoclase system

(Lowe, 1995; Tuttle and Bowen, 1958). The error bars on hea

productivity determinations are smaller than the symbols. Moho

depth is plotted at 40 km, consistent with the crustal structure

suggested by xenolith studies (Ducea and Saleeby, 1996, 1998a

and geophysical data (Fliedner et al., 1996; Wernicke et al., 1996)
3. Samples and techniques

The depth vs. heat production model was con-

structed using geobarometric and U, Th, and K con-

centration data from 82 sample locations within the

California arc. For 57 of these locations, data were

obtained from published geochemical, geobarometric,

and stratigraphic studies (Dodge et al., 1986; Pickett

and Saleeby, 1993; Holt, 1994; Lowe, 1995; Ducea

and Saleeby, 1998c; Ducea et al., 2003; Kidder et al.,

2003). The largest remaining data gaps, as a function

of depth, were filled with new analytical data from 25

locations.

For most locations, paleo-depth determinations and

corresponding geochemical measurements were made

on samples collected from the same outcrop. Howev-

er, for two samples from the Sierra Nevada Mts., as

well as the samples from the Tehachapi and Santa

Lucia Mts., geobarometric and geochemical determi-

nations were not co-located; rather, paleo-depth values

were calculated by linear interpolation between near-

by geobarometric determinations. In all cases paleo-

depths represent Late Cretaceous sample depths, as all

sampled lithologies were emplaced or deposited dur-

ing that time interval (Ducea, 2001).

For the newly analyzed samples, HPE abundances

were determined by measuring concentrations of 39K,
238U, and 232Th in dissolved samples of whole rock

using quadrupole Inductively Coupled Plasma Mass

Spectrometry (ICPMS) at the University of Victoria

and California State University, Bakersfield. This in-

volved crushing and powdering of N300 g of rock

down to a grain size of b60 Am, followed by multi-
step dissolution of 50 to 100 mg aliquots in hot,

concentrated nitric, hydrofluoric, and boric acids. An-

alytical precision for these elements with the ICPMS
t

;

t

t

)

.



Table 1

Radiogenic element abundances and depth control data for samples of the Sierra Nevada batholith

Sample # Lithologya,b 39K

(%)

238U

(ppm)

232Th

(ppm)

A0 (K)

(AW/m3)

A0 (U)

(AW/m3)

A0 (Th)

(AW/m3)

A0 (Total)

(AW/m3)

P

(GPa)

Dc

(km)

Sourced

06-02 I 2.65 1.06 8.75 0.25 0.28 0.62 1.15 0.9 32.7 1

06-04 I 3.30 0.74 9.04 0.31 0.19 0.64 1.15 1.07 38.9 2

05-07 I 3.40 3.69 12.23 0.32 0.97 0.87 2.16 0.24 8.8 3

05-02 I 1.41 2.19 9.68 0.13 0.57 0.69 1.39 0.34 12.5 3

06-03 M 4.05 3.52 9.51 0.38 0.92 0.67 1.98 0.93 33.7 1

05-09 I 2.67 5.18 28.79 0.25 1.36 2.04 3.65 0.41 15.0 3

07-02A I 3.10 2.30 7.30 0.29 0.60 0.52 1.41 0.06 2.0 3

08-02 I 4.83 1.71 5.03 0.46 0.45 0.36 1.26 0.29 10.4 3

05-06 I 3.37 3.37 14.61 0.32 0.88 1.04 2.24 0.10 3.5 3

08-01 I 2.82 4.86 5.24 0.27 1.28 0.37 1.91 0.31 11.2 3

07-02B I 1.85 1.98 8.47 0.17 0.52 0.60 1.29 0.06 2.0 3

07-03 I 3.98 4.42 4.48 0.38 1.16 0.32 1.85 0.14 5.1 3

06-01A I 1.53 2.05 2.38 0.14 0.54 0.17 0.85 0.41 14.9 2

06-01B I 1.99 1.20 13.28 0.19 0.31 0.94 1.44 0.41 14.9 2

05-10 I 1.33 0.79 1.91 0.13 0.21 0.14 0.47 0.37 13.4 3

05-03 M 3.73 1.62 2.23 0.35 0.43 0.16 0.94 0.34 12.5 3

03-04 I 2.30 1.28 7.76 0.22 0.34 0.55 1.10 0.44 16.0 2

05-05 I 3.14 2.85 21.64 0.30 0.75 1.53 2.58 0.26 9.4 3

05-01 I 3.20 4.35 9.77 0.30 1.14 0.69 2.14 0.34 12.5 3

05-08 I 2.00 1.41 4.97 0.19 0.37 0.35 0.91 0.24 8.8 3

03-02 I 1.40 0.63 1.83 0.13 0.17 0.13 0.43 0.57 20.8 3

03-03 I 0.90 1.23 5.27 0.08 0.32 0.37 0.78 0.57 20.9 3

07-01 I 3.30 5.82 21.65 0.31 1.53 1.53 3.37 0.06 2.1 3

05-04 I 2.90 2.52 8.64 0.27 0.66 0.61 1.55 0.31 11.2 3

03-07 I 0.50 0.87 0.50 0.05 0.23 0.04 0.31 0.41 15.0 3

03-06 I 2.60 4.46 18.41 0.25 1.17 1.30 2.72 0.45 16.5 3

709.2 I 1.30 1.00 1.60 0.12 0.26 0.11 0.50 0.75 27.3 4

730.3 I 0.70 0.00 0.00 0.07 0.00 0.00 0.07 0.75 27.3 4

802.6 I 0.92 0.00 0.60 0.09 0.00 0.04 0.13 0.75 27.3 4

813.2 I 1.14 0.00 1.10 0.11 0.00 0.08 0.19 0.75 27.3 4

813.1 I 1.80 0.00 0.60 0.17 0.00 0.04 0.21 0.75 27.3 4

814.2 I 0.43 0.00 0.60 0.04 0.00 0.04 0.08 0.75 27.3 4

814.9 I 0.37 0.00 0.00 0.03 0.00 0.00 0.03 0.75 27.3 4

817.1 I 0.76 0.00 0.00 0.07 0.00 0.00 0.07 0.75 27.3 4

812.1 I 0.36 0.00 0.00 0.03 0.00 0.00 0.03 0.75 27.3 4

814.12 I 0.41 0.00 0.00 0.04 0.00 0.00 0.04 0.75 27.3 4

718.3 I 0.88 0.00 2.00 0.08 0.00 0.14 0.22 0.75 27.3 4

711.3 M 0.24 0.80 8.20 0.02 0.21 0.58 0.81 0.75 27.3 4

815.3B M 2.42 0.00 6.00 0.23 0.00 0.43 0.65 0.75 27.3 4

TC-8 M 3.07 3.20 9.90 0.29 0.84 0.70 1.79 0.80 29.1 5

CM-9 I 1.54 0.29 0.63 0.15 0.08 0.04 0.26 0.45 16.4 5

GC-17 I 0.94 0.14 0.00 0.09 0.04 0.00 0.12 0.83 30.2 5

PC175 I 0.04 0.02 0.00 0.00 0.01 0.00 0.01 0.82 29.8 5

PTC42 I 1.12 0.80 0.52 0.11 0.21 0.04 0.35 0.82 29.8 5

TC-9 I 0.14 0.02 0.00 0.01 0.00 0.00 0.02 0.85 30.9 5

TC-19 I 0.09 0.02 0.00 0.01 0.01 0.00 0.01 0.85 30.9 5

TC42 I 1.07 0.14 0.00 0.10 0.04 0.00 0.14 0.82 29.7 5

TC45b I 0.75 0.11 0.00 0.07 0.03 0.00 0.10 0.82 29.7 5

TC-47 I 0.04 0.02 0.00 0.00 0.00 0.00 0.01 0.82 29.7 5

TC49b I 0.16 0.02 0.08 0.02 0.01 0.01 0.03 0.83 30.2 5

TC-83 I 0.18 0.02 0.00 0.02 0.01 0.00 0.02 0.85 30.9 5

GC-1 I 1.25 0.22 3.00 0.12 0.06 0.21 0.38 0.35 12.7 5

GC-14 I 0.75 0.12 11.00 0.07 0.03 0.78 0.86 0.85 30.9 5
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Sample # Lithologya,b 39K

(%)

238U

(ppm)

232Th

(ppm)

A0 (K)

(AW/m3)

A0 (U)

(AW/m3)

A0 (Th)

(AW/m3)

A0 (Total)

(AW/m3)

P

(GPa)

Dc

(km)

Sourced

GC-23 I 0.97 0.16 0.00 0.09 0.04 0.00 0.13 0.83 30.2 5

GC-33 I 1.44 0.23 0.07 0.14 0.06 0.00 0.20 0.83 30.2 5

GC-43 I 2.78 0.30 7.50 0.26 0.08 0.53 0.86 0.82 29.8 5

GC-50 I 1.36 0.19 0.00 0.13 0.05 0.00 0.18 0.80 29.1 5

GC-55 I 1.11 0.20 1.30 0.10 0.05 0.09 0.25 0.82 29.8 5

GC-60 I 0.36 0.03 0.00 0.03 0.01 0.00 0.04 0.82 29.8 5

PC35P I 4.16 1.00 5.90 0.39 0.26 0.42 1.05 0.82 29.8 5

TC-6 I 3.12 0.25 12.00 0.29 0.07 0.85 1.18 0.85 30.9 5

TC12b I 1.07 0.17 0.00 0.10 0.04 0.00 0.14 0.78 28.4 5

TC-34 I 1.16 0.50 0.00 0.11 0.13 0.00 0.24 0.80 29.1 5

Bc218 E 0.25 0.05 0.00 0.03 0.02 0.00 0.05 1.60 58.2 6

B75 G 0.17 0.18 0.19 0.02 0.06 0.02 0.09 0.98 35.7 6

F34 E 0.11 0.03 0.02 0.01 0.01 0.00 0.02 3.30 120.1 6

Bc207 E 0.29 0.12 0.19 0.03 0.04 0.02 0.09 1.80 65.5 6

G39 G 0.24 0.22 0.11 0.03 0.07 0.01 0.11 2.10 76.4 6

G36 E 0.19 0.10 0.07 0.02 0.03 0.01 0.06 1.45 52.8 6

MCIe V 3.46 3.93 13.21 0.28 0.88 0.80 1.96 1.5 7

PPLPf I 3.71 4.00 22.50 0.35 1.05 1.59 2.99 0.15 5.5 8

RPLPg I 3.78 2.50 16.00 0.36 0.66 1.13 2.15 0.15 5.5 8

PPLh I 4.12 4.00 23.00 0.39 1.05 1.63 3.07 0.15 5.5 8

RPLi I 3.82 5.50 22.00 0.36 1.44 1.56 3.36 0.15 5.5 8

NCLj I 4.29 9.00 44.33 0.40 2.36 3.14 5.91 0.15 5.5 8

SLGk I 4.11 5.39 23.56 0.39 1.41 1.67 3.47 0.15 5.5 8

MPMl V 3.10 4.27 16.33 0.29 1.12 1.16 2.57 0.15 5.5 8

JLGm I 2.67 3.55 10.91 0.25 0.93 0.77 1.96 0.15 5.5 8

TKLn I 3.72 6.50 19.17 0.35 1.71 1.36 3.42 0.15 5.5 8

PPMEo I 2.10 3.67 8.67 0.20 0.96 0.61 1.78 0.15 5.5 8

RMVp I 4.43 6.78 24.44 0.42 1.78 1.73 3.93 0.15 5.5 8

CP71 P 0.80 1.40 0.20 0.09 0.45 0.02 0.56 1.25 45.5 9

Note: Radiogenic heat production is calculated by assuming total K=99.9881% 39 K+0.119% 40 K, total U=99.28% 238 U+0.72% 235 U, total

Th=100% 232 Th and elemental heat production=0.0035 AW/kg for Th, 96.7 AW/kg for U, and 26.3 AW/kg for Th (Emsley, 1989; Jessop, 1990).
a E=eclogite, G=granulite, I= intrusive igneous, M=metasediment, P=peridotite, V=volcanic.
b Densities were not measured for each sample, instead reasonable average values were assigned for each lithology. Assigned densities for

each lithology were: E,P,G=3300 kg/m3 ; I,M=2695 kg/m3 ; V=2695 kg/m3 or 2300 kg/m3 for the Minarets Caldera Ignimbrite.
c All pressure to depth conversions assume a constant density of 2695 kg/m3 (3.64 km/kbar).
d 1=geobarometric value interpolated from data in Pickett and Saleeby (1993) and Ague and Brimhall (1988); 2=geobarometric value newly

acquired Al-in-hornblende; 3=geobarometric value from Ague and Brimhall (1988); 4=geobarometric value and geochemical data from Kidder

et al. (2003); 5=geobarometric value and geochemical data from Pickett (1991); 6=geobarometric value from Ducea and Saleeby (1998c);

7=samples collected through the entire ~3 km thickness of the Minarets Caldera Ignimbrite (Holt, 1994), all data assigned to a median depth of

1.5 km. Geochemical data from Lowe (1995); 8=geobarometric value interpreted from melt composition and pluton emplacement at base of

Minarets volcanic pile (Tuttle and Bowen, 1958; Lowe, 1995) Geochemical data from Lowe (1995); 9=geobarometric value and geochemical

data from Dodge et al. (1986).
e Geochemical values represent the average of 61 samples of Minarets Complex Ignimbrite.
f Geochemical values represent the average of 2 samples of Post Peak Leucogranite Porphyry.
g Geochemical values represent the average of 2 samples of Red Peak Leucogranite Porphyry.
h Geochemical values represent the average of 4 samples of Post Peak Leucogranite.
i Geochemical values represent the average of 2 samples of Red Peak Leucogranite.
j Geochemical values represent the average of 3 samples of Norris Creek Leucogranite.
k Geochemical values represent the average of 18 samples of Shellenbarger Lake Granites.
l Geochemical values represent the average of 33 samples of Merced Peak Metavolcanics.

m Geochemical values represent the average of 11 samples of Jackass Lakes Granodiorite.
n Geochemical values represent the average of 6 samples of Timber Knob Leucogranite.
o Geochemical values represent the average of 3 samples of the Post Peak mafic enclave.
p Geochemical values represent the average of 9 samples of re-melted Merced Peak Metavolcanics.

Table 1 (continued)
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method ranges fromF3% (U and Th) at 2r toF10% at

2r (K). In order to monitor accuracy of the procedure,

aliquots of USGS standard whole rock powder GSP-1

were dissolved and analyzed concurrently with the

unknown samples; measured values overlapped with

accepted standard values within 2r analytical errors.

For 22 of the newly analyzed samples, no new

geobarometric determinations were necessary, as 21

of the samples were collected from the same outcrops

as those used by Ague and Brimhall (1988; exact

locations and barometric determinations provided by

Ague, pers. comm.), and one of them was collected

within a few km’s of samples previously analyzed by

Ague and Brimhall (1988) and Pickett and Saleeby

(1993). New geobarometric determinations were made

for three of the samples using the Aluminum-in-horn-

blende barometer (Hammarstrom and Zen, 1986); all

aluminum-in-hornblende barometric determinations,

including those from Ague and Brimhall (1988) were

re-calculated using the calibration of Schmidt (1992).

Radiogenic heat production was calculated for

each rock sample using accepted values of elemental

heat generation (Emsley, 1989; Jessop, 1990), with

the assumption that all isotopes of each element oc-

curred in natural abundances. A reasonable average

density was assigned for each major rock type (gran-

itoids and high grade metamorphic rocks: 2695 kg/m3,

ignimbrites: 2300 kg/m3, eclogites, granulites, and

peridotites: 3300 kg/m3).
4. Results

Depth of emplacement, HPE abundances, and ra-

diogenic heat production values for the 82 sample sites

are reported in Fig. 3 and Table 1. In most cases, HPE

abundance data reported for each site represent the

results from a single sample, collected from an intact

outcrop of essentially uniform lithology. In the case of

data reported for sample sites from the Minarets region

of the Sierra Nevada, the results for each sample site

represent an average of all analyses of numerous hand

samples (from 2 to 61) collected from a single geologic

unit; samples may have been collected as far as 2.5 km

apart within each unit (Lowe, 1995).

The resulting depth vs. heat production plot shows

a definite depth-dependent pattern, in spite of signif-

icant scattering of heat production values at any given
depth (Fig. 3). The upper 3 km of the sampled Sierran

Crust, comprising the Minarets Complex ignimbrites,

has an average heat production value of 1.96 AW/m3.

Heat production increases below this point, with the

highest values occurring between approximately 5 and

10 km paleodepth, where measured heat production

has a median value of 3.41 AW/m3, and a peak value

of 5.91 AW/m3. Between 10 and 40 km paleodepth the

median heat production value is 1.82 AW/m3. Below

40 km paleodepth, radiogenic heat production

decreases drastically, having an average value of

0.14 Aw/m3 between ~40 and 125 km.
5. Discussion

Our empirically constrained depth vs. heat produc-

tion plot for the Sierra Nevada batholith is the first

direct test of the exponential distribution model pro-

posed by Lachenbruch (1968) for this batholith, and

shows significant deviations from the predictions of

that model. While the observed overall downward

decrease in radiogenic heat production is suggestive

of an exponential curve, a calculated best-fit exponen-

tial fails to predict most of the highly radiogenic

material in the 5 to 10 km depth range, and falls far

below the median values for radiogenic heat produc-

tion below 20 km depth (Fig. 3).

As an alternative to an exponential curve, an inter-

pretive, empirically constrained model curve was con-

structed (Fig. 3). Because this curve is based on data

from Late Cretaceous xenoliths, intrusions, and meta-

morphic screens, it represents a Late Cretaceous depth

vs. heat production profile for the Sierra Nevada

batholith. This depth vs. heat production profile may

be a valid representation of heat production in the

Sierran crust and upper mantle from Late Cretaceous

until Late Miocene time, because there was apparently

no major alteration of the Sierran crust and uppermost

mantle until delamination of the Sierran root occurred

some time after ~8–12 Ma (Ducea and Saleeby,

1998a). The middle and upper crustal portions of

this curve should still apply to the central and northern

Sierra Nevada, if the batholith is more-or-less intact

and northward-plunging (Ague and Brimhall, 1988;

Saleeby, 1990; Pickett and Saleeby, 1993; Fliedner et

al., 1996). However, the interpreted Miocene or youn-

ger delamination of the Sierran crustal root means that
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Fig. 4. Calculated steady-state crustal geotherms for the preferred

interpretive model assuming two extreme values of heat flux from

the mantle to illustrate the total reasonable range of predicted crustal

temperatures (min. mantle flux: 0 mW/m2; max. mantle flux: 20

mW/m2; see text for discussion), and for the conventional exponen-

tial distribution model. In all cases, thermal conductivity remained

between 1.95 and 2.2 Wm�1 K�1, varying as a function of tem-

perature (Cull, 1976), heat capacity was fixed at 800 Jkg�1 K�1,

crustal density was fixed at 2695 kg m�3, and the coefficient of

thermal expansion was fixed at 1�10�5 K�1. For the conventional

exponential model, the accepted average Sierran surface heat flow

of 36 mW/m2 was used, along with a D value of 10 km and QR of

17 mW/m2 (Saltus and Lachenbruch, 1991); QR was assumed to

represent the heat flux from the mantle. The grey box labeled

bgeothermometric temperaturesQ corresponds to the range of tem-

peratures determined from Miocene lower crustal samples (Ducea

and Saleeby, 1996; Lee et al., 2000).
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the curve should not apply to the deeper portions of

the modern Sierra Nevada batholith. Futhermore, tec-

tonic unroofing of the southern Sierra Nevada (Sale-

eby, 2003) means that this profile is not expected to be

representative of that region except at the surface.

The upper 3 km of the interpretive model curve is

fixed by the measured heat production value (1.96 AW/

m3) of the Minarets Ignimbrite (Holt, 1994). Below

that point, the curve increases linearly to the mean

value for the shallow intrusives at the base of the

Minarets Caldera Complex (3.15 AW/m3 at 5.5 km).

It then decreases linearly to a value of 0.53 AW/m3 at

15 km depth, below which it remains constant to the

base of the crust at 40 km. This constant value through

the middle to lower crust seems reasonable not just as a

mean value for the observed data, but also because the

well-exposed Sierra Nevada batholith shows no sig-

nificant average lithological/compositional changes

through most of this depth range (Saleeby, 1990;

Ducea, 2001, 2002; Saleeby et al., 2003). The slopes

from 3–5.5 and 5.5–15 km depth are chosen to be

linear for simplicity, and because there is insufficient

control to justify a more complex curve shape.

Although the interpretive model curve is probably

only a valid representation until Late Miocene time, its

predictions regarding surface heat flow can be com-

pared to modern surface heat flow measurements be-

cause the thermal effects of the interpreted Miocene or

younger lower crustal delamination should require

several tens of millions of years to be conductively

transmitted through the crust (c.f. Dumitru, 1990). It

predicts a value of crustal heat production that falls

within the range of values calculated for average sur-

face heat flow, implying a low mantle heat flux. It

predicts 42.3 mW of crustal heat production beneath

each square meter of the Sierran surface, while average

surface heat flow in the Sierra Nevada is between 36

and 52 mW/m2, depending on whether or not anoma-

lously hot values are filtered out of the data set (Saltus

and Lachenbruch, 1991). These values permit a max-

imum mantle heat flux of ~10 mW/m2 at ~10 Ma.

The steady-state geotherm predicted by the inter-

pretive model depends on the value that is chosen for

heat flux from the mantle (Fig. 4). Although mantle

heat flux is poorly constrained, both modeling of

surface heat flow data (Saltus and Lachenbruch,

1991) and interpretation of our data set suggest that

it is between 0 and 20 mW/m2. Using this range of
values, the predicted basal crustal temperatures range

from ~330 to ~730 8C. The upper part of this range of
values seems reasonable, as it overlaps with the deep

crust–upper mantle equilibration temperatures of be-

tween ~570 and 750 8C, recorded geothermometri-
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cally in Miocene samples (Ducea and Saleeby, 1996;

Lee et al., 2000).

If the geothermometrically derived deep crust–

upper mantle temperature data are used to constrain

the permissible basal crustal temperature, and crustal

heat production is assumed to be represented by the

interpretive model curve, then the heat flux from the

mantle in Miocene time is limited to a range of 11 to

20 mW/m2. The low end of this range is roughly

coincident with ~10 mW/m2 value suggested above

by subtraction of the total model crustal heat produc-

tion from the average observed surface heat flow.

The suggestion that nearly all of the surface heat

flow comes from crustal radiogenic heat production,

and mantle heat flux is very low, is also consistent

with the results of modeling of fission track data,

which suggests rapid cooling of the Sierran crust

between ~75 and 65 Ma (Dumitru et al., 1991).

This rapid cooling of the Sierran crust was origi-

nally interpreted as occurring due to direct contact

with a shallowly dipping oceanic slab that was sub-

ducted during the Laramide orogeny (Henyey and

Lee, 1976; Dumitru et al., 1991), but xenolith evi-

dence for an intact subbatholith mantle lithosphere

into the Miocene (Ducea and Saleeby, 1996, 1998c)

disallows the possibility of direct contact between the

continental crust and subducting slab. An alternative

model for Laramide cooling under the Sierra Nevada

batholith has been proposed by Saleeby (2003), who

suggests that asthenospheric corner flow between the

Laramide slab and the Sierran batholith was cut off by

shallowing of the subduction angle of an ~500-km-

wide portion of the slab that extended NNE from

southern California into southern Wyoming (i.e., im-

mediately inboard of the Sierra Nevada batholith).

This should result in a cessation of arc magmatism

and conductive cooling of the sub-Sierran upper man-

tle since the latest Cretaceous or Early Paleogene,

consistent with both the apatite fission track data

and evidence from upper mantle xenoliths that sug-

gests Phanerozoic cooling from z1100 to V800 8C
(Lee et al., 2000; Saleeby et al., 2003).

The conductive cooling of mantle lithosphere

under the Sierra Nevada apparently ceased in the

Late Miocene or Pliocene, when the cold mantle

lithosphere was replaced by hot mantle astheno-

sphere, but this change has not yet affected the

surface heat flow. Plio–Pleistocene xenolith thermo-
barometry, petrography, and geophysical data all

show the presence of high-temperature, partial-melt-

bearing asthenosphere under much of the Sierra

Nevada (Wernicke et al., 1996; Ducea and Saleeby,

1998a,b). This asthenosphere is thought to have been

emplaced as a result of delamination of the cold,

dense Sierran root, and is at least temporally related

to Basin and Range extension (Ducea and Saleeby,

1998a; Zandt, 2003). The thermal pulse that should

be generated by the emplacement of hot astheno-

sphere has not yet reached the surface; this is con-

sistent with the z10 Ma that should be required for

the crust to re-establish a nearly steady state conduc-

tive geotherm (c.f. Dumitru, 1990).

The depth vs. heat production plot (Fig. 3) clearly

shows an interval of high radiogenic heat production

from ~5–10 km depth, which might represent a zone

of hydrothermal deposition of HPE-rich minerals or a

zone of emplacement of highly differentiated HPE-

rich granitoids (Fig. 5). Both hydrothermal alteration

and magmatic differentiation have been proposed as

primary controls on the distribution of HPEs in plu-

tonic environments (e.g., Lachenbruch, 1970; Gos-

nold, 1987; Sawka and Chappell, 1988). Because

our current data set was designed to provide a crust-

al-scale perspective on the distribution of radiogenic

heat production, it does not include detailed informa-

tion about the distribution of U, Th, and K within

each sample, as would be necessary to confidently

separate the effects of these two mechanisms. Further

work, including detailed petrography and determina-

tion of the distribution of HPEs in primary and

secondary minerals will be necessary to constrain

the controls on HPE distribution in the Sierra Nevada

batholith.

Although we do not have sufficient data to deter-

mine what process(es) control the distribution of

HPEs in the Sierra Nevada batholith, we can demon-

strate that there is no strong correlation between HPE

abundance and silica content. Silica content in the

upper 30 km of the Sierran crust is relatively invariant

(average ~62% SiO2); the average crust has the com-

position of a granodiorite at shallow levels (0–15 km)

and closer to a tonalite at greater depths (15–30 km;

Saleeby, 1990; Ducea, 2001; Ducea et al., 2003). In

contrast, U and Th concentrations vary by a factor of

~5 with depth (K concentrations also vary, but to a

lesser extent).
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The apparent lack of correspondence between silica

content and radiogenic heat production in our data set

from the Sierran crust implies that seismic velocities

cannot reliably be used as a proxy for radiogenic heat

production. This result is in general agreement with the

conclusions of Fountain (1986), who used rock density

and HPE measurements from the Archean Superior

province of North America to suggest that heat pro-

duction cannot be reliably predicted from seismic

velocity. It is in disagreement with earlier studies,

most noteably Rybach and Buntebarth (1984), who

concluded that seismic P-wave velocities are exponen-

tially related to rates of radiogenic heat production

because both are related to the cation packing index

of rocks.

Our interpretations regarding the use of seismic

velocities to infer HPE abundance agree with and

strengthen the conclusions drawn by Fountain

(1986), but because our data set deals with a large
number of polymineralic rock samples it arguably

provides a more direct test of the model of Rybach

and Buntebarth (1984). Rybach and Buntebarth

(1987) suggested that the criticism of Fountain

(1986) of their model was not valid because his

sample set was b arbitrarily selected, probably atypical
rock types,Q including anomalous rock types and pos-

sibly monomineralic rock types, while their seismic

velocity–HPE abundance relationship was a stochastic

one, valid for large sample sets of polymineralic

rocks.

Our data set is relatively large (n =225) and is

dominated by polymineralic intrusive rock types

(Table 1), and it suggests that there is no simple corre-

spondence between silica content and HPE abundance.

Therefore, although silica content might reasonably be

inferred from seismic velocities (Christensen and

Mooney, 1995), HPE abundance probably cannot be.

As pointed out by Fountain (1986), this is probably due
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to the fact that seismic velocities are dominantly con-

trolled by the abundant minerals in a rock (often quartz

and feldspars), while HPE abundance (particularly U

and Th) are dominantly controlled by the accessory

minerals.

The lack of correspondence between silica content

and HPE abundance in our data set also suggests that

the modeled thickness of a radiogenic-rich layer in the

crust is not necessarily representative of the thickness

of a felsic intrusion or layer of intrusions.

In addition to constraining crustal heat production,

the paleodepth vs. radiogenic heat production data-

base provides valuable constraints on upper mantle

heat production. Upper mantle heat production data

are important in constraining mantle heat fluxes and

models of lithospheric structure (e.g., Rudnick et al.,

1998; Jaupart and Mareschal, 1999), but such data are

very limited in number, and modeling of lithospheric

thermal structure for any given heat flow province is

therefore generally dependent on extrapolation of xe-

nolith data from elsewhere.
Table 2

Radiogenic element abundance data for Sierran xenoliths

Sample# Lithology Densitya K2O % 39K % U

(p

BC216 Eclogite 3300 0.37 0.31 0.1

BC221 Gar–websterite 3300 0.25 0.21 0.1

BC218 Eclogite 3300 0.09 0.07 0.0

96F34 Gar–websterite 3300 0.13 0.11 0.0

BC207 Carbonate eclogite 3300 0.05 0.04 0.7

96G39 Eclogite 3300 0.22 0.18 0.2

96G36 Eclogite 3300 0.23 0.19 0.1

BC30 Wehrlite 3300 0.60 0.50 0.0

BC200 Clinopyroxenite 3300 0.09 0.07 0.0

BC220 Peridotite 3300 0.20 0.17 0.0

CP87 Lherzolite 3300 0.93 0.77 0.8

CP71 Lherzolite 3300 0.24 0.20 0.3

CP150 Websterite 3300 0.00 0.00 0.2

CP28 Websterite 3300 0.00 0.00 0.0

CP69 Harzburgite 3300 0.21 0.17 0.3

CP96 Websterite 3300 0.00 0.00 0.3

CP36 Clinopyroxenite 3300 0.00 0.00 0.3

CP161 Clinopyroxenite 3300 0.00 0.00 0.1

CP179 Orthopyroxenite 3300 0.00 0.00 0.0

CP166 Clinopyroxenite 3300 0.15 0.12 0.1

CP92 Orthopyroxenite 3300 0.03 0.03 0.7

CP119 Websterite 3300 0.00 0.00 2.5

CP50 Websterite 3300 0.00 0.00 0

All data come from xenoliths entrained in Miocene or older volcanics (D
a Densities were not measured for each sample, 3300 kg/m3 was chose
In the case of the Sierra Nevada batholith, xeno-

liths suitable for both geobarometric and geochemi-

cal analyses are available, and they suggest that the

upper mantle had a mean radiogenic heat production

rate of 0.069 AW/m3 (Fig. 3; excluding the highly

radiogenic sample at 45.5 km). In addition, several

mantle xenoliths have been sampled that have no

direct geobarometric control, but for which HPE

analyses are available. If these xenoliths are added

to the calculation, mean upper mantle heat produc-

tion is ~0.14 AW/m3 (n =23; Table 2). These values

are higher than most other reported averages for

upper mantle heat production (0.02–0.09 AW/m3,

excluding kimberlites; (Rudnick et al., 1998). Most

of these estimates however come from Archean

crustal sections, where ongoing radioactive decay

through ~3 Ga means that heat production has de-

creased by a factor of ~2 since the Mid-Archean.

Furthermore, the sub-Sierran mantle wedge xenolith

suite shows evidence of slab-derived fluid enrich-

ment in incompatible elements, including K, U, and
pm)

Th

(ppm)

A0 (K)

(AW/m3)

A0 (U)

(AW/m3)

A0 (Th)

(AW/m3)

A0 (Total)

(AW/m3)

22 0.201 0.035 0.039 0.017 0.092

08 0.212 0.024 0.034 0.018 0.077

51 0.005 0.009 0.016 0.000 0.025

36 0.017 0.012 0.011 0.001 0.025

24 0.189 0.005 0.231 0.016 0.252

21 0.113 0.021 0.070 0.010 0.101

03 0.069 0.022 0.033 0.006 0.061

13 0.081 0.058 0.004 0.007 0.069

39 0.220 0.009 0.012 0.019 0.040

91 0.201 0.019 0.029 0.017 0.066

1.4 0.089 0.255 0.122 0.466

0 0.023 0.096 0.000 0.119

0.06 0.000 0.064 0.005 0.069

8 0.16 0.000 0.026 0.014 0.039

0.17 0.020 0.096 0.015 0.131

0.56 0.000 0.096 0.049 0.144

0.56 0.000 0.096 0.049 0.144

0 0.000 0.032 0.000 0.032

7 0.2 0.000 0.022 0.017 0.040

1 0.23 0.014 0.035 0.020 0.069

0.08 0.003 0.223 0.007 0.233

0.3 0.000 0.798 0.026 0.824

0 0.000 0.000 0.000 0.000

Average: 0.136

ucea, 2004).

n as a reasonable value for upper mantle lithologies.
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Th (Mukhopadhyay and Manton, 1994; Ducea et al.,

2005), which would increase its heat production

relative to ancient cratonic regions.

If the mantle wedge from ~40–125 km depth had

an average heat production of 0.14 AW/m3, then it

should contribute ~12 mW/m2 to the surface heat flux.

This is slightly greater than the maximum mantle heat

flux calculated by subtracting our model crustal heat

production from the average surface heat flow. This,

in turn, suggests that no heat from deeper portions of

the mantle is reaching the surface of the Sierra

Nevada, consistent with the idea that a flat, cool

Laramide slab was underlying the Sierran lithosphere

at z125 km. A cool oceanic slab at this depth would

refrigerate the overlying lithosphere and insulate it

from the deeper portions of the mantle.
6. Conclusions

Radiogenic heat production within the Sierra

Nevada batholith is probably not distributed expo-

nentially as a function of depth. Rather, it may be

nearly constant at ~2 AW/m3 through the volcanic

pile near the top of the batholith, then increase to

values typically near 3–4 AW/m3 at ~5 km paleo-

depth, then decreasing again to ~0.5–1 AW/m3 by

~15 km paleodepth, below which radiogenic heat

production may remain more-or-less constant to the

base of the crust. The Cretaceous mantle wedge that

developed beneath the Sierra Nevada batholith, to

depths of ~125 km, appears to have generated heat at

a rate of ~0.14 AW/m3.

The exponential model of HPE distribution has

been interpreted as possibly representing the effects

of a thin (~10–15 km), highly radiogenic, felsic bath-

olith over an essentially non-radiogenic mid- to lower

crust (c.f.Birch et al., 1968; Lachenbruch, 1968,

1970). Our observation of a non-exponential distribu-

tion of HPEs and a weak correlation between silica

content and HPE abundance refutes such interpreta-

tions, and suggests that surface heat flow data pro-

vides little constraint on the location or thickness of

the felsic batholith.

Our empirically constrained model for the distri-

bution of radiogenic heat production predicts reason-

able geothermal gradients that overlap with values

determined from thermobarometry. The model also
predicts that radiogenic heat production in the Sierran

crust accounts for most or all of the present day

surface heat flow, implying that the mantle heat flux

was very low, at least until ~10 Ma.

The non-exponential form of the depth vs. radio-

genic heat production curve proposed herein does not

predict or explain a perfectly linear Q0 vs. A0 rela-

tionship for surface heat flow data. However, given

the departures from linearity seen in the Q0 vs. A0 plot

for the Sierra Nevada (c.f. Fig. 3 of Saltus and

Lachenbruch, 1991) this may not be a problem, as

the depth vs. radiogenic heat production curve is

crudely similar to an exponential at depths below ~5

km and most of the Sierra Nevada has had more than

5 km of material erosionally removed (c.f. Fig. 2). The

interpretive model curve may therefore be consistent

with the crudely linear Q0 vs. A0 data plot.
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