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ABSTRACT

We studied the formation of low-initial-Sr felsic plutons by using data from
the Early Cretaceous western Peninsular Ranges batholith near Escondido, Cali-
fornia. The systematically sampled Escondido plutons have a uniformly low initial
¥Sr/*Sr isotope ratio of Sr, < 0.704, but a wide range of SiO, compositions, from 46
to 78 wt %, which fall in three distinct groups: 20% gabbros, 35% tonalites, and 45 %
granodiorites. These low-Sr, plutons are unique in having undergone one cycle of
mantle melting to give basalt composition rocks, and a second cycle of arc basalt melt-
ing to give a range of SiO, plutons, but no third cycle of melting and contamination by
old continental crust to yield high-Sr, rocks. After doing two-cycle partial melting and
fractional crystallization calculations, it was recognized that mixing of gabbro and
granodiorite magmas was necessary to yield the tonalites. The linear data pattern on
Harker diagrams is interpreted as resulting from mixing of mafic magma from par-
tial melting of the mantle and felsic magma from partial melting of the lower crust to
form intermediate magma. These plutons provide a simplified two-cycle Phanerozoic
example of the petrogenetic process for forming continental crust.

*E-mails: bclausen @llu.edu; douglasmmorton @ gmail.com; rkistler @usgs.gov; ctlee @rice.edu.
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INTRODUCTION

Very few Phanerozoic arc plutons are low in initial ¥Sr/*Sr
ratios (Sr,) yet high in SiO, concentrations. Formation of the rel-
atively rare low-Sr, and high-SiO, plutons in the northwestern
Peninsular Ranges batholith of southern California are studied
here in their relation to low-Sr, and low-SiO, primitive basalts
and high-Sr; and high-SiO, mature arc granitoids in the rest of
the northern Peninsular Ranges batholith and elsewhere, as sum-
marized in Table 1.

This report on the low-Sr, plutons of the northwestern Pen-
insular Ranges batholith first describes past work and sample
analyses. Next, geochemical data are used to confirm that calc-
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alkaline magmatism occurred at a shallow level with volcanic-arc
basalts and no contamination from continental crust. Two-cycle
differentiation calculations for partial melting and fractional
crystallization are then performed for comparison with the range
of SiO, composition data. A discussion is included on the impor-
tant role of magma mixing, the results of mass balance calcula-
tions, and an application to continental crust formation. Finally, a
petrogenetic scenario is outlined for these processes.

PENINSULAR RANGES BATHOLITH

Numerous research projects have studied the tectonics, geo-
chemistry, and geophysics of the Peninsular Ranges batholith.

TABLE 1. SUMMARY OF IGNEOUS ROCKS BASED ON Sr; and SiO, CONTENT

First cycle Sri < 0.704

Volcanic

SiO; < 55%

Mid-ocean-ridge basalt (MORB), ocean-island basalt (OIB)

Island-arc basalt (IAB)—in, e.g.,

e  Scotia Sea and South Shetland Islands (Saunders and Tarney, 1984)

e |zu-Bonin-Mariana arc (Stern et al., 2003)

e  Santiago Peak volcanics in southern California (Tanaka et al., 1984)

Second cycle Sri < 0.704
Volcanic
Uncontaminated island arcs (Gill, 1981)—some in
e Philippines (DuFrane et al., 2006)

e  Aleutians (Kay et al., 1978)

S|02 > 55%

e Fiji, Tonga-Kermadec, New Britain, Marianas, Japan, Kamchatka, Kurils, South Sandwich Islands

Uncontaminated continental arcs—some in

. Andes and Cascades (Grove et al., 1982; Conrey et al., 2001)
may be extrusive equivalent of western Peninsular Ranges batholith (Lee et al., 2007)

Plutonic

Precambrian plutons (Faure and Powell, 1972)—many in

. Africa (Fitches et al., 1983)

o Canadian Shield, basement of western United States (Ernst, 1990)

Anorogenic plutons—a few in
o Oslo graben (Neumann, 1980)
. New Hampshire (Eby et al., 1992)

. continent-continent collision granites in the Carolinas (Fullagar and Butler, 1979)
Uncontaminated Phanerozoic volcanic arc plutons—a few in

. Newfoundland (Whalen et al., 1987)

Pisco valley, Linga Super-unit, Coastal Batholith, Peru (Beckinsale et al., 1985)

. Japan (Kamiyama et al., 2007)

. New Zealand (Tulloch and Kimbrough, 2003)

. Himalayas (Mikoshiba et al., 1999)

o Lachlan fold belt, Australia (Keay et al., 1997)

J Aleutians (Kay et al., 1983)

. British Columbia (Armstrong, 1988)

. Idaho (Armstrong et al., 1977; Fleck and Criss, 1985; Criss and Fleck, 1987)
o Klamath Mountains (Snoke and Barnes, 2006)

e Sierra Nevadas (Kistler and Peterman, 1978)

northwestern Peninsular Ranges batholith (Baird and Miesch, 1984; Langenheim et al., 2004)

Third cycle or more Sri > 0.704

Volcanic

Si02 > 55%

Contaminated island arcs (Gill, 1981)—very common, e.g.,
e Kamchatka, Japan, New Zealand, N. Lesser Antilles, Taiwan

Plutonic
Phanerozoic plutons—most common, e.g.,

o eastern Peninsular Ranges batholith (Baird and Miesch, 1984; Langenheim et al., 2004)
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The relevant geology and major faults of the region are shown in
Figure 1. Published data include major-element analyses, U-Pb,
Rb-Sr, K-Ar, Sm-Nd, and 8"0 isotope analyses, as well as spe-
cific gravity, aeromagnetic, and seismic data. A partial summary
with references was tabulated by Symons et al. (2003).

The most prominent geochemical feature in this region is the
north-south boundary, or transition zone, that divides the Penin-
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sular Ranges batholith into western and eastern regions (Jachens
and Morton, 1991; Schmidt et al., 2002; Morton et al., this vol-
ume). Evidence for the transition zone comes from contrasts in
lithology, major and trace elements, stable isotopes, geophysi-
cal properties, and emplacement ages (Baird and Miesch, 1984;
Morton and Miller, 1987; Silver and Chappell, 1988; Kistler and
Morton, 1994; Morton and Kistler, 1997; Kistler et al., 2003).
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Figure 1. Map for the northern Peninsular Ranges batholith (PRB) in southern California showing major faults and
the transition and shear zones. Distribution of pre-Cretaceous Santiago Peak volcanics and Bedford Canyon and
French Valley marine metasediments are redrawn from Rogers (1965) and Strand (1962). Circles show the location
of samples collected by Baird et al. (1974a, 1979): Black, blue, and red circles locate the Escondido samples that
are the subject of this report, with atypical samples shown by open circles; open gray circles locate the remaining
samples, with those northeast of the San Jacinto fault being emphasized in the text. Sample locations are also shown
for published Sm-Nd (DePaolo, 1981) and U-Pb (Kistler et al., 2003) isotope data. The updated 8O contours use
data from Silver et al. (1979), DePaolo (1981), and Kistler et al. (2003). B—Triassic; J—Jurassic; K—Cretaceous.
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In general, plutons of the northern Peninsular Ranges
batholith west of the transition zone are relatively small, have
discordant contacts, and have a massive, isotropic texture that
displays little evidence of strain. These plutons show evidence
of widespread magmatic stoping, were passively emplaced at
shallow crustal levels, and cooled rapidly at pressures of 2—
3 kbar or ~10 km depth (Bern et al., 2002). Small discrete plu-
tons indicate small magma batches, suggesting that they prob-
ably were not hot enough to melt and mix extensively with local
crustal host rocks.

A past study comprehensively sampled the northern Penin-
sular Ranges batholith at more than 500 localities in southern
California (Baird et al., 1974b, 1979; Baird and Miesch, 1984),
and sampling details are given in Appendix 1. Samples in the
western Peninsular Ranges batholith have low-Sr, ratios, and
67 contiguous samples near the city of Escondido having Sr, <
0.704 were selected for this study. They will hereafter be called
the Escondido plutons. The sample locations are shown in Fig-
ure 1, and the analytical data are referenced in Table Al.

Two prebatholithic rock groups associated with the Escon-
dido plutons will be included in this discussion. The Santiago
Peak volcanics, considered to be Early Cretaceous volcanic-arc
rocks (Herzig, 1991; Herzig et al., this volume), have a geochem-
ical signature similar to the Peninsular Ranges batholith gabbros
(Tanaka et al., 1984). The nearby marine Bedford Canyon For-
mation (Larsen, 1948; Rogers, 1965) consists of metamorphosed
flysch, which is thought to have been deposited in a backarc basin
environment (Criscione et al., 1978).

Sample Groups and Their Relation to Previous Work

The 67 systematically collected Escondido samples clearly
constitute three groups when plotted on a histogram of SiO,
composition (Fig. 2). The SiO, distribution, with distinct gaps at
54%-57% and 66.5%-68.4% SiO,, can be fit with three Gauss-
ian peaks. This paper will use the generic terms “gabbro,” “tonal-
ite,” and “granodiorite” for the three groups.

The correspondence between the groups identified here
and the plutons identified by Larsen (1948) for this area is
shown in Table A1. Twelve Escondido gabbro samples have a
Si0O, content between 46.5% and 54% and correspond approx-
imately to Larsen’s San Marcos gabbro. One atypical gabbro
with 46.5% SiO, has ultramafic characteristics and will be
shown by an open circle in all plots. Twenty-five Escondido
tonalite samples have a SiO, content between 57% and 66.5%
and correspond approximately to Larsen’s Bonsall and Green
Valley tonalites. Two atypical tonalite samples at the high end
of the range, with 66.1% and 66.5% SiO,, have geochemical
similarities to granodiorite and gabbro, respectively, and will
be plotted using open circles. Thirty Escondido granodiorite
samples have SiO, contents between 68.4% and 77.4% and
correspond approximately to Larsen’s Woodson Mountain
and Lake Wolford granodiorites. Three somewhat atypical
granodiorite samples at the low end of the range, with 68.4%,

Clausen et al.

68.7%, and 69.4% Si0O,, tend to have distinct compositions
and will be plotted with open circles to set them apart. The
five atypical samples fall in the 66-70% SiO, gap between
tonalites and granodiorites.

Age Data for Sr, Determinations

The Sr, values were calculated for each individual sample by
assuming a reasonable sample age and using

Sr, = ¥’Sr/%Srl, = ¥'Sr/*Sr — ¥Rb/**Sr x At. (1)

For this purpose, Kistler et al. (2003) used Rb-Sr ages for Lar-
sen’s (1948) units: 105.2 + 8.1 Ma for the Bonsall tonalite, 117 +
14 Ma for the Green Valley tonalite, and 123.7 + 5.6 Ma for the
‘Woodson Mountain granodiorite. Ages for other units came from
zircon ages or an assumed age of 100 Ma.

Some U-Pb data indicate variability in the age estimates.
For shallow plutons of the western Peninsular Ranges batho-
lith just north of the Escondido plutons, zircon sensitive high-
resolution ion microprobe (SHRIMP) ages of 122.0 + 0.90 Ma
and 125.4 + 1.7 Ma were obtained for Bonsall tonalite and
isotope dilution—thermal ionization mass spectrometry (ID-
TIMS) ages of 120.4 + 0.45 Ma and 123.0 = 1.1 Ma were
obtained for Woodson Mountain granodiorite (Premo et al.,
1998, 2002).

It is generally accepted that magmatism in the western
Peninsular Ranges batholith lasted for some 20 m.y. (see, e.g.,
Silver and Chappell, 1988); however, different age determina-
tions may not indicate separate magmatic events, since a deep
magma chamber may have remained viable for longer than
previously estimated. Whittington et al. (2009) recently deter-
mined that the thermal diffusivity at lower-crustal temperatures
may be half that previously accepted, resulting in greater insu-
lation and the possibility of longer-lived magma chambers in
the lower crust.

Several references suggest a single magmatic event. Larsen
(1948) indicated that the San Marcos gabbro is older than the
other units, but the Bonsall and Green Valley tonalites intruded
the gabbro in some places “before the latter was completely con-
solidated.” Silver et al. (1979) obtained ages of 105-120 Ma for
zircons in 21 intrusives east of San Diego and south of the Escon-
dido plutons. They found “no clear separation of ages by lithol-
ogy,” but “magmas of all types were emplaced synchronously
throughout a 15 m.y. interval.”

To check the dependence of Sr; on assumed age, the Rb-Sr
isotope data of Kistler et al. (2003) for the Escondido pluton
samples are plotted in Figure 3. Separate least-squares fits are
shown as well as a single line to fit all the data. The single line
yields a calculated age of 121 + 2 Ma and an intercept of Sr, =
0.70364. If this single age is used to calculate the Sr, values, the
values are still less than 0.704, and in most cases little changed,
so the calculated Sr, values are not critically dependent on the
assumed age.
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MAGMATIC SOURCE REGION

The geochemistry of the Escondido plutons indicates that
they formed (1) in a volcanic-arc tectonic region (2) from a
tholeiitic to calc-alkaline magma source (3) by calcic to calc-
alkaline differentiation (4) at a relatively shallow level (5) with
no contamination from continental crust.

Figure 2. Histogram showing the SiO,
distribution for the Escondido samples.
The data are fit using three Gaussian
peaks centered at 51.9 = 2.4% SiO, for
gabbro (a sixth of data), 61.9 + 2.7%
SiO, for tonalite (a third of data), and
72.8 £ 2.6% SiO, for granodiorite (a
half of data). For comparison, the solid
gray line represents the SiO, distribu-
\ tion for samples east of the transition
zone (divided by a factor of 5). Unfilled
histogram bars represent atypical data.
PRB—Peninsular Ranges batholith.

70-72
72-74
74-76
76-78
78-80

Volcanic-Arc Tectonic Region

Discrimination diagrams indicate that the tectonic region
for the source of the Escondido granitoids was a volcanic arc,
and the magma source had a composition like that of the San-
tiago Peak basaltic andesites and Escondido gabbros. Using Ver-
meesch’s (2006) classification trees and diagrams, TiO, and Sr
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Figure 3. Rb-Sr isotope data from Kistler et al. (2003) for the Escondido plutons. The three solid lines are least-
squares fits to the separate gabbro, tonalite, and granodiorite data. Using the single dotted line to fit all of the data
yields an age of 121 + 2 Ma. Gray circles representing data from the eastern Peninsular Ranges batholith (PRB) east
of the San Jacinto fault contrast the scatter from crustal contamination. Note: each data point’s measured ¥’Sr/%Sr ratio
is not the same as its calculated ¥’Sr/*Srl, = Sr, ratio, which is a smaller, y-intercept ratio based on an assumed age.
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Figure 4. The St/Y ratio plotted against Y. The outboard low-Sr/Y Escondido samples show the effects of feldspar

fractionation, whereas the inboard high-St/Y eastern Peninsular Ranges batholith (PRB) samples have a lower Y
composition due to garnet fractionation (Tulloch and Kimbrough, 2003).
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Figure 5. Partial melting (PM), magma mixing, and fractional crystallization (FC) calculations for differentiation
of Rb and Sr in the Escondido plutons. For FC calculations on tonalite, Dy = 1.2 and D, = 0.01 were used. Arrows
indicate the direction of the two differentiation cycles. Tick marks represent melt fraction in 10% steps. Atypical
Escondido samples are shown as open circles. According to Kistler and Peterman (1978), the Rb-Sr concentrations
would indicate that the Escondido plutons differentiated from a more tholeiitic basalt (TB), whereas the eastern
Peninsular Ranges batholith (PRB) and Sierra Nevada plutons differentiated from a more alkaline basalt (AB).
Data sources are as follows: mantle garnet lherzolite (Grégoire et al., 2003), normal-MORB (Basaltic-Volcanism-
Study-Project, 1981; Sun and McDonough, 1989), island-arc tholeiitic basalt (Hawkesworth et al., 1977; Perfit et
al., 1980; Sun, 1980; Wilson, 1989), island-arc calc-alkaline basalt (Perfit et al., 1980; Sun, 1980; Wilson, 1989);

Santiago Peak volcanics (Tanaka et al., 1984; Herzig, 1991) values are an average of samples with SiO, < 54%,
and lower continental crust (McLennan et al., 2006).
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concentrations are found to be the best discriminators, and con-
centrations of TiO, < 1.285% and Sr > 156 ppm for the Escondido
gabbros indicate an island-arc basalt composition. In Pearce’s
(1983) Zr/Y versus Zr plot, the Escondido gabbros and Santiago
Peak basaltic andesites fall in the volcanic-arc basalt region, with
some plotting as oceanic arc and some as continental arc based
on a dividing line at Zr/Y = 3.

In addition to a field for arc basalts/gabbros, several bivariate
plots include a field for felsic volcanic-arc rocks. Pearce et al.’s
(1984) Ta versus Yb discrimination diagram places the Escon-
dido samples within the volcanic-arc granite (VAG) field. The
St/Y versus Y plot of Figure 4 places most of the felsic arc rocks
of the Escondido plutons in the outboard low-Sr/Y field (Defant
and Drummond, 1990; Tulloch and Kimbrough, 2003).

Magma Source and Differentiation Trend

The composition of the magma source for the Escondido
granitoids was tholeiitic basalt, according to the Rb-Sr diagram
of Figure 5. This is in contrast to the more alkaline basalt source
for the eastern Peninsular Ranges and the Sierra Nevada batho-
liths (Kistler and Peterman, 1978). The composition corresponds
to that of the Escondido gabbros and Santiago Peak basalts,
which range from tholeiitic to calc-alkaline according to trace-
element data on the multi-element diagram of Figure 6. Four of
the gabbro samples with SiO, of 50% or less have a Rb compo-
sition even less than the 8 ppm average for island-arc tholeiitic
basalt (Hart et al., 1970).

Differentiation of the Escondido granitoids starts with a
low-K tholeiitic to calc-alkaline composition and extends into the
medium-K calc-alkaline region on a standard FeO*/MgO versus
SiO, plot (Miyashiro, 1974), the AFM (alkalis-iron-magnesium
oxides) triangle, and the K,O Harker diagram in Figure 7 (Ewart,
1982; Le Maitre, 2002). On a total-alkali-silica (Na,0 + K,O
against SiO,) diagram, the Escondido plutons plot on the bound-
ary between tholeiites and high-alumina basalts of Kuno (1968).

The modified alkali-lime index (Na,O + KO - CaO
against SiO,) actually shows the Escondido plutons to be calcic
rather than calc-alkaline, and thus from a less-mature volcanic
arc (Frost and Frost, 2008). In general, the western Peninsu-
lar Ranges batholith is more calcic, and the eastern Peninsular
Ranges batholith is more calc-alkaline.

Shallow Magma Source and Differentiation

Olivine crystallization for the Escondido gabbros during
the earliest stages of differentiation is indicated by their range of
MgO concentrations (see Fig. 8), and olivine gabbros do occur
locally in the western Peninsular Ranges batholith (Larsen, 1948),
including Escondido sample B477. Since olivine is the domi-
nant fractionating mafic mineral under relatively low-pressure
conditions of less than 10 kbar (Meen, 1990; Barnes et al., 2006),
the olivine implies that the Escondido gabbros crystallized at
shallow depths.
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Garnet was not in the source for the Escondido magmas, as
indicated by the gentle slope for the data in the rare earth element
(REE) spidergram of Figure 9B. A steep slope on this spidergram
identifies melts that have differentiated in the garnet stability
zone below 10-12 kbar (Tepper et al., 1993; Moyen and Stevens,
2006). For comparison, the figure shows the steep slope for the
large new REE database of eastern Peninsular Ranges batholith
samples east of the San Jacinto fault. Previously, Gromet and Sil-
ver (1987) used similar data to demonstrate that the source for the
western Peninsular Ranges batholith plutons was shallower than
the eastern ones.

Significant amphibole differentiation occurred in the west-
ern Peninsular Ranges batholith, as indicated in Figure 10 by a
decreasing Dy/YDb ratio with differentiation. This results from
magmas that stall and cool in the mid- to lower crust at 8 kbar
where amphibole is stable. (Davidson et al., 2007). In contrast,
the Dy/YD ratio increases with garnet differentiation in the east-
ern Peninsular Ranges batholith plutons.

The effects of shallow-level feldspar differentiation can be
seen in plots of the alkali and alkaline earth elements. In Fig-
ure 11A, aplot of K,O against Na,O shows that both alkali oxides
increase with SiO, content, but that within the granodiorite data,
K,O increases as Na O decreases during fractional crystallization
of feldspar. In Figure 11B, the data plot of Sr against CaO shows
that during feldspar fractionation in granodiorite, the St/CaO
ratio remains constant at 0.010, as a result of the bulk distribu-
tion coefficients being approximately the same for Sr and Ca. In
contrast, the range of Sr/CaQ ratios for the tonalite data suggests
that a different process, such as magma mixing discussed later,
might be important in its formation.

The St/Y ratio plotted in Figure 4 summarizes the effect of
garnet and plagioclase fractionation on rock geochemistry in a
subduction zone. Fractionation at depth in the garnet stability
zone where plagioclase is less stable leaves garnet, Y, and the
HREEs (heavy rare earth elements) in the residue, and depletes
the melt of Y. Fractionation at shallower levels, where plagio-
clase is stable and garnet is not, leaves plagioclase, Sr, and Eu
in the residue, depleting the melt of Sr. The shallow-level dif-
ferentiation that produced the Escondido plutons in the western
Peninsular Ranges batholith yields low Sr/Y ratios, whereas the
deep-level differentiation that produced the eastern Peninsular
Ranges batholith yields higher St/Y ratios (Tulloch and Kim-
brough, 2003).

No Continental Crust Contamination

Based on trace-element ratios, the Escondido plutons are rel-
atively uncontaminated by continental crust. Trace-element ratios
that have been used to identify crustal contamination include:
Nb/Zr (Weaver et al., 1972; Wilson, 1989; Machida et al., 2008),
Nb/Yb (Pearce, 1983; see Eby, 1990), Ta/Tb (Treuil and Varet,
1973), Ta/Yb (Barton, 1990), La/Zr (Weaver et al., 1972; Wil-
son, 1989), and La/Yb (Bussell, 1985). These trace-element
ratios are relatively constant with differentiation for the western
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Figure 6. (A) Trace and (B) rare earth multi-element variation diagrams (spidergrams) for the Escondido gabbros and
Santiago Peak volcanics (SPv) with SiO, less than 54%. These are compared to calc-alkaline (c-a) and tholeiitic (th)
basalt values (Hawkesworth et al., 1977; Sun, 1980; Tulloch and Kimbrough, 2003), as well as to calculations for 10%
partial melting (PM) of mantle. Gabbro sample B477 is atypical and may be restite from partial melting. The trace ele-
ments are normalized to Sun and McDonough (1989), and rare earth elements are normalized to Boynton (1984).
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Figure 7. Harker diagram showing the major-oxide data for the Escondido samples compared to data from the eastern
Peninsular Ranges batholith (PRB) and to various possible source areas. Good straight-line least-squares fits to the data
provide evidence for magma mixing. Short dash symbols (-) are for the Bedford Canyon Formation (Criscione et al., 1978).
MORB-—mid-ocean-ridge basalt. More details are given in the Figure 5 caption.
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Figure 8. Partial melting (PM), magma mixing, and fractional
plutons. For FC calculations on tonalite, D, , = 1.5 and D
Figure 5. PRB—Peninsular Ranges batholith.

Si02

Peninsular Ranges batholith Escondido plutons, but they span
a range of values for the eastern Peninsular Ranges batholith,
where contamination from the continental crust is known to be
significant (Kistler et al., 2003). Due to increasing crustal con-
tamination, the ratios increase eastward as follows: Nb/Zr of
0.038 £ 0.018 t0 0.064 + 0.021; Nb/Ybof 1.4 + 0.4 t0 7.0 + 2.7;
Ta/Tb of 0.56 + 0.27 to 1.5 = 0.6; Ta/Yb of 0.15 = 0.09 to 0.63 +
0.26; La/Zr of 0.12 + 0.05 to 0.19 + 0.06; La/Yb of 4.5 + 1.8 to
22 + 11. The Nb/Yb ratio plotted as a function of SiO, in Fig-
ure 12 is the most distinctive, with an increase of less than 30%
with differentiation in the western Peninsular Ranges batholith,
in contrast to a factor of 5 variation with contamination in the
eastern Peninsular Ranges batholith east of the San Jacinto fault.

Stable isotope ratios from the Escondido plutons for Sr and
Pb (Kistler et al., 2003), for O (Silver et al., 1979; DePaolo, 1981;
Kistler et al., 2003), and for Nd (DePaolo, 1981) fit within the
ranges expected for arc basalts that have experienced little crustal
contamination: a ¥Sr/*Sr ratio of 0.703-0.704, a 2°°Pb/>*Pb ratio
of 18.4-19.0, a *’Pb/**Pb ratio of 15.5-15.7, a *Pb/***Pb ratio
of 38.0-38.7, 8'30 of 5%c—8%o, and a '**Nd/'*Nd ratio of 0.5129-
0.5131 (Arculus and Powell, 1986; White and Dupré, 1986; Wil-
son, 1989).

The 80 contour lines in Figure 1 show that the Escon-
dido plutons have values of less than 8%o, suggesting a primitive
source not from continental crust (Magaritz et al., 1978; James,
1981; Wilson, 1989). According to Taylor and Silver (1978), the
plutons of the western Peninsular Ranges batholith have under-
gone little contamination by the local metasedimentary rocks,
such as the Bedford Canyon Formation, which have 880 val-

crystallization (FC) calculations for MgO in the Escondido
=0.93 were used. More details are given in the caption for

ues from 11%o to 20%o. Usually, 8'*0 values for igneous rocks
increase with increasing SiO, concentration (Faure, 1986), but
the Peninsular Ranges batholith variations are mainly geographic
rather than dependent on rock type.

Additional insight on the low-Sr, values for the Escondido
plutons comes from a comparison with data from further north
and east in the Peninsular Ranges batholith. The locations for
the Escondido samples shown in Figure 1 have few associated
marine sedimentary rocks available for contamination, in con-
trast to the remainder of the Peninsular Ranges batholith to the
north and east, which are associated with a significant amount
of sedimentary rock. The Escondido Rb-Sr isotope data plot-
ted in Figure 3 fall on a straight line (R? = 0.99), suggesting
an uncontaminated source, in contrast to the Rb-Sr isotope data
for plutons in the eastern Peninsular Ranges batholith, which
display a great deal of scatter (R* = 0.6), suggesting significant
crustal contamination.

CALCULATIONS FOR A TWO-CYCLE MODEL
Significance of the Low-Sr, Escondido Plutons

Formation of continental crust is thought to occur primarily
at active continental margins as a result of vertical accretion of
volcanic and plutonic material and lateral accretion of oceanic
arcs to continental cratons (Weaver and Tarney, 1982; Leat and
Larter, 2003; Brown and Rushmer, 2006), but the process that
yields continental crust with an average composition of ande-
site is not well understood (see, e.g., Kodaira et al., 2007). One
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Figure 9. (A) Trace and (B) rare earth multi-element variation diagrams for the Escondido tonalites and granodiorites.
These are compared to calculations for 25% partial melting (PM) of a gabbro/amphibolite source and 70% fractional
crystallization (FC) of the resulting granodiorite magma, as well as to the mean and standard deviation for eastern Pen-
insular Ranges batholith (PRB) data. Unique samples are labeled: B493, B489, and B550 samples were strongly affected
by plagioclase differentiation; B503 and B522 probably had large uncertainties from measuring odd-atomic-numbered
elements with low concentrations; B502 is one of the atypical tonalites. The trace elements are normalized to Sun and
McDonough (1989), and rare earth elements are normalized to Boynton (1984).
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Figure 10. As with most arc volcanoes, the western Peninsular Ranges batholith (PRB) Escondido plutons exhibit trends
of decreasing Dy/Yb with differentiation. This is consistent with significant amphibole, but not garnet, differentiation
(Davidson et al., 2007). Atypical Escondido samples are shown as open circles.

of the suggested models involves a two-cycle process in which
(1) basaltic magma from the mantle forms a mafic crust, which
(2) melts and differentiates, yielding felsic magmas that mix with
mafic magmas (Taylor, 1967; Pearcy et al., 1990; Rudnick, 1995;
Kelemen et al., 2003). In the two-cycle process, remelting and
mixing in the lower crust and delamination of cumulates and
restites result in the andesitic continental crust observed today
(Tatsumi and Kogiso, 2003; Annen et al., 2006; Davidson and
Arculus, 2006).

Igneous rocks, especially the extensive list of Faure (2001),
that are formed by one, two, or more cycles, are categorized in
Table 1 based on the number of cycles they have experienced
and their resulting Sr; values and SiO, compositions. One cycle
of mantle partial melting, magma transport and emplacement,
and fractional crystallization yields mafic crustal rocks with
low-Sr, and low-SiO, composition, e.g., the Peninsular Ranges
“batholith-associated” Santiago Peak volcanics. A second cycle
of partial melting of mafic crust and fractional crystallization
yields felsic crustal rocks with low-Sr, and high-SiO, composi-
tion, if no contamination from continental crust occurs, e.g., the
Escondido plutons. A third (or higher) cycle occurs if continental
crust is involved in the partial melting and fractional crystalliza-
tion, and the result is continental crust with high-Sr; and high-
SiO, composition, e.g., the eastern Peninsular Ranges batholith.

The three cycles can be conveniently understood in
terms of the changes in Sr, and SiO,, which are illustrated in
Figure 13. This is a standard textbook figure (see Faure and
Mensing, 2005), but with details and a description unique to
the situation described here. The generic data in this figure are

representative of Kistler et al.’s (2003) data from the northern
Peninsular Ranges batholith. The isotope ratios change due
to three processes. (a) Diffusion: Melting and magma mixing
yield homogeneous ¥’Sr/*Sr ratios throughout the magma and
an increase in average Sr,. (b) Differentiation: Partial melting
and fractional crystallization increase the ¥Rb/*Sr ratios (and
SiO, composition) due to different mineral partitioning of Rb
and Sr, but the ¥Sr/%Sr ratios remain uniform and unaffected
by chemical partitioning. (c¢) Decay: After crystallization, the
8Rb composition decreases, and the ¥Sr composition (and cor-
responding ¥Sr/%Sr ratio) increases, causing the horizontal line
to rotate counterclockwise around the fixed initial *’Sr/*Sr = Sr,
value on the y-intercept.

The significance of the Escondido plutons lies in their low-
Sr, and high-SiO, composition, which recently formed by this
two-cycle process. (1) The uniformly low-Sr, values for the
Escondido plutons indicate that no more than two differentia-
tion cycles occurred, so magma source, initial composition, and
differentiation processes are simpler to model in calculations. A
similar two-cycle process of continental crust formation occurred
in the Precambrian, but the results are often obscured by more
recent geological events. (2) The full range of SiO, compositions
for the Escondido plutons indicates that no less than two cycles
occurred, so a complete set of magma differentiation calculations
can quantify the geochemical processes for forming continen-
tal crust of intermediate composition. A similar range of SiO,
compositions is ubiquitous in Phanerozoic crust, but it is usually
complicated by a third cycle (or more) of contamination by pre-
existing continental crust.
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Figure 11. (A) Partial melting (PM), magma mixing, and fractional crystallization (FC) calculations for the alkali oxides
in the Escondido plutons. For FC calculations on tonalite, D,,, = 0.01 and D, = 1.3 were used. More details are given
in the caption for Figure 5. The Na,O composition increases during partial melting of the gabbro but decreases during
fractional crystallization of the granodiorite melt. (B) This plot shows decreasing Sr and CaO concentrations as felsic
differentiation proceeds. The St/CaO ratio is changed by mixing, but it remains constant with fractionation. For FC cal-

culations on tonalite, Dy = 1.2 and D, , = 1.7 were used. PRB—Peninsular Ranges batholith.
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Figure 12. The Nb/Yb ratio as a function of SiO, for the Escondido samples compared to samples contaminated by con-
tinental crust in the eastern Peninsular Ranges batholith (PRB). The Escondido samples have a constant Nb/YDb ratio of
1.4 £ 0.4 independent of fractionation. Atypical Escondido samples are shown as open circles.
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Figure 13. The evolution of Sr and Rb isotopes with time. The Sr, (y-intercept) ratio, the Rb concentration, and the
87Sr/*Sr ratio begin with low values in the mantle and increase through several differentiation cycles, as explained in the
text. PRB—Peninsular Ranges batholith; MORB—mid-ocean-ridge basalt; IJAB—island-arc basalt.
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Calculations and Conditions from the Literature

Melting and crystallization calculations have clarified the
role of each process in forming the Klamath Mountains province
(Barnes et al., 1986; Snoke and Barnes, 2006), the Archean tonal-
ite-trondhjemite-granodiorites (TTGs) in Finland (Martin, 1987),
adakites in Panama (Defant et al., 1991a), the Quottoon igne-
ous complex in British Columbia (Thomas and Sinha, 1999), the
Absaroka volcanic province in Wyoming (Feeley et al., 2002),
plutons of central Idaho (Fleck and Criss, 1985), the Talkeetna
arc in Alaska (Greene et al., 2006), and a bimodal plutonic com-
plex in Turkey (Dokuz et al., 2006). This study applies these cal-
culations to the Peninsular Ranges batholith.

The usual model for Phanerozoic formation and differentia-
tion of the crust (Rudnick, 1995; Davidson and Arculus, 2006;
Hawkesworth and Kemp, 2006) has been suggested for the Pen-
insular Ranges batholith (Gromet and Silver, 1987; Silver and
Chappell, 1988) and will be used here for our Microsoft Excel
calculations. Such calculations would most simply be for a single
pluton, but we have already noted that the Escondido area plu-
tons may all represent a single magmatic event. In this case, we
do first-cycle calculations for formation of the gabbros, second-
cycle calculations for the granodiorites, and magma mixing cal-
culations for the tonalites.

In the first cycle, reasonable mantle conditions of 1200-
1300 °C and 20-30 kbar produce a hydrous basalt from 5% to
15% partial melting (Pearce and Parkinson, 1993; Grove et al.,
2003) that then forms the volcanic arc and intrudes and under-
plates the lower crust.

The second cycle results from heating due to intrusion of
additional mantle melt (Huppert and Sparks, 1988; Bergantz,
1989; Annen and Sparks, 2002). Reasonable lower-crust condi-
tions of 900-1000 °C at up to 10 kbar pressure result in 20%—
40% dehydration partial melting of amphibolite (Gromet and
Silver, 1987; Tepper et al., 1993; Petford and Gallagher, 2001;

Sisson et al., 2005). The melt with roughly 3 wt% H,O is oxidiz-
ing, and fo2 spans the range from just under the QFM (quartz-
fayalite-magnetite) buffer to slightly more oxidizing than the
NNO (nickel-nickel oxide) buffer (Ague and Brimhall, 1988).
The final crystallization occurs in tabular-shaped plutons (Pet-
ford et al., 2000; Cruden, 2006) at 5-10 km depth (Krummen-
acher et al., 1975), with fractional crystallization continuing in a
convecting magma until 60%—70% of the magma has solidified
(Vigneresse and Tikoff, 1999).

First-Cycle Calculations for the Mantle

For the first differentiation cycle, partial melting calcula-
tions for the mantle used the simple batch melting equation
where C, is the initial elemental concentration before melting
and D is the bulk distribution coefficient. The value of C, for
each element was taken from a combination of garnet lherzo-
lite (Grégoire et al., 2003) and spinel lherzolite (Maalge and
Aoki, 1977). To determine D, initial values based on mineral
composition were varied to yield the average Escondido gabbro
composition with up to 10% partial melting of the mantle. The
mantle compositions C; are listed in Tables 2 and 3, the min-
eral percentages are in Table 4, and the bulk distribution coef-
ficients D are in Table 5. Plots of these calculations are included
in Figures 5, 8, 11, 14, and 15. The results of 10% partial melt
calculations are shown in the Figure 6 multi-element diagrams
for the trace and rare earth elements.

For comparison with this standard partial melting equa-
tion, we used equations and parameters from Williams and Gill
(1989) and Pearce and Parkinson (1993). Based on calculations
for the elements Nb and Yb, the Escondido gabbros would have
formed from ~10% partial melting of the fertile mid-ocean-ridge
basalt (MORB) mantle (FMM) as defined by Pearce and Parkin-
son (1993). Similar calculations for Zr, Y, Sc, V, Cr, Co, MnO,
MgO, TiO,, Fe O,, Ca0, and Al O, gave a range of results mostly
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TABLE 2. MAJOR-ELEMENT CONCENTRATIONS

SIOg A|203 CaO Nago

Calculation parameters for partial melting, fractional crystallization, and mass balance calculations

Mantle
Co 44 2.5 2 0.25
Restite 43.2 0.9 1.2 0.01
Harzburgite" 44.5 1.7 1.4 0.1
Gabbro
Co 51.9 18.5 9.6 2.7
Restite 45.8 19.8 11.8 2.0
Pyroxenite§ 4517 15.11 12.7 1.39
B477 46.5 21.4 13.5 1.05
Green Acres 42.9 16.2 10.4 0.66
Granodiorite
Co 70.5 14.5 2.9 4.7
Cumulate 67.5 15.6 3.9 5.5
B502 66.5 15.6 5.38 3.57

Kgo Fezo;;* MgO TIOg P205 MnO
0.1 9 41 0.13 0.03 0.13
0.06 8.9 44 0.04 0.02 0.127
N.D. 10.67 42.6 0.04 N.D. N.D.
0.5 9.8 5.2 1 0.15 0.17
0.2 11.8 6.6 1.2 0.153 0.2
0.41 15.06 9.81 0.4 0.11 0.3
0.05 6.62 9.77 0.18 <0.05 0.11
0.04 9.69 19.8 0.12 <0.05 0.12
1.4 3.8 0.9 0.5 0.14 0.09
0.01 5 1.3 0.7 0.18 0.12
0.61 4.67 2.31 0.41 0.11 0.08

Note: All concentrations are in units of wt%. N.D.—not determined.

*Total iron-oxide content.
"Harzburgite (Brown and Mussett, 1993).
$Low-MgO garnet pyroxenite (Lee et al., 2006).
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TABLE 3. TRACE-ELEMENT CONCENTRATIONS

Mantle

Gabbro

Granodiorite

The G, fitting parameters for partial melting and fractional
crystallization calculations as described in the text:

Cs
Ba
Rb
Sr

Th
U
Nb
Ta
Zr
Hf

Sc

Cr
Co

0.1
47

2
36

0.3
0.07
1
0.07
9
0.2

12
50
2400
100

0.7

195
14

340

2
500
35
220

Note: All concentrations are in units of ppm.

between 10% and 20% partial melting. This is similar to Dokuz
et al.’s (2006) estimates of 15%—-20% partial melting of lherzolite
mantle to yield gabbro in an intrusive complex in Turkey.

Second-Cycle Calculations for the Crust

A second differentiation cycle in the crust was analyzed
using the batch melting equation and the Rayleigh fractionation
equation. Allegre and Minster (1978) have discussed the use of
such equations for trace elements in quantitatively modeling
magmatic processes. The C; and D values for use in the equa-
tions are determined in four steps that partially follow those used
to analyze Archean TTG plutons (Martin, 1987; Stevens and
Moyen, 2007).

1. A least-squares regression line was used to fit the major-
oxide data in the Harker diagrams of Figure 7 (see, e.g., Reid et
al., 1983; Frost and Mahood, 1987; Drummond et al., 1988). The
R? values listed in Table 5 show the excellent linear correlation
for most major oxides.

2. The mineral percentages in each pluton type were initially
taken from Larsen’s (1948) modal averages. The averaged oxides
of step one were then used to calculate CIPW norms. The mode
and norm were then combined to make a final best estimate of
mineral percentages. All three sets of values are listed in Table 4.

Note that the oxide data include only Fe, O, total, whereas the
norm calculations require both Fe, O, and FeO, so the Fe O,/FeO
ratios were estimated. From Larsen’s (1948) data for this area,
a ratio of 0.3 can be estimated for the gabbros, 0.4 for the tonal-
ites, and 0.5 for the granodiorites. Using the total-alkali-silica
diagram for volcanic rocks, Middlemost (1989) suggested a ratio
of 0.2 for basalt, 0.35 for andesite, 0.4 for dacite, and 0.5 for

TABLE 4. MINERAL PERCENTAGES

Olivine Opx Cpx Garnet  Spinel
Mantle—mode
Percent used 63 25 6 5 1
Ca-Plag Na-Plag  Ortho Quartz Amph Biotite Cpx Opx Apt Mag lIm
Gabbro
[Green Acres] 45 forsterite = 36 2 11 3 spinel = 2.5, iddingsite = 0.5
Mode* 42 27 2 24 2 4 6 1
CIPW norm' 38.3 21.8 2.5 3.0 8.0 20.9 0.33 2.9 1.8
Percent used 35 23 3 19 1 6 10 0.35 1 1.6
Tonalite
Mode* 26 25 18 13 18
CIPW norm' 24.6 28.3 8.7 17.5 3.4 11.9 0.35 2.6 1.4
Percent used 24 27 1 20.8 10 10 1 3 0.38 1.3 1.5
Granodiorite
Mode* 10 31 20 33 1 5
CIPW norm' 24.6 28.3 8.7 17.5 3.4 11.9 0.35 2.6 1.4
Percent used 9.6 33 16.7 34.3 0.5 1.9 2 0.2 1.3 0.5

Note: The mineral percentages used to estimate bulk distribution coefficients are a best estimate from a combination of norm and mode. Ca-
Plag—calcium plagioclase; Na-Plag—sodium plagioclase; Ortho—orthoclase; Amph—amphibole; Cpx—clinopyroxene; Opx—orthopyroxene;
Apt—apatite; Mag—magnetite; llm—ilmenite.

*The average mode for each pluton type is determined from Larsen’s (1948) samples, with the plagioclase split between Ca and Na based
on anorthite percentage.

"The CIPW norms are calculated from average oxide values for the Escondido data.
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TABLE 5. BULK DISTRIBUTION COEFFICIENTS

Mantle PM Gabbro PM Granodiorite FC R**
Major and minor elements
SiO, 0.83 0.65 0.93 N.A.
Al,O4 0.05 1.36 1.15 0.95"
CaO 0.12 4 1.7 0.98"
Na,O 0.03 0.45 1.3 0.53
KO 0.15 0.15 0.01 0.78
Fe,Os* 0.9 3 1.7 0.921
MgO 9 7 25 0.93"
TiO, 0.05 2.3 2.1 0.73"
P.Os 0.13 1.1 1.8 0.30"
MnO 0.75 2.2 2.0 0.87"
Large ion lithophile mobile and hiqk]&ield strength immobile incompatible g}‘ements 0.92
Cs 0.05 0.15 0.01 0.23
Ba 0.15 0.2 0.2 0.74
Rb 0.05 0.2 0.01 0.61
Sr 0.01 1.7 1.9 0.73"
Th 0.08 0.08 0.01 0.54
U 0.05 0.1 0.01 0.35
Nb 0.35 0.5 0.6 0.50
Ta 0.3 0.4 0.01 0.05
zr 0.07 0.5 0.15 0.41
Hf 0.05 0.3 0.1 0.38
Y 0.08 0.95 0.3 0.19
Rare earth incompatible elements (REE)
La 0.3 0.35 0.4 0.71
Ce 0.25 0.4 0.3 0.65
Pr 0.2 0.5 0.3 0.41
Nd 0.15 0.7 0.3 0.36
Sm 0.05 0.85 0.3 0.21
Eu 0.03 1.5 0.3 0.01"
Gd 0.04 0.9 0.4 0.15
Tb 0.01 0.9 0.3 0.03
Dy 0.01 0.9 0.3 0.15
Ho 0.01 0.9 0.3 0.05
Er 0.01 0.8 0.3 0.20
Tm 0.01 0.9 0.1 0.02
Yb 0.05 0.9 0.2 0.23
Compatible elements
Sc 0.3 2.6 2.5 0.80"
\Y; 0.15 5 35 0.74"
Cr 38 2.7 2.0 0.33"
Co 3.3 5 25 0.94"

Note: These coefficients D were used in the partial melting (PM) and fractional crystallization (FC)

calculations.

*The correlation coefficients for all the elements show how similar the differentiation of each is to
that of SiO,. For the major elements, it shows the strong linearity that implies magma mixing.

TNegative correlation.

rhyolite. These two estimates were combined, and the unrealistic
discontinuity in ratio at field boundaries was removed by using

Fe,0,/Fe0 = 0.011 x Si0,% — 0.31 2

to estimate the iron-oxide ratio.

3. All the initial element concentrations, CO, were deter-
mined by starting with the major-element oxides from the
first step. The resulting C, values for partial melting were the
average of the Escondido gabbro data (e.g., 51.9% SiO,), and
those for fractional crystallization were the least-differentiated
granodiorite data (e.g., 70.5% SiO,). These values are listed in
Tables 2 and 3.

4. Bulk distribution coefficients for all elements were cal-
culated using the mineral distribution coefficients of Rollin-
son (1993) and the mineral percentages from the second step.
These coefficients were used in the initial fit to the data and then
adjusted along with the initial element concentrations until a final
best fit was obtained. The data fitting was done on bivariate dia-
grams with each of the elements plotted against SiO, and/or Co.
The resulting bulk distribution coefficients are listed in Table 5.
This table also uses R* to show how similar the differentiation of
each element is to that of SiO,.

The bulk distribution coefficient is defined for trace elements,
but it has also been used occasionally for the major elements. For
SiO,, Kistler et al. (1986) used an effective partition coefficient
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Figure 14. Partial melting (PM), magma mixing, and fractional crystallization (FC) calculations for an incompatible trace
element in the Escondido plutons. For FC calculations on tonalite, D, = 0.01 and D, = 0.93 were used. More details

are given in the caption for Figure 5.
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Figure 15. Partial melting (PM), magma mixing, and fractional crystallization (FC) calculations for a compatible against
an incompatible trace element in the Escondido plutons. For FC calculations on tonalite, D, = 1.5 and D, = 0.2 were
used. The mantle composition is off the diagram at 105 ppm Co and 6.6 ppm Ba. More details are given in the caption for

Figure 5. PRB—Peninsular Ranges batholith.
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of 0.8, and Wall et al. (1987) estimated a range from 0.75 to 0.9.
Dokuz et al. (2006) used effective coefficients for Na,O, K O,
TiO,, and P O,. The calculations done here use an effective bulk
distribution coefficient for all of the major elements.

Results

A sample Harker plot with calculated curves is shown in
Figure 8 for a compatible major oxide (MgO). It illustrates the
two differentiation cycles with calculation curves and arrows:
(1) Mantle peridotite partially melts to produce tholeiitic basalt
and gabbro; (2) lower-crustal gabbro/amphibolite partially melts
to produce a granodiorite magma that mixes (to be discussed in
a later section) with a basaltic magma to yield an intermediate
composition; the tonalite and granodiorite magmas subsequently
fractionally crystallize. Additional calculated differentiation
curves are shown on the bivariate plots of Figures 5, 11, 14, and
15—a pair (Rb vs. Sr) already used to determine source, two
major alkali oxides (K,O vs. Na,0), two alkaline earths (Sr vs.
Ca0), an incompatible trace element (Th) versus SiO,, and a rep-
resentative compatible-incompatible pair (Co vs. Ba).

For Figures 5, 8, 11, 14, and 15, the mantle partial melting
curve uses up to a 10% mantle melt to yield a composition equiv-
alent to the Escondido gabbro/basalt. The curve for the ensuing
fractional crystallization has not been included. The lower-crust
partial melting curve shows that approximately 25% melt of
the gabbro/amphibolite yields a composition equivalent to the
low-SiO, granodiorites. The granodiorite fractional crystalliza-
tion curve is meaningful until the granodiorite pluton is ~70%
solidified, after which the magma can no longer convect. Partial
melting and fractional crystallization calculations were unable to
fit the tonalite data by themselves. The next section will discuss
why the tonalite is likely a product of magma mixing and then
fractional crystallization. Sample fractional crystallization calcu-
lations for tonalite as shown in Figures 5, 8, 11, 14, and 15 use
the same bulk distribution coefficients as for granodiorite magma
and one example of a starting C; at 50% mixing.

Multi-element variation diagrams for trace and rare earth
elements are displayed in Figures 6 and 9. The calculations
show that up to 10% partial melting of the mantle could yield
the Escondido gabbros. Then, 25% partial melting of the lower-
crust gabbro/amphibolite and up to 70% fractional crystalliza-
tion of the resulting granodiorite melt could yield the Escon-
dido granodiorites.

MAGMA MIXING

Partial Melting and Fractional Crystallization
as Insufficient

The foregoing calculations provide scenarios for produc-
ing some of the Escondido plutons. However, partial melting
and fractional crystallization separately or in combination are
not sufficient to explain the full range of gabbros, tonalites,
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and granodiorites. This lack has been noted in the case of other
magma geochemistry as well (see, e.g., Grove et al., 1982;
Barnes et al., 2006).

Partial Melting

Melting calculations by themselves can explain the Escon-
dido gabbro composition as due to 10% partial melting of the
mantle as shown in Figure 6 and the granodiorite composition
as due to 25% partial melting of the lower crust as shown in
Figure 9, but it cannot explain the continuous range of Escon-
dido samples.

A one-step partial melting of the mantle is not sufficient to
enrich its REE composition by a factor of 100 to that found in the
Escondido granodiorites (Jahn et al., 1984; Dokuz et al., 2006).
Inclusion of a second-step partial melting of lower crust does not
explain the trends for the Escondido tonalite and granodiorite
data in such plots as MgO versus SiO, in Figure 8 and Co versus
Bain Figure 15.

Fractional Crystallization

Fractional crystallization can separately explain the range of
compositions in the gabbros, tonalites, and granodiorites, but not
the continuous range of 55%-78% SiO,. The tonalite and grano-
diorite data form two separate trends and cannot be explained
by a single fractional crystallization trend. Progressive fractional
crystallization would yield a large volume of mafic cumulate and
decreasing amounts of gabbro, tonalite, and granodiorite (Eichel-
berger, 1975), but in fact, the surface area exposure increases with
increasing silica content. Fractional crystallization of a batch of
basaltic magma from gabbro to tonalite to granodiorite cannot be
the primary process in forming a batholith, as has been noted for
the Sierra Nevada batholith (Reid et al., 1983; Kistler et al., 1986;
Sisson et al., 1996).

Combination of Processes

A scenario might be envisioned where lower-crust gabbro/
amphibolite partially melts to yield a tonalite magma that sub-
sequently fractionally crystallizes to granodiorite. However, this
presents difficulties because tonalites with low SiO, of 60% to
63%, cannot be generated by low-fraction partial melting of the
amphibolite crust, and high-fraction partial melting is unlikely
because of the massive heat budget required (Wyllie, 1977; Beard
and Lofgren, 1989). Apparently partial melting and fractional
crystallization must be accompanied by some other process to
explain the Escondido geochemistry, and magma mixing seems
to be indicated.

Evidence for Magma Mixing

For the Escondido plutons, some of the usual evidence for
magma mixing is not available. Often a Sr; versus 1/Sr plot (Kis-
tler et al., 1986) or an initial '’Nd/'*Nd versus Sr, plot (DePaolo,
1980; McCulloch and Chappell, 1982; Barth et al., 1993) is used
to demonstrate mixing (Faure, 2001), but for this study, all the
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data have Sr; < 0.704 and show little variation. The usual petro-
graphic evidence for magma mixing in volcanics (Eichelberger,
1975; Bloomfield and Arculus, 1989), such as reverse zoned or
disequilibrium phenocrysts, banded lava, and inclusions, are
minimal for the Escondido plutons; however, the physical evi-
dence for magma mingling and mixing in plutonic complexes
such as the Sierra Nevada batholith is also often negligible (Bate-
man, 1992; Sisson et al., 1996). Elsewhere, this lack has been
explained by a significant lapse between mixing and crystalliza-
tion in space and time (Feeley et al., 2002). Chemical evidence
then becomes the primary indication for magma mixing.

Chemical evidence that often indicates magma mixing as a
linear data array on a Harker diagram (Reid et al., 1983; Kistler
et al., 1986; Frost and Mahood, 1987). Major-element data from
the Escondido plutons display such a linear pattern from 50%
to 75% Si0, in Figure 7. The results of least-squares fits to all
the elements are listed in Table 5, with the correlation R? being
high for most of the major elements, as well as the trace elements
Co, Sc, V, Sr, Ba, and La. Although both restite unmixing and
fractional crystallization have been argued as alternative expla-
nations for linear Harker diagrams (Wall et al., 1987; Chappell
et al., 1999), additional chemical evidence presented next also
suggests magma mixing.

The most definitive method for discriminating between the
magmatic processes of partial melting, mixing, and fractional
crystallization is to plot the data for a compatible element against
an incompatible element (Martin, 1987; Bullen and Clynne,
1990; Defant et al., 1991b). On the usual bivariate plot, a mixing
line would be linear, whereas both partial melting and fractional
crystallization lines would be curved with concave side up. These
curves result from the incompatible element melting earlier and
crystallizing later than the compatible element (Maalge, 1985).

For the Escondido plutons, the bivariate plot of compatible
Co versus incompatible Ba shown in Figure 15 does help dis-
criminate among the three magmatic processes. The tonalite data
form a separate cluster from the gabbro and granodiorite data
and apparently require some third process for formation. The
simplest interpretation is mixing between the other two already
existing magmas, followed by fractional crystallization. Calcu-
lated curves for this scenario are shown.

Another piece of geochemical evidence for magma mixing is
the relative gap in the Escondido data between 66% and 70% SiO,.
Too much low-temperature, high-viscosity felsic magma would
quench a smaller volume of high-temperature, low-viscosity
mafic magma before mixing could occur. Sparks and Marshall
(1986) indicated that the proportion of basaltic magma must
be at least 50% for mixing to occur. For this reason, Frost and
Mahood (1987) found that thermal and viscosity constraints limit
the composition of magma mixtures to no more than 63% SiO,.
Sisson et al. (1996) provided evidence that the quenching effect
on basalt is less than they estimated, so mixing may extend up to
the 66% SiO, in our data. Reubi and Blundy (2009) recognized
a bimodality of melts ascending from the lower crust and sug-
gested that andesites commonly result from mixing or mingling
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between the ascending silicic and mafic magmas in upper-crustal
magmatic reservoirs to yield a SiO, composition of 59-66 wt%.

Finally, the major- and trace-element compositions of the
Escondido tonalites are intermediate between the compositions
for gabbro and granodiorite, as illustrated by comparing Fig-
ures 6 and 9. This can conveniently be explained by magma mix-
ing, as modeled by Tatsumi and Kogiso (2003).

Magma Mixing and Tectonics

The histogram of SiO, in Figure 2 shows two distinctly dif-
ferent SiO, distributions between Peninsular Ranges batholith
data west and east of the transition zone. The western Peninsular
Ranges batholith Escondido data have a segmented SiO, distri-
bution that is high in granodiorites and atypically abundant in
gabbros (Chappell and Stephens, 1988) and in addition has an
intermediate tonalite. The eastern Peninsular Ranges batholith
data (divided by 5 to fit on the graph) are unimodal with a com-
position intermediate between tonalite and granodiorite.

The difference in SiO, distribution between west and east
may be attributed to a difference in magma mixing in two dif-
ferent tectonic environments. Igneous rocks tend to display a
bimodal SiO, composition during tectonic extension, whereas
intermediate compositions dominate during compression (Eichel-
berger, 1978). If the western plutons were emplaced during tec-
tonic extension through a thin crust, high-density mafic magma
had less to inhibit ascent, low-density felsic magma could easily
ascend, and intermediate magma had less time to form by mix-
ing. If the eastern plutons were emplaced during tectonic com-
pression through a thick crust, ascent of mafic and felsic magma
would have been inhibited and the magmas would have more
time to mix and yield an intermediate composition.

Recognition of the Importance of Magma Mixing

The need to explain part of the Escondido data by magma
mixing is part of a general recognition of the importance of mix-
ing (Eichelberger, 1975; Eichelberger and Gooley, 1977; Fyfe,
1982; Dufek and Bergantz, 2005). This process was suggested in
the mid-nineteenth century, eclipsed in the early twentieth cen-
tury by the explanatory power of fractional crystallization, and is
now requiring a second look (Wilcox, 1999).

Examples of magma mixing to explain the geochemistry of
plutonic complexes come from Maine (Ayuso and Arth, 1997),
the Lachlan Fold Belt of Australia (Collins, 1996; Keay et al.,
1997), plutons of central Idaho (Fleck and Criss, 1985; Fleck,
1990), the Coast Mountains batholith of British Columbia (Hol-
lister and Andronicus, 2006), the Sierra Nevada batholith (Reid et
al., 1983; Kistler et al., 1986; Frost and Mahood, 1987; Hill et al.,
1988; Bateman, 1992; Sisson et al., 1996; Ratajeski et al., 2005),
and the Peninsular Ranges batholith (DePaolo, 1980, 1981).

This mixing of basaltic and rhyolitic magma has been sug-
gested as the primary source for andesite in volcanic-arc sys-
tems (Eichelberger, 1978; Grove et al., 1982; Reubi and Blundy,
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2009). Jull and Kelemen (2001) recognized that mixing of
mantle-derived basaltic and arc crust—derived silicic magmas can
produce the bulk andesitic composition of continental crust, so
this process is thought to be a major contributor to continental
crust formation (Tatsumi, 2005).

MASS BALANCE CALCULATIONS

Mass balance calculations were used to model partial melt-
ing and fractional crystallization for the major elements (see, e.g.,
Ragland, 1989), using the same 10% and 25% partial melting and
up to 70% fractional crystallization as previously. The composi-
tions of initial melt, of restite or residue from partial melting,
and of cumulate from fractional crystallization were taken from
the data fitting described in a previous section and are listed in
Table 2.

Other possible restites and cumulates for mass balance cal-
culations are also listed in Table 2. The restite for partial melting
of mantle lherzolite could be harzburgite (Brown and Mussett,
1993). The restite from partial melting of lower-crust gabbro/
amphibolite could be a low-MgO garnet pyroxenite (Lee et al.,
2006). Other possible compositions for this restite are a unique
Escondido gabbro sample (B477) and a Green Acres gabbro sam-
ple from the eastern Peninsular Ranges batholith. Mass balance
calculations show that the Green Acres gabbro is not reasonable
as restite, whereas sample B477 and especially the pyroxenite are
somewhat better. The composition of a cumulate from fractional
crystallization of the granodiorite could be one of the atypical
Escondido samples with SiO, between 66% and 69%, such as
sample B502.

Finally, the relative volume of ultramafic residue left after
partial melting of lower-crustal basalt was estimated using mass
balance calculations. Since the sampling of the Escondido plu-
tons was done on a grid, it provides accurate fractions for each
pluton type: 12/67 for gabbro averaging 51.9% SiO,, 25/67 for
tonalite averaging 61.9% SiO,, and 30/67 for granodiorite aver-
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aging 72.8% SiO,. Using an initial lower-crustal basalt composi-
tion of 52% SiO, and an ultramafic residue containing 45% SiO,,
the residue would have a volume twice that of the differentiated
Escondido plutons. Ratajeski et al. (2005) made a similar esti-
mate for residues beneath the Sierra Nevada batholith and deter-
mined that the cumulates had a volume three times greater than
the differentiated plutons.

PETROGENETIC MODEL

For the Escondido plutons, our petrogenetic model is based
on past work (Eichelberger, 1978; Wilson, 1989; Faure, 2001;
Annen et al., 2006; Lee et al., 2006) and summarized in Fig-
ure 16. The process is divided into seven steps:

Subduction

1. Slab dehydration—The subducted oceanic crust, made
up of hydrothermally altered MORB, sediment, and seawater,
moves to depths where it can no longer retain its hydrous mineral
phases. According to Gastil et al. (1990), the underlying location
where metamorphic dehydration begins and the slab loses fluids
may be identified at the surface by a transition from magnetite in
the western Peninsular Ranges batholith to ilmenite in the eastern
Peninsular Ranges batholith.

2. Fluid migration—These slab-derived fluids migrate
upward into the overlying mantle wedge. The fluids preferen-
tially transport mobile large ion lithophile elements, but are much
less enriched in immobile high field strength elements. Thus, the
subduction-zone magmas are significantly enriched in Ba, Th,
and U, but are much less enriched in Nb and Ta.

First Cycle: Mantle to Crust

3. Partial melting of mantle—The metasomatized ultramafic
subcontinental mantle, made up of spinel lherzolite and depleted

Petrogenetic Model

A
SUBDUCTED OCEANIC SLAB

fluid migrates up

dehydration

UPPER CRUST (5-10 km depth) gabbro (1/6) (1/3) granodiorite (1/2) Figure 16. Petrogenetic model for gener-
I: f iﬁj ;g ating the Escondido plutons, consisting
2" cycle maficlr;;a ma milxi\r; 20-30% PM of seven steps as described in the text.
Y 9 #6 9 Ao ° These include partial melting (PM), frac-
cumulate L tional tallization (FC), and
LOWER CRUST (20-30 km depth) arc basalt, underplate ... amphibolite ;ﬁ;‘f‘ngcrhyl s tivézgy‘fgs( of )di?frére:tl;%it(l)li
Ii é4 resti;e (2x) from mantle to lower crust and lower
1st cycle 5-15% PM ; crust to upper crust. The resulting pluton
i ?:a del v volumes are one-sixth gabbro, one-third
Lo elamination tonalite, and one-half granodiorite. Rest-
MANTLE (60-90 km depth) perlf;tlte ite from the process has a volume about

twice that of the plutons.
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from MORB extraction, undergoes 5%—15% partial melting due
to fluid depression of the melting temperature, decompression of
rising diapirs, and displacement into a deeper, higher pressure-
temperature regime. The low partial melting yields hydrous
mafic magmas depleted in compatible elements and enriched in
incompatible elements.

4. Magma emplacement in crust—During the Triassic and
Jurassic, low-Sr, mafic magma from partial melting of the mantle
erupted through the oceanic MORB crust at the western convergent
margin of North America to yield the Santiago Peak arc basalts.
With time, magma from the mantle also underplated the oceanic
crust beneath the volcanics. This hydrous tholeiitic arc basalt is
similar to MORB, but it is higher in Al,O, and lower in MgO.

With tectonic extension in the Early Cretaceous, mafic
magma from the mantle continued to intrude the crust or began a
new surge. Some was emplaced in the upper crust and fraction-
ally crystallized to gabbro, while the remainder provided heat to
the lower crust.

Second Cycle: Lower to Upper Crust

5. Partial melting of lower crust—In Early Cretaceous time,
a second cycle of differentiation began as basaltic magma from
the mantle provided heat to the lower crust by conduction from
underplating and advection from intrusions. The 20%-30%
partial melting of the lower-crust gabbro/amphibolite gener-
ated low-Sr, felsic magmas having a composition of the least-
fractionated Woodson Mountain granodiorite. As evidenced by
the Sr/Y ratios, the calc-alkaline differentiation was controlled
by feldspars rather than garnets, and so it must have been above
the garnet stability depth.

Partial melting of the basaltic lower crust would leave a
mafic restite or residue at the base of the crust. Based on our
mass balance calculations, this process would result in a volume
of ultramafic rock near the crust-mantle boundary that is twice
that of the Escondido plutons. Since little geophysical evidence
has been found for such large volumes of high-density rock in
the mantle lithosphere, it has been suggested that such cumulate
or restite delaminated and sank into the mantle (Lee et al., 2007,
and references therein) as long ago as the Late Cretaceous (Wells
and Hoisch, 2008).

6. Magma mixing in the lower crust—Partial melting and
fractional crystallization are not sufficient to explain the Escon-
dido data; the evidence points to magma mixing as a necessary
third process. Some of the granodiorite magma from partial melt-
ing of the lower crust remained in situ and mixed with gabbroic
magma from the mantle to yield an intermediate tonalite magma.
Magma mixing is most pronounced in a setting experiencing
compression, probably in a deep-level long-lived MASH-type
(melting, assimilation, storage, and homogenization) system, so
the major evidence for mixing is found in the later eastern Penin-
sular Ranges batholith plutons.

7. Shallow-level intrusion and fractionation—The gabbro,
tonalite, and granodiorite magmas derived from partial melting
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and mixing in the deep crust were intruded at shallow levels in
the Escondido area and other parts of the western Peninsular
Ranges batholith. The tonalites fractionated up to ~65% SiO, and
the granodiorites up to 78% SiO,, in the process concentrating
incompatible and mobile elements in the final products.

SUMMARY

The data from the Escondido plutons have been used to
suggest how low-Sr, and high-SiO, plutons form. The model
proposed involves two cycles of melting and crystallization
accompanied by magma mixing: one cycle from mantle to mafic
crust, a second cycle from mafic lower crust to felsic upper
crust, and mixing between mafic and felsic magmas to produce
intermediate-composition plutons. This model, with only two
cycles, made possible quantitative melting, crystallization, mix-
ing, and mass balance calculations to explain the Escondido data,
and it sheds light on continental crust formation in general.

ACKNOWLEDGMENTS

We would like to acknowledge helpful input from Calvin
Barnes, Alan Chapman, Eric Christiansen, Bill Collins, Tom
Frost, Bob Martin, Robert Miller, and Jean-Frangois Moyen.

APPENDIX 1. SAMPLE COLLECTION AND
ANALYSIS METHODS

Rock samples were collected by Baird et al. (1974a, 1979) from
more than 500 localities in southern California, of which more than
200 were from the Transverse Ranges and more than 300 were from
the northern Peninsular Ranges batholith. The resulting data set repre-
sents one of the largest and most systematic geochemical sample sets
assembled to date. The purpose of the sampling was to extract unbi-
ased representative compositions of each pluton that could be used to
determine areal distributions, with the method being similar to point
counting on a microscope thin section.

A combined large- and small-scale pattern (designed by D.B.
Mclntyre) for sampling the southern California plutons was developed
after a series of sampling studies (Baird et al., 1964, 1967a, 1967b;
Morton et al., 1969). In this pattern, sample localities were spaced
~5 km apart on a grid, and at each locality, eight specimens were col-
lected (by E.E. Welday), two at each of the four corners of a square,
400 ft (120 m) on a side. These eight specimens were combined to gen-
erate a homogeneous sample. The resulting aggregate sample for each
locality might, for example, include both gabbro and tonalite speci-
mens mixed together. The sampling technique was tested by using
a grid offset by half a sample-spacing, and the results were similar.
One additional “typical” sample per locality was sectioned and used to
determine rock classification (Baird et al., 1979). This determination
was based on an older classification system (Bateman et al., 1963) and
is listed in Table A1.

Major-element geochemistry was determined by X-ray fluores-
cence (XRF), and the resulting analyses were published by Baird and
Miesch (1984). Two splits were analyzed and compared for each loca-
tion. More recently, the samples were reanalyzed using standard tech-
niques at the U.S. Geological Survey analytical laboratories in Den-
ver, Colorado. The major-element analyses were made by D. Siems
using XRF, and the trace element analyses were made by F. Lichte
using laser ablation—inductively coupled plasma—mass spectrometry
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TABLE A1. DETAILS FOR THE ESCONDIDO PLUTON SAMPLES

Sample Larsen* Baird' Rock SiO, Sample Larsen* Baird® Rock SiO,
no. type®  (wt%) no. type®  (wit%)
B477 Kb ga (gbr) 46.5 B497 Kgv qd ton 65.9
B481 Ksm ga gbr 49.7 B490 Kwm am (ton) 66.1

B501 Ksm ga gbr 49.7 B502 Kb qd (ton) 66.5
B483 Ksm ga gbr 50.1 B478 Kb qd (grd) 68.4
B509 Ksm ga gbr 50.8 B517 Kgv qd (grd) 68.7
B505 Ksm ga gbr 52.1 B493 Kim gd (grd) 69.4
B511 Kb ga gbr 52.5 B506 Kwm gd grd 70.7
B512 Kb ga gbr 52.5 B549 Klw gd grd 70.8
B513 Kb qd gbr 53.5 B542 Kwm gd grd 71.2
B532 Kb ga gbr 53.8 B472 Kwm gd grd 71.4
B536 Kgv qd gbr 53.9 B539 Kwm gd grd 71.7
B534 Kb ga gbr 54.0 B496 Kgv qd grd 7.7
B484 Kb qd ton 57.0 B540 Kwm gd grd 71.9
B514 Kb qd ton 57.0 B508 Kwm qd grd 71.9
B487 Kb qd ton 58.1 B476 Kwm gd grd 721

B523 Kb qd ton 58.6 B541 Kwm gd grd 721

B522 Kb qd ton 60.0 B520 Kwm qd grd 72.5
B537 Kgv qd ton 60.0 B538 Kwm gd grd 72.7
B503 Kb qd ton 60.5 B528 Kwm gd grd 72.8
B518 Ke qd ton 60.5 B551 Klw gd grd 73.0
B498 Ksm qd ton 61.3 B480 Kwm gd grd 73.7
B500 Kim qd ton 61.3 B479 Kwm gd grd 73.8
B530 Klw qd ton 61.3 B485 Kb gd grd 73.8
B531 Kb qd ton 61.3 B510 Kwm gd grd 74.2
B555 Klw qd ton 61.9 B475 Kwm gd grd 74.5
B524 Kgv qd ton 62.9 B504 Kwm am grd 74.6
B519 Kgv qd ton 63.4 B489 Kwm aqm grd 75.2
B495 Kb qd ton 63.5 B491 Kwm gd grd 75.5
B494 Kb qd ton 63.6 B516 Kiw gd grd 76.0
B529 Kgv qd ton 63.8 B550 Klw aqm grd 76.0
B499 Kwm qd ton 64.0 B482 Kwm am grd 76.4
B486 Kb qd ton 64.1 B515 Klw am grd 76.8
B544 Kb qd ton 64.1 B553 Klw aqm grd 77.4
B525 Kgv qd ton 65.0

Note: Samples are listed in order of increasing SiO, composition. Additional information about these samples is
provided by Kistler et al. (2003) and in the database accompanying this volume as Table 2 in the 03-Morton folder on the
CD-ROM, and in the GSA Data Repository as Item 2014040.

*Larsen (1948) units: Ksm—San Marcos gabbro, Kb—Bonsall tonalite, Kgv—Green Valley tonalite, Kwm—Woodson
Mountain granodiorite, Kliw—Lake Wolford granodiorite, Kim—Indian Mountain leucogranodiorite, and Ke—Escondido

Creek leucogranodiorite.

"Baird et al. (1979) rock types based on the classification system of Bateman et al. (1963): ga—gabbro, qd—quartz

diorite, gm—quartz monzonite, gd—granodiorite.

SRock names used in this report: gbr—gabbro, ton—tonalite, and grd—granodiorite. Parentheses are used for atypical
samples plotted with an open circle in the figures.
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(ICP-MS) after sample fusion with lithium tetraborate. Because sys-
tematic differences with the earlier analyses were noted, all of the
major elements were reanalyzed.

Strontium and rubidium isotope ratios (*’Sr/*Sr and $’Rb/**Sr)
were determined at the U.S. Geological Survey Sr isotope laboratory
in Menlo Park, California (Kistler et al., 2003). Samples used for their
analysis were aliquots of whole-rock powders prepared for major- and
trace-element chemical analyses. Rubidium and strontium elemental
abundances were determined by energy dispersive XRF methods with
concentration uncertainties of #3%. Strontium isotope ratios were
determined using a MAT 261, 90° sector mass spectrometer, using
the double rhenium filament mode of ionization. Strontium isotopic
compositions were normalized to 36Sr/%8Sr = 0.1194. Measurements of
NBS strontium carbonate standard SRM 987 yielded a mean ¥’Sr/%Sr
of 0.710239 + 0.000015. Analytical uncertainties in ¥’Sr/*Sr values
were about +0.008%. Pb and oxygen isotope data are also available for
some samples (Kistler et al., 2003; Langenheim et al., 2004).
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