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Figure 11: Backscattered electron images of plagioclase cores within mafic rocks of the intrusive
suite of Yosemite Valley. The Ca-rich plagioclase is medium gray, while the Na-rich

plagioclase is dark gray. Light gray minerals are hornblende and biotite. Fe-Ti oxides appear
bright white. Picture A is from RS-11. B is from NA-4. C is from RS-1, and D is from RS-2.
Morphology varies from grain to grain, as does the sharpness of the contact between
plagioclase zones. Resorption is manifest as irregular core borders (A and B), diffuse core
borders (C), and "holes" within An-rich cores (D).



Table 4: Representative analyses of plagioclase feldspars given in wt%

Sample NA-1b NA-2a NA-4e NA-5c NA-6b
rim core rim core rim core rim core rim core
SiO, 57.82 46.09 58.58 47.30 55.79 46.86 57.03 47.49 56.08 46.75
ALO, 26.86 34.72 26.96 34.26 28.75 34.68 27.68 34.17 28.19 34.55
FeO 0.18 0.28 0.08 0.20 0.13 0.06 0.19 0.13 0.14 0.22
CaO 7.78 17.16 8.16 16.91 10.03 16.78 8.98 16.18 9.49 16.88
Na,O 7.26 1.70 6.78 1.51 5.70 1.73 5.98 1.83 5.97 1.73
K,O 0.07 0.03 0.15 0.09 0.08 0.01 0.31 0.11 0.09 0.03
Total 99.98 99.97 100.70 100.26 100.49 100.12 100.16 99.91 99.95 100.15
Ab 62.6 15.2 59.5 13.8 50.5 15.7 53.7 16.9 53.0 15.6
Or 0.4 0.1 0.9 0.6 0.5 0.1 1.8 0.7 0.5 0.1
An 37.1 84.7 39.6 85.6 49.1 84.2 44.5 82.5 46.5 84.2
Sample RS-1 RS-2b RS-3 RS-6¢ RS-8 RS-10b RS-11c RS-16
rim core rim core rim core rim core rim core rim core rim core rim core
SiO, 56.94 46.95 53.23 45.11 57.02 46.74 58.38 48.47 54.78 44.35 55.35 48.40 54.43 47.80 54.07 48.80
ALO, 28.27 34.59 30.20 35.75 27.59 34.59 26.26 33.14 29.42 36.01 28.93 33.18 29.23 33.97 30.03 33.66
FeO 0.25 0.11 0.16 0.22 0.12 0.27 0.22 0.16 0.05 0.31 0.03 0.90 0.11 0.09 0.11 0.16
CaO 8.67 16.60 11.61 17.57 8.36 16.53 6.67 15.33 10.27 18.27 10.46 15.37 10.70 15.98 11.33 15.49
Na,O 571 1.76 5.02 1.35 6.91 2.16 6.51 2.90 5.79 1.11 5.39 2.51 5.50 2.40 4.47 2.15
K,O 0.13 0.00 0.03 0.01 0.05 0.03 1.87 0.04 0.04 0.00 0.10 0.04 0.09 0.02 0.07 0.06
Total 99.96 99.99 100.25 100.00 100.04 100.32  99.90 100.03 100.34 100.05 100.26 100.40 100.04 100.25 100.07 100.31
Ab 53.9 16.1 43.8 12.2 59.8 19.1 57.0 25.4 50.4 9.9 48.0 22.7 47.9 21.3 41.5 20.0
Or 0.8 0.0 0.2 0.1 0.3 0.2 10.8 0.2 0.2 0.0 0.6 0.2 0.5 0.1 0.4 0.3
An 45.3 83.9 56.0 87.8 40.0 80.7 32.3 74.4 49.4 90.1 51.5 77.0 51.6 78.6 58.1 79.7
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small for LA-MC-ICP-MS analysis. Figure 12 displays selected examples of the change
in An content across representative grains. Figure 13 shows the populations of the
plagioclase in the Rockslides and the North American wall samples. North American
wall plagioclase displays two major populations. The mode of the calcic core
compositions ranges from Angs to Angg. The more sodic rims have compositions closer to
Anyg to Ansg. The surrounding El Capitan granite contains plagioclase cores with
compositions ~Anzs and more sodic rims of An;s. The cores are thought to be xenocrysts
from the mafic dikes and enclaves while the sodic rims are crystallized from the granitic
magma (Ratajeski, 1999). The majority of calcic cores in the North American wall
transition sharply to sodic rims with little intermediate compositions in between.
However, some plagioclase grains do show more gradual transitions from core to rim
compositions. There did not appear to be any sodic cores surrounded by more calcic rims.

Rockslides grains exhibit a nearly identical range of compositions, but bimodality
is suppressed by more grains with “intermediate” An compositions. When compositional
populations are scrutinized for individual samples, North American wall samples
consistently have two compositional modes (Fig. 14a). Viewed in the same manner, the
majority of Rockslides samples also have two modes of plagioclase compositions, but the
modes are not the same composition in each sample. The exceptions to this bimodality
are RS-10 and RS-11 (Fig. 14b). These samples are more leucocratic than the others. The
plagioclase crystals often contain smaller, more resorbed calcic cores surrounded by large
sodic rims. As a result, the histograms do not exhibit unambiguous bimodality.

In addition to major element analyses of plagioclase grains, *’Sr/*Sr ratios were

collected using micro-drilling followed by TIMS analysis or LA-MC-ICP-MS analysis.
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Figure 12: Traverses across plagioclase grains obtained with microprobe analyses. RS-11 and
NA-4 are the same grains as in Figure 9.
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Figure 13: Histograms of anorthite content of 113 North American Wall and 126 Rockslides
plagiolcase crystals.
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Figure 14a: Histograms of individual North American wall samples. The bimodal distribution is
still visible.
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Figure 14b: Histograms of individual Rockslides samples. Some samples display clear bimodal
populations while others show a larger range of compositions. Leucocratic samples tend to
yield a wider range of plagioclase compositions.
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Calcic cores and sodic rims were analyzed on the same sample using both techniques,
and the values obtained are the same regardless of the technique employed. Even though
the An content varied in the plagioclase crystals by as much as 45 mole %, there appears
to be no relationship between anorthite content and *’Sr/*Sr in either the North American
wall or Rockslides samples (Fig. 15). Figure 16 compares core and rim 87S1/*%Sr ratios.
The ratios agree with reported whole rock values for mafic rocks of Yosemite Valley as
well as in other Sierra Nevada studies (eg. Kistler et al., 1986; Sisson et al., 1996;

Ratajeski et al, 2001).

Discussion
Magma mixing and whole rock compositions

Si0; variation diagrams can be used to detect magma mixing processes within
magma chambers. Simple two-member mixing produces a linear array of sample
compositions falling between the two end members. Extrapolation of compositional
trends of North American wall and Rockslides major elements to higher silica
compositions predicts the composition for the high silica mixing end-member. Figure 5
shows few mafic trends actually extending linearly into the El Capitan Granite field.
Some elements completely lack a linear trend. The trend lines that have a decent fit (R*>
0.6) extrapolate to mixing end-members with less wt % SiO; than the El Capitan Granite,
suggesting mixing with a less silicic magma before intrusion into the host granite.
However, the trends do not extrapolate to the same silicic mixing member. Therefore, a

simple two component mixing model is not likely.
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Figure 15: Plagiolcase 87Sr/86Sr vs. An concentration. Previously published whole rock ratios
for the intrusive suite of Yosemite Valley range from 0.7066 to 0.7080 (Ratajeski et al.,2001).
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Figure 16: Comparisons of core and rim isotopic ratios for both North American wall and
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Complex mixing histories, crystal fractionation, and/or crystal accumulation of
one or both end members are probably also responsible. Fractionation and accumulation
processes are not obvious in major element SiO; variation diagrams. The high Al,O; of
some samples hints at plagioclase accumulation, but it is not clearly manifest in the

modes or in the presence of positive Eu anomalies (Figure 8A).

Origin of plagioclase morphologies and compositions

Plagioclase composition and morphology in both North American wall and
Rockslides samples can also be explained through magma mixing or assimilation of more
silicic crust. In both magma mixing and crustal assimilation scenarios, a hotter, more
mafic magma comes in contact with cooler, more silicic melt (eg. Tepley et al., 1999;
Wenner, 1999). In crustal assimilation scenarios, the incorporated material could be a
pelitic gneiss (Castro, 2001). After mixing, An-rich plagioclase crystals (from the mafic
component) and Ab-rich (from the silicic component) plagioclase crystals are in
disequilibrium with the new hybrid melt. As a result, the existing crystals start to resorb
irregularly. New plagioclase grows around the resorbed grains. The new growth often has
a composition somewhere in between the mafic and more silicic end members. Castro’s
(2001) experiments involving mixing basalt and hornblende-gabbro with pelitic gneiss
showed resorbed calcic cores were produced from the reaction of pre-existing
phenocrysts with the melt while skeletal cores were newly-formed from the hybrid melt.

Morphologies and compositions of plagioclase in this study are comparable to
those observed in mixing studies (eg. Hibbard, 1995; Castro, 2001; Zellmer et al., 2003).

However, there are no sodic cores surrounded by calcic rims. Either there were no
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preexisting plagioclase crystals in the more silicic component, or they completely
resorbed with interaction of mafic magma. The bimodal population of plagioclase can be
explained by a mafic magma with An-rich plagioclase mixing with something more
silicic. The An-rich cores are remnant crystals, while the Ab-rich rims are either
representative of silicic plagioclase compositions, or a hybrid between mixing
components. While the North American Wall samples seem to have a relatively
consistent mean composition for An-rich and An-poor plagioclase zones, Rockslides
samples show more variability (Fig. 13). This could indicate multiple mixing events. The
hybrid magmas produced in one event are available to mix again with the end member
magmas or other hybrids. Some of the Rockslides samples lack a clear bimodal
distribution. This probably represents crystallization from a hybridized magma.
Additional evidence for magma mixing is seen in the textures of other minerals.
In two samples, quartz crystals are completely mantled with hornblende. This
disequilibrium texture is caused by magma mixing, where the quartz xenocrysts from the
silicic magma reacts with the more mafic magma (Hubbart, 1995; Wenner, 2001).
Magma chamber convection and rapid decompression of magma can also produce
disequilibrium textures in plagioclase. In contrast with textures observed in this study
samples, magma chamber convection produces cores and rims with prevalent zonation. In
this study, zonation is rarely seen in the rims surrounding calcic cores. When it is
apparent, it is subtle and isolated to the leucocratic Rockslides samples. Rapid
decompression of magma can also produce disequilibrium textures in plagioclase.
However, the textures produced were dominated by sieved sodic cores surrounded by

more calcic rims (Nelson and Montana, 1992). In this study, no plagioclase crystals
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exhibited reversed zoning. Also, sieved plagioclase is not the dominant morphology in
this study. Therefore, it is unlikely the textures observed in both the North American and
Rockslides plagioclase were created by convection or rapid decompression of a magma

chamber.

Petrogenesis

Previously published whole-rock 8731/%Sr and eng show an “enriched mantle”
signature (87Sr/86Sr ~0.7065 to 0.7074 and eng -3 to -8) for the intrusive suite of
Yosemite Valley, which is comparable to other plutons in the Sierra Nevada batholith
(Fig. 15). Past petrogenetic models used *’Sr/**Sr and exq data to propose crustal
contamination of a depleted mantle type magma (e.g. Kistler and Peterman, 1973;
DePaolo, 1981) is responsible for the observed ratios. The data used in these models were
based on whole rock data, which homogenizes any individual source signatures the
minerals still retain. Mineral-scale *’Sr/*Sr MC-ICP-MS studies on plagioclase in mixed
magma systems have been able to isolate the isotopic character of each mixing member
(e.g. Tepley et al., 1999; Tepley et al, 2000; Davidson et al., 2001; Davidson and Tepley,
2003 Ramos et al., 2004). In contrast with these studies, North American wall and
Rockslides plagioclase showed very little isotopic heterogeneity from calcic plagioclase
cores to their more sodic rims (Fig. 15). The following discussion addresses three
plausible scenarios for this outcome: 1) Instead of a depleted mantle, the mantle beneath
the intrusive suite of Yosemite Valley is enriched, and the mafic and silicic magmas
show the true isotopic signature of their source, 2) The initial melt was enriched in Rb

prior to plagioclase crystallization. Therefore, plagioclase *’St/**Sr does not represent the
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true mantle composition, or 3) The isotopic composition of the calcic plagioclase re-
equilibrated with the hybrid magma, erasing the original signature.

1. The existence of an enriched mantle beneath the Sierra Nevada is supported by
several lines of evidence. Accumulating work suggests that the mantle beneath the
western United States is not depleted mantle with low *'Sr/*Sr ratios, but rather it has
been enriched in Rb and other incompatible elements sometime during its history,
perhaps during the Proterozoic (e.g. Menzies et al., 1983; Farmer et al., 1989; Coleman
and Walker, 1992). The most convincing argument for lithospheric mantle enrichment is
based on mantle xenoliths entrained within young volcanic units (Domenick et al., 1983;
Frost and Mahood, 1987; Dodge et al., 1988; Beard and Glazner, 1995). However, most
authors concur that the mantle is heterogeneous both in the vertical and horizontal
directions, resulting in variation in *’Sr/**Sr (0.7022-0.7065) and exg (+13.8—3.4) (Beard
and Glazner, 1995). Many of these xenoliths have been entrained in alkaline basalts,
which may have been produced from a “different” mantle than that involved in the
production of many of the calc-alkaline plutons in the Sierra Nevada batholith. Also,
most of the lavas were erupted during the late Cenozoic Era, long after Cretaceous
plutonism. The relationship between the lithospheric mantle xenoliths entrained in
younger volcanic rocks and the mantle involved in Sierran plutonism is unclear.
However, an enriched mantle would negate the need for a two-component depleted
mantle-crust mixing model (Domenick et al., 1983). If crustal contamination is not
necessary to create the enriched isotopic ratios, then much of the plutonism during the

Cretaceous could represent new, differentiated but uncontaminated additions to the crust.
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2. It is also possible that crustal contamination or enrichment of the mafic magma
occurred before plagioclase crystallization, which would explain why the crystals do not
display isotopic heterogeneity. Compositionally, the North American wall and Rockslides
can be classified as high-alumina basalts because they generally contain > 17 wt %
AlOs3, relatively low in Mg (< 6 wt % MgO), and lie on the boundary between alkaline
and tholeiitic rocks, and are formed in a subduction zone environment (Kuno, 1966;
Tatsumi and Eggins, 1995). The samples have low concentrations of compatible trace
elements, which indicate they were not primary mantle melts. Sisson and Grove (1993)
proposed that low-Mg high-alumina basalts are the product of deep fractionation of
primary tholeiitic magmas. These H>O-rich tholeiitic magmas may pond at the base of the
crust and fractionate without plagioclase crystallization. Crustal assimilation could have
occurred during fractionation of this more primitive melt. Because plagioclase was not
crystallizing during this early stage of magma fractionation, it has no “recollection” of the
initial isotopic composition of the parental magma.

Isotopic data from RS-3 and RS-6 further support the argument for crustal
contamination. Because of their high Cr and Ni contents, RS-3 and RS-6 are considered
the most primitive (but not primary), least enriched rocks reported thus far in the
intrusive suite of Yosemite Valley as well as some of the highest reported for the Sierra
Nevada batholith (e.g. Coleman et al., 1992; Coleman and Glazner, 1997; Sisson et al.,
1996). Figure 9 illustrates that RS-3 and RS-6 are also the most primitive samples
reported in the intrusive suite of Yosemite Valley with regard to exg values. Even though

they are still considered isotopically enriched in reference to primitive Earth, they do
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represent more primitive material not previously considered in petrogenetic models for
the plutonic rocks in the intrusive suite of Yosemite Valley.

The 8'%0 data for RS-3 and RS-6 provides more evidence in favor of crustal
contamination of a mantle-derived magma. Figure 10 clearly shows that RS-3 and RS-6
do not represent primitive mantle-derived magmas, and they should be interpreted
accordingly. Instead, a crustal input with higher 8'%0 values has been incorporated into
the mantle-derived magma to produce higher isotopic signatures (Lackey et al., 2005). If
the oxygen isotopic data are indicative of crustal contamination, then the *’Sr/*Sr ;and
end values also reflect a crustal input. Therefore, the 87Sr/%Sr and eng data that were
interpreted as representing an enriched mantle (i.e. Coleman et al., 1992, Coleman and
Glazner, 1997, Ratajeski et al., 2001) should not be used to infer the isotopic signature of
the mantle. The ¥’St/**Srand gxq values of RS-3 and RS-6 can, however, be used to infer
that there is a more primitive mafic parent magma that needs to be accounted for in
petrogenetic models. The two samples are fine-grained, with plagioclase crystals too
small for mineral-scale *’Sr/**Sr analysis.

3. The isotopic re-equilibration of plagioclase in intrusive rocks has been a subject
of debate. Some authors argue for complete equilibration, some for partial equilibration,
and yet others state it occurs on a minor scale (Pin et al, 1990; Allen, 1991, Holden et al.,
1991; Eberz and Nicholls, 1990; Elburg, 1996a; Elburg, 1996b). Studies show that
diffusion of Sr in plagioclase is dependent on anorthite content: the more anorthitic the
plagioclase, the slower the diffusion rate (Cherniak and Watson, 1994). Diffusion rates
also depend on grain size. A Imm radius plagioclase grain at 900°C will re-equilibrate

with its surrounding in 100,000 years, (Cherniak, 2002). All plagioclase crystals analyzed
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in this study are smaller than 1 mm and will equilibrate faster. However, the crystal
residence time for these rocks is unknown. Therefore, it is unclear if the plagioclase
crystals have re-equilibrated with their host rock, and the data should be view as such.
In contrast with Sr diffusion, REE elements are known to diffuse and re-
equilibrate more slowly (Cherniak, 2000). As a result, the Nd isotopes would equilibrate
more slowly, serving as a better petrogenetic tracer than Sr in plagioclase (Eberz et al.
1990; Holden et al., 1991; Gagnevin et al., 2004). Unfortunately, it is not yet possible to

analyze Nd isotopes by microanalytical techniques.

Proposed Model

This study proposes that the mafic rocks of the intrusive suite of Yosemite Valley
could be derived from normal subduction zone mantle wedge rather than a Proterozoic
enriched mantle. The diorite of the Rockslides and the North American wall mafic dikes
are compositionally similar to high-alumina basalts. High-alumina basalts are thought to
have originated from hydrous primary tholeiitic melts. These melts pond at the base of
the crust and fractionate olivine, augite, and spinel without plagioclase (Fig. 17) (Sisson
and Grove, 1993b; Kay and Kay, 1994; Winter, 2001). Fractionation causes MgO
depletion and Al,O3; enrichment. While fractionating, the magma will assimilate lower
crustal material, altering the basalt’s compositional signature. At some point, the magma
begins to rise through the crust, allowing for devolatilization and crystallization of other
mineral phases, such as plagioclase (Sisson and Grove, 1993b; Winter, 2001). These later
crystal phases would record the post-assimilation isotopic signature. If multiple pulses of

mafic magma were injected into the lower magma pond, some pulses might not



41

5.Intrusion and mixing within
host granite. Old plagioclase
resorbs and new plagioclase
crystallizes as rims and as
crystals.

O 0 O 4.Magma stalls, assimilates crust,
and mixes with more silicic
o & magma. Old plagioclase resorbs.
Q New plagioclase crystallizes.

3. Plagioclase begins to
crystallize.

Figure 17: Schematic figure illustrating the generation of the North American wall and diorite of

the Rockslides mafic rocks. The figure is not specifying a certain number of mixing events, nor is
it illustrating pluton emplacement mechanisms.
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fractionate into high-alumina basalts before ascending into the crust. As a result, the
magma would not experience the same degree of assimilation at depth. RS-3 and RS-6
could represent such portions of the magma. Because they did not differentiate
extensively at depth, they have relatively higher Mg, Cr, Ni, and lower Al concentrations
than other RS samples.

Unfortunately, only two Cr and Ni enriched samples enriched with higher exg
values have been found. While fractionating high-alumina basalt at the base of the crust
may explain the trace element and isotopic variation in the RS suite, it does not address
why North American wall samples with similar Mg and Al concentrations as RS-3 and
RS-6 do not have similar high Ni and Cr concentrations. RS-3 and RS-6 do, however,
show that there is a larger range of isotopic and trace element compositions in the
intrusive suite of Yosemite than previously thought. The oxygen isotopic data clearly
show a crustal component, indicating that perhaps none of the mafic rocks of Yosemite
Valley preserve initial mantle values. More sampling and analyses need to be performed
in order to better ascertain the proportion of crust and mantle involved in the generation
of these mafic rocks, and thereby better constrain the character of the mantle beneath the

Sierra Nevada batholith.

Conclusions

The mafic dikes of the North American Wall and the diorite of the Rockslides are
not pure mantle differentiates; they are the product of magma mixing, crustal
contamination, or both. They can be used to better constrain the character of the mafic

mixing component and ultimately the involvement of crustal contamination in the
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generation of Sierra Nevadan plutons. Because of their hybrid nature, they should not be
used to directly characterize the mantle.

New whole rock exg data show the existence of a previously unreported more
primitive mafic end-member. On a mineral scale, plagioclase crystals show no systematic
change in ¥St/**Sr from cores and rims. As a result, micro-sampling cannot differentiate
between the derivations of mafic magma from enriched mantle versus crustal
contamination of tholeiitic basaltic magma before plagioclase crystallization. The
plagioclase data are consistent with enriched mantle models. However, it is not necessary
to derive the mafic rocks from an enriched mantle. Crustal contamination of a depleted
mantle-derived melt prior to calcic plagioclase crystallization enriches the mantle in Rb
and Nd. Plagioclase then preserves the contaminated isotopic signature instead of the

original signature. Therefore, it cannot be used to interpret mantle character.
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Appendix I
Operating parameters of the UP213 New Wave™ Laser
Wavelength 213 mn
Trough dimensions 80 x 400 to 80 x 600 pm
Energy density 13-15 J/em®
Pulse rate 20 Hz
Carrier gas Helium
Stage speed 120 pm/s
Appendix IT

LA-MC-ICP-MS Sr isotopic data was obtained by using a raster method over a
traverse either entirely within the core or external to the plagioclase core. The raster
method involved moving the stage such that the laser repeatedly traced a path 400-600
um long. With each pass, the laser penetrated the plagioclase phenocryst a depth of 1-2
um. During ablation, the material produced was removed by a stream of Ar gas and
introduced into the MC-ICP-MS. The instrument processed the material and recorded
analyses while more material was being introduced. Each set of analyses measured “Kr,
%Rb, and all four natural Sr isotopes concentrations. After collecting 100 sets of analyses,
the ablation was halted. The trough created would be 80 pm wide by 40-80 um deep,
depending upon how many traverses were needed to obtain 100 sets of analyses.

Once the raw data was obtained, it was corrected for mass fractionation and
interference of Kr and *’'Rb with **Sr and *’Sr, respectively. Kr can be introduced into the
system if it is present in the Ar gas used to transport material into the MC- ICP-MS.
However, it was determined that the Kr correction was negligible, and **Sr values were
not corrected for Kr interference. According to Davidson et al. (2001), mass fractionation

in MC-ICP-MS source is species independent and relatively constant. As a result,
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8831/%Sr can be used to correct for fractionation of **Rb and *’Rb. Then, ¥’Sr can be
corrected for any *’Rb interference.
To correct for mass bias, the following equation from Albarede et al. (2004) was
used:
r~ R(M;/My)"?
where r = corrected isotopic ratio, R = measured isotopic ratio, M; = atomic mass of
nuclide i, M; = atomic mass of nuclide &, and = correction factor for determined for Sr,

calculated for **Sr/*Sr using the following equation:

B = In [(Stsa)(**St/**S1)] — In(**STinw/** Strnw)

where Srgq = 0.1194 (representing the value of the abundance of **Sr/**Sr agreed upon by
the IUGS), 86Sralw = atomic weight of 86Sr, and 88SraW = atomic weight 8Sr. When using
the fractionation equation to correct the calculated 8Rb value, R was replaced with Rbgg/
85 Rb, where Rbgq = 2.59265, the $Rb/ARb abundance value also adopted by the IUGS.
Because Rb has two naturally occurring isotopes and only one of which is stable, 8
cannot be determined for Rb. Instead, the Sr B value was used in mass bias correct *’Rb.
The corrected *’Rb was then subtracted from *’Sr in order to negate any isobaric
interference. The interference corrected *’Sr was then divided by measured **Sr to
produce R, which was used in the mass bias equation.

Once the 100 analyses were measured and corrected, the mean of the values, the
standard deviation, and the standard error were calculated. The corrected values then
passed through three iterations of eliminating outliers beyond 2. The *°Sr/*Sr values

reported are the average of the remaining analyses along with the calculated 2.



