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COMPOSITION OF MODERN SAND FROM THE SIERRA NEVADA, CALIFORNIA, U.S.A.: IMPLICATIONS
FOR ACTUALISTIC PETROFACIES OF CONTINENTAL-MARGIN MAGMATIC ARCS

RAYMOND V. INGERSOLL anp DANIEL J. EASTMOND
Department of Earth and Space Sciences, University of California, Los Angeles, California 90095-1567, U.S.A.
e-mail: ringer@ess.ucla.edu

ABSTRACT: The Sierra Nevada of California represents the roots of a long-lived magmatic arc (primarily Cretaceous) that is
presently being dissected as the range is uplifted, beginning in the south and progressing northward. This dissection is occurring
concurrently with northward migration of the Mendocino triple junction, south of which magmatic-arc activity is absent, and
north of which magmatic-arc activity continues. A north-to-south transect along the Sierra Nevada represents transitions of
active magmatic arc to transitional arc to dissected arc, and in the southern Sierra Nevada, to uplifted basement. Thus, analysis
of composition of modern sand derived from these separate parts of the Sierra Nevada provides a test for actualistic sand(stone)
petrofacies of magmatic arcs at all stages of dissection.

Rigorous statistical analysis of the composition of modern sand from the Sierra Nevada characterizes stages of magmatic-
arc dissection. Discriminant analysis of point-count data from Sierra Nevada modern sand defines four compositional groups
and distinguishes clearly between undissected-arc and uplifted-basement end members. Two intermediate compositional groups
reflect the complex geologic history of the Sierra Nevada. Volcanic and plutonic rocks dominate one intermediate group;
metamorphic and plutonic rocks dominate the other. The former group exhibits characteristics of Dickinson’s (1985)
“transitional arc,” whereas the latter is equivalent to “dissected arc.” No single compositional parameter is diagnostic of the
degree of magmatic-arc dissection, although volcanic-lithic content clearly differentiates between “undissected” and
“basement” groups. Regional compositional trends are evident when recalculated point-count data are plotted against latitude.

Sand composition in the southern Sierra Nevada reflects significant Cenozoic uplift of the batholith, resulting from Basin and
Range extension. High concentrations of quartz and feldspar, and extreme lithic depletion are typical at the southernmost
Sierra Nevada; this extreme depletion characterizes “basement uplift.”

The primary drainage divide of the Sierra Nevada forms a rough compositional boundary between eastern and western
groups. Potassium-feldspar content best distinguishes these groups, with higher values in the east.

Rigorous confidence regions in ternary diagrams yield results that are similar, but not identical, to hexagonal fields of
compositional variation. Arithmetic means, associated with hexagonal fields, are not identical to geometric means, associated
with logratio confidence regions. Definition of sand(stone) provenance groups, in general, depends on both data-acquisition
methods (e.g., Gazzi-Dickinson method) and statistical methods (e.g., Weltje method), so that direct comparison of data
analyzed using different methods is unwarranted.

INTRODUCTION

Sand(stone) composition, a useful indicator of modern and ancient
tectonic environment, provides important constraints on the evolution of
Cordilleran magmatic arcs in western North America and other
convergent margins (e.g., Dickinson and Rich 1972; Ingersoll 1978,
1983; Dickinson 1985). Dissection of one of the major arcs of the
Cordillera is observed in the Sierra Nevada of eastern California (Fig. 1).
Northward migration of the Mendocino triple junction is reflected in
northward retreat of active volcanism to Mount Lassen and the Cascade
Range, and in exposure of the Sierra Nevada batholith during the late
Cenozoic (Dickinson and Snyder 1979; Atwater and Stock 1998;
Dickinson 2002). Thus, a north-south transect of the Sierra Nevada
can be used as a proxy for arc dissection through time (Eastmond and
Ingersoll 2003; Eastmond 2004; Ingersoll and Eastmond 2004).

The purpose of this study is twofold. Analysis of Sierra Nevada sand
composition is a direct test of models for sand(stone) composition of
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magmatic arcs and their dissection through time (e.g., Dickinson and
Rich 1972; Ingersoll 1978, 1983; Dickinson 1985). Secondly, previous
studies of active-margin sand(stone) composition have relied entirely on
summary statistics (e.g., Ingersoll 1978, 1983; Dickinson 1985; Kretchmer
1987; Marsaglia and Ingersoll 1992; Ingersoll et al. 1993), whereas this
study compares summary statistics with alternative methods facilitated by
new software for the purpose of rigorous compositional analysis (i.e.,
Weltje 2002, 2004).

REGIONAL GEOLOGY AND TECTONIC HISTORY

The Sierra Nevada represents a 600-km-long segment of the
Cordilleran arc of North America. The Sierra Nevada arc, presently
inactive along most of its length, is the product of multiple phases of
Mesozoic-Cenozoic magmatism, tectonic uplift, and accretion of exotic
terranes (e.g., Schweickert 1981; Cowan and Bruhn 1992; Miller et al.
1992; Saleeby and Busby-Spera 1992; Ingersoll 1997; and references
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Fic. 1.—Map of northern and central Cali-
fornia, showing specimen locations (black dots,

. n = 156), major geologic features (dashed
Mesozoic line = San Andreas fault [SAF], open cir-
Granitoids cle = Mendocino triple junction [MTJ]), and

selected physical features (S = Mt. Shasta,

L = Mt. Lassen, W = Mt. Whitney,

LVC = Long Valley caldera). Cascadia sub-
duction zone is shown as serrated line, with teeth
on upper plate. The primary drainage divide of
the Sierra Nevada is indicated by the heavy

Paleozoic and

therein). The following brief summary of the paleotectonic history of the
Sierra Nevada utilizes models preferred by Ingersoll (1997); alternative
models are discussed in the above references.

Following Neoproterozoic breakup of the supercontinent Rodinia,
tectonic quiescence persisted through much of the early Paleozoic at the
site of the future Sierra Nevada (Poole et al. 1992; Ingersoll 1997; and
references therein). The western margin of North America maintained an
intraplate setting until a proforeland (peripheral foreland) basin formed
at the onset of the Antler orogeny in the Late Devonian (Speed and Sleep
1982; Burchfiel et al. 1992). The intraplate margin was dragged into
a west-dipping subduction zone, opposite that of the modern Cascadia
arc (Fig. 1). Contact between the continent and the island arc created the
Antler orogen, temporarily ending subduction. A transform margin may
have developed following the Antler orogeny, although relations are
ambiguous (Ingersoll 1997; Dickinson and Lawton 2003).

The Permian-Triassic Sonoma orogeny also likely involved a west-
dipping subduction zone. The collision of North America with the
microcontinent Sonomia accreted continental crust to the Cordilleran
margin and led to a reversal in subduction polarity (Speed 1979; Burchfiel
et al. 1992; Ingersoll 1997). This polarity reversal initiated continental-
arc magmatism along the Cordilleran margin (Busby-Spera 1988).
Remnants of the Late Triassic batholith are exposed only along the
eastern edge of the central Sierra Nevada (Schweickert 1976; Stern et al.
1981).

In the Late Jurassic, another west-dipping subduction zone and island
arc approached the continent-margin arc. The oceanic plate between the
two arcs sank into the mantle as the ocean basin closed (Schweickert and
Cowan 1975; Ingersoll 1997). Accretion of the island arc and obduction

Mesozoic curvilinear solid line. Heavy blue lines represent
i approximate latitudinal boundaries separating

Metamorphlc U (undissected arc), T (transitional arc),

Rocks D (dissected arc) and B (basement uplift).

of young, buoyant ophiolite complexes constituted the Nevadan orogeny
(162-150 Ma) (Schweickert 1981; Godfrey and Klemperer 1998; Ingersoll
2000). Magmatism in both arcs was overprinted by magmatism of a new
east-dipping subduction zone formed in the weak backarc of the accreted
terranes (Schweickert and Cowan 1975; Ingersoll 1997, 2000).

Post-Nevadan magmatic activity generated most of the presently
exposed Sierra Nevada batholith (120-80 Ma) (Hamilton 1978; Chen and
Moore 1982; Bateman 1992); concurrently, the Great Valley forearc basin
filled with mainly volcanogenic detritus (Dickinson and Rich 1972;
Ingersoll 1983; Linn et al. 1992). Granitoids dating from this period
comprise most of the exposed rocks of Yosemite Valley and elsewhere in
the southern Sierra Nevada (Evernden and Kistler 1970; Stern et al. 1981;
Saleeby et al. 1987; Coleman and Glazner 1997). After crystallization at
depths ranging from ~ 3 to > 23 km, the Cretaceous batholith averaged
about 30-35 km in thickness prior to Cenozoic erosion (Ague and
Brimhall 1988). The Cretaceous arc generated a minimum granitoid
volume of ~ 400,000 km® (Tobisch et al. 1995).

Throughout the Cretaceous, the magmatic front migrated steadily
eastward at an average rate of ~ 2.7 mm/yr (Keith 1978, 1982; Ingersoll
1979; Stern et al. 1981; Chen and Moore 1982; Ague and Brimhall 1988;
Linn et al. 1992). At this time, the arc may have accommodated
transpressional strain partitioning as a zone of lithospheric weakness
(Busby-Spera and Saleeby 1990; Tobisch et al. 1995; Tikoff and de Saint
Blanquat 1997). Eastward migration of the magmatic front quickened at
the end of the Cretaceous with decreasing dip of the subducted slab and
onset of the Laramide orogeny (Coney and Reynolds 1977; Keith 1978).
Magmatism in the Sierra Nevada ceased abruptly at ~ 80 Ma (Chen and
Moore 1982).
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Rapid, flat-slab subduction refrigerated the western Cordillera and
produced magmatic quiescence in the Sierra Nevada (Dickinson and
Snyder 1978; Bird 1988; Dumitru et al. 1991; Ward 1991). Erosion and
drainage integration increased across the arc (Dickinson et al. 1979) and
uplift of the batholith, from depths of several kilometers, accelerated
its incision (Dickinson and Rich 1972; Ingersoll 1978; Unruh 1991;
Wakabayashi and Sawyer 2001). Deeply incised rivers transported
sediment across the batholithic belt, with possible eastern headwaters in
the Nevadaplano (DeCelles 2004; Mulch et al. 2006). By the early Eocene,
the initial phase of uplift had ended, and the batholith had been severely
eroded (Unruh 1991).

In the late Eocene, the rate of convergence between the North
American and Farallon (Kula?) plates suddenly decreased (Keith 1982;
Bird 1988; Ward 1991). Silicic magmatism developed across the
southwestern United States as the asthenosphere decompressed during
slab rollback, and arc magmatism was reestablished in the Sierra Nevada
by the middle Miocene (Coney and Reynolds 1977; Keith 1978;
Christiansen and Yeats 1992; Ingersoll 1997; Dickinson 2002). The Sierra
Nevada region may have been at low elevation, with a blanket of volcanic
and volcaniclastic strata.

Initial interaction between the North American and Pacific plates at
~ 29 Ma created the Mendocino triple junction (Fig. 1) (Atwater and
Stock 1998). As the triple junction migrated northwest (e.g., Dickinson
and Snyder 1979; Ingersoll 1982; Dickinson 2002), magmatism pro-
gressively ceased and the batholith again was exposed, as uplift proceeded
from south to north. Isolated volcanism in the Coast Ranges and at Long
Valley caldera (Fig. 1) was coeval with northward-retreating arc
volcanism in the Sierra Nevada during the Neogene (Dickinson 1997).
Arc magmatism remains active only in the Cascade arc, from Mount
Lassen northward (Kretchmer 1987; Dickinson 2002) (Fig. 1). Thus, from
north to south, the modern and Cenozoic volcanic arc is increasingly
dissected to reveal greater erosion depths in the Mesozoic plutonic arc
and associated Paleozoic-Mesozoic metamorphic rocks.

Post-Miocene uplift has been accommodated by the eastern frontal
normal-fault system along the eastern edge of the Sierra Nevada. These
faults are associated with Basin and Range extension (e.g., Zoback 1989;
Dickinson 2002) and with continued dissection of the arc (Unruh 1991;
Wakabayashi and Sawyer 2001; Jones et al. 2004). Dip slip along these
faults and, to some extent, the vertical component of slip along related
strike-slip faults (Wesnousky and Jones 1994; Lee et al. 2001) have
generated much of the present relief in the eastern Sierra Nevada (e.g.,
Christensen 1966; Huber 1981; Loomis and Burbank 1988).

The relatively rigid Sierra Nevada block has been described as an
incipient microplate (e.g., Dickinson 2002), which has tilted ~ 3° to the
west (Chase and Wallace 1986; Unruh 1991). With respect to post-
Miocene uplift, the effects of vertical-axis rotation of the Sierra Nevada
block (e.g., Atwater and Stock 1998; Dixon et al. 2000) and of non-rigid
behavior within the block (Christensen 1966; Huber 1981; Dixon et al.
2000; Wakabayashi and Sawyer 2001) are locally significant. The general
tilt of the Sierra Nevada may be caused, in part, by the isostatic effect of
glacial and fluvial erosion in the High Sierra and sediment loading in the
Great Valley (Chase and Wallace 1986; Small and Anderson 1995).
Alternatively, the absence of mantle lithosphere beneath the eastern
Sierra Nevada and absence of a large crustal root imply that post-
Miocene uplift is controlled primarily below the Moho (e.g., Crough and
Thompson 1977; Wernicke et al. 1996; Liu and Shen 1998; Ruppert et al.
1998; Zandt et al. 2004).

The relationship between the rate of post-Miocene rock uplift and the
rate of post-Miocene surface uplift (e.g., Small and Anderson 1995) is
disputed. If the net vertical separation along the eastern frontal fault
system since the Miocene is assumed to be 1-3 km (e.g., Wakabayashi
and Sawyer 2001), then the corresponding increase in elevation is
significantly less than the present peak elevation of 4419 m at Mount

R V. INGERSOLL AND D.J. EASTMOND

Whitney (Fig. 1), even without adjusting for erosion. Various models
address this problem. Mean elevation may have decreased throughout the
Cenozoic, despite post-Miocene uplift (Small and Anderson 1995;
Wernicke et al. 1996; House et al. 2001). Alternatively, peak elevation
may have increased since the late Miocene, but the magnitude and rate of
increase are speculative (Huber 1981; Chase and Wallace 1986; Small and
Anderson 1995; Wakabayashi and Sawyer 2001). The outcome of this
debate is not critical to this study, but additional constraints on the
relationship between arc dissection and physiographic evolution may help
to explain certain ambiguities in sand(stone) composition trends (see
Discussion and Mulch et al. 2006).

Active uplift is indicated by recent seismicity along the frontal fault
system of the eastern Sierra Nevada (e.g., Ryall and Van Wormer 1980;
Van Wormer and Ryall 1980; Zoback 1989; Ichinose et al. 1998; Ramelli
et al. 1999). Sediment transport may be driven by surface uplift, but
encroachment of the frontal fault system on the headwaters of west-
flowing streams has limited their integration (Huber 1981; Wakabayashi
and Sawyer 2001; Jones et al. 2004). Modern effects of rapid stream
incision (e.g., Wakabayashi and Sawyer 2001) include meander entrench-
ment in the San Joaquin River canyon (Fig. 1) and rapid accumulation of
Quaternary alluvium in the San Joaquin Valley (e.g., Huber 1981;
Weissmann et al. 2002).

The complex history outlined above has resulted in diverse rock types
in the Sierra Nevada and surrounding areas (Fig. 1). Compositions of
sand in Sierra Nevada drainages are direct functions of the rock types in
those drainages; these rock types, in turn, are direct functions of the
tectonic history that created them. Thus, this study has the primary goal
of testing the relation between sand composition and source-rock type,
and the secondary goal of relating sand composition to plate-tectonic
history, which has determined the rock types.

PREVIOUS WORK

Compositions of sand(stone) derived from magmatic arcs indicate the
degree to which the arcs (e.g., Sierra Nevada) have been dissected
(Dickinson 1985; Marsaglia and Ingersoll 1992). Sand(stone) derived
from active, undissected magmatic arcs is dominated by volcanic detritus;
sand(stone) derived from inactive, dissected arcs is dominated by plutonic
detritus. Magmatic arcs in transition from active volcanism to dissection
yield transitional sand(stone) composition (Fig. 2).

Detrital modes of sand(stone) derived from undissected arcs yield
a distinct volcanic signal (Dickinson 1985; Marsaglia and Ingersoll 1992).
This signal is characterized by high ratios of plagioclase to total feldspar,
low concentrations of quartz (Fig. 2), and varying concentrations of mica
and accessory (dense) minerals. Lithic fragments (aphanitic polycrystal-
line grains of varying composition) are dominant (Fig. 2) and usually
exhibit textures diagnostic of volcanic or hypabyssal origin (e.g.,
Kretchmer 1987; Ingersoll and Cavazza 1991; Marsaglia 1991; Marsaglia
and Ingersoll 1992; Ingersoll et al. 1993).

In contrast, detrital modes of sand(stone) derived from dissected arcs
represent a distinct plutonic signal (Dickinson 1985). This signal is
characterized by lower ratios of plagioclase to total feldspar, relatively
high concentrations of quartz and feldspar (Fig. 2), and varying
concentrations of mica and accessory minerals. Monocrystalline grains
are dominant; lithic fragments are subordinate (Fig. 2), with meta-
morphic or volcanic grains locally significant (Dickinson 1985).

Transitional arcs lie compositionally between volcanic-dominated
(undissected) arcs and plutonic-dominated (dissected) arcs. As illustrated
in Figure 1, complex combinations of volcanic, metamorphic, and
plutonic rocks characterize transitional settings. These transitional
settings (with their resulting transitional compositions) can develop
through complex tectonic and erosional processes (Marsaglia 1991;
Marsaglia et al. 1995). Arc dissection occurs when volcanism ceases, so
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FiG. 2.— Ternary diagram showing provenance fields defined by total quartz
(Q), total feldspar (F), and unstable (nonquartzose) lithic (L) sand(stone)
composition. Designated fields refer to magmatic-arc provenance: undissected
magmatic arc, transitional magmatic arc, and dissected magmatic arc. Gray arrow
represents predicted trend for sand(stone) composition during arc dissection. Note
progressive lithic depletion in transitional-arc and dissected-arc fields. Abbrevia-
tions represent provenance fields not directly associated with magmatic arcs
(CI = craton interior, TC = transitional continental, RO = recycled orogenic,
BU = basement uplift). After Dickinson (1985).

that erosional processes outpace eruptive processes. This may occur due
to termination of magmatism following crustal collision (e.g., Schweickert
and Cowan 1975), change in subducting-slab geometry (e.g., Keith 1978,
1982), or change in plate-margin type during triple-junction migration
(e.g., Dickinson and Snyder 1979; Marsaglia 1991; Marsaglia et al. 1995).
Termination of magmatism by any of these plate-tectonic processes
results in gradual isostatic uplift as the volcanic cover is eroded, and
metamorphic and plutonic rocks are exposed (Dickinson and Rich 1972;
Ingersoll 1983; Dickinson 1985). More abrupt dissection occurs where
tectonic forces rapidly uplift the entire arc terrane, as demonstrated by the
southern Sierra Nevada (Fig. 1) and southern Baja California (Marsaglia
1991).

Traditionally, sedimentary petrologists have used ternary diagrams
(e.g., Fig.2) to analyze (sub)compositions of sand(stone). Ternary
diagrams facilitate analysis of three variables in two-dimensional space
and simplify interpretation of tectonic environment, diagenesis, and other
aspects of sand(stone) composition. The use of ternary diagrams,
however, can create statistical problems (Weltje 2002, 2004); construction
of fields of variation is particularly problematic. For example, the use of
summary statistics, such as arithmetic means and standard deviations, in
the construction of such fields (e.g., Ingersoll 1978) yields different fields
than does the construction of confidence regions (Weltje 2002, 2004).

The problem of sampling scale (the magnitude of sediment-dispersal
systems) also must be recognized in studies of sand(stone) composition
(Ingersoll 1990; Ingersoll et al. 1993). Higher sampling scale is assigned to
integrated river systems with diverse rocks in their drainage; local streams
constitute lower sampling scales. Grouping of specimens by sampling
scale clarifies the effects of local complexity on regional or global
(tectonic) sand(stone) provenance (Ingersoll 1990; Ingersoll et al. 1993).
Ingersoll et al. (1993) documented that magmatic arcs provide uniform
sand compositions at all sampling scales; thus, the use of Dickinson’s

third-order sampling model (Fig. 2) is justified for study of the first- and
second-order samples of the present study.

METHODS AND RESULTS
Specimen Treatment

All sand specimens in this study (n = 156) were collected from streams
in the Sierra Nevada and the southernmost Cascade Range, near Mount
Lassen and Mount Shasta. The spatial distribution of the specimens
(Fig. 1) represents diverse environmental conditions, including elevation
(100-3,000 m), climate (arid to alpine), stream gradient, stream-flow
conditions, and rock types (e.g., Fig. 1). No specimens from streams in
the eastern Sierra Nevada draining the Bishop Tuff, a Tertiary volcanic
unit thought to be unrelated to arc magmatism (Christensen 1966), were
included. Data representing fifteen specimens from the southern Cascade
Range were included from a previous study of similar scope and method
(i.e., Kretchmer 1987).

All data included in this study represent specimens of similar sampling
scale (e.g., Ingersoll 1990; Ingersoll et al. 1993). Specimens representing
talus or small drainages composed of homogeneous rock type (Ia) were
not included; a few specimens from integrated rivers that drain large areas
of heterogeneous rock type (Ila) were included. Most of the specimens
represent small drainages composed of heterogeneous rock type (Ib).
Higher sampling scales (IIb and III) do not exist in the study area.

All specimens were dry-sieved in order to isolate sand grains (0.0625-
2 mm). A portion of each specimen was mounted in epoxy and cut into
a thin section, which was etched in concentrated HF and stained with
sodium hexanitrocobaltate (III) for potassium-feldspar identification
(e.g., Ingersoll and Cavazza 1991). Thin sections were point-counted
using a mechanical advancing stage.

The Gazzi-Dickinson point-counting method is commonly used to
determine the composition of sand(stones) in active tectonic settings (e.g.,
Ingersoll 1983; Ingersoll and Cavazza 1991; Marsaglia and Ingersoll
1992), because its use minimizes the effect of grain size on detrital modes
(Ingersoll et al. 1984). The Gazzi-Dickinson method was used in counting
300 points per thin section; point-count categories (n = 11) are shown at
the top of Table 1. Specimens with abundant organic matter and other
intrabasinal components (e.g., Zuffa 1985) were not included. Most
specimens contained minor intrabasinal material, which was ignored
during the point-counting.

Raw data (Appendix 1 in JSR Data Archive, see Acknowledgments
section), excluding mica, dense minerals, and miscellaneous-unknown
grains, were recalculated to percentages with respect to QFL, QmFkFp,
LmLvLs, and QpLvmLsm (e.g., Ingersoll et al. 1984; Dickinson 1985;
Ingersoll 1990) (Appendix 2 in Data Archive). Raw data for mica and
dense minerals were recalculated as percentages with respect to the point-
count total of 300 (Appendix 2 in Data Archive). Ratios of plagioclase to
total feldspar and polycrystalline quartz to total quartz were included.
Each of the sixteen recalculated categories (e.g., Table 1) was analyzed for
regional trends in two-dimensional scatter charts, using latitude as
a preliminary variable. Selected scatter charts are shown in Figure 3.

Statistical Analyses

Discriminant Analysis.—Statistical analysis of composition data in-
volved several steps. All values of zero in the raw-data spreadsheet
(Appendix 1 in Data Archive) were replaced with the lowest detectable
limit of 0.5 to accommodate logarithmic transformation (e.g., Weltje
2002). All data were transformed to minimize statistical constraints (e.g.,
Weltje 2002). Raw point-count data contain inherent constraints that
make rigorous analysis impractical. For example, every component
abundance x; (where x; represents the abundance of any of the original
eleven categories in Table 1) is non-negative. Also, in any given 300-point
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TABLE 1.— Definition of Point-Count Categories.

COUNTED PARAMETERS

Qm Monocrystalline quartz

Qp Polycrystalline quartz

Fp Plagioclase feldspar

Fk Potassium feldspar

Lmv Metavolcanic lithic

Lms Metasedimentary lithic

Ls Sedimentary lithic

Lv Volcanic-hypabyssal lithic

M Phyllosilicate (mica) minerals
D Dense (accessory) minerals
Misc Miscellaneous or unidentified
OTHER ABBREVIATIONS

Q =Qm+ Qp Total quartzose grains

F = Fp + Fk Total feldspar grains

L=Lm+Lv+Ls
Lm = Lmv + Lms
Lvm = Lv + Lmv

Unstable (nonquartzose) lithic grains

Metamorphic lithic grains

Volcanic-hypabyssal and metavolcanic lithic
grains

Sedimentary and metasedimentary lithic grains

RECALCULATED PARAMETERS AND RATIOS

QFL%Q = 100 X Q/ LmLvLs%Lm = 100 X (Lm/L)

Lsm = Ls + Lms

Q+F+1L

QFL%F = 100 X F/ LmLvLs%Lv = 100 X (Lv/L)
Q+F+1L

QFL%L = 100 x L/ LmLvLs%Ls = 100 X (Ls/L)
Q+F+1L

QmFkFp%Qm = 100 X Qm/
(Qm + Fk + Fp)

QmFkFp%Fk = 100 X Fk/
(Qm + Fk + Fp)

QmFkFp%Fp = 100 X Fp/
(Qm + Fk + Fp)

%D = 100 X D/300
%M = 100 X M/300

QpLvmLsm%Qp = 100 X Qp/(L + Qp)
QpLvmLsm%Lvm = 100 X Lvm/(L + Qp)

QpLvmLsm%Lsm = 100 X Lsm/(L + Qp)

Fp/F = Fp/(Fp + Fk)
Qp/Q = Qp/(Qp + Qm)

count, the sum of the components is fixed at 300:
k
) xi=300, x;20. (1)
i=1

Therefore, the abundance value of the kth component is constrained by
the sum of the remaining values:

k-1
Xe=300—) " x;. 2)
i=1

These constraints prevent the values of x; from varying independently.
Both constraints are removed through logratio transformation (e.g.,
Weltje 2002), in which all values of x; are divided by the corresponding
value of the kth component, and the logarithm y of each ratio (excluding
xi/x;) 18 calculated:

yi=log <ﬁ>, wherei=1,2,....k—1. (3)
Xk

Monocrystalline quartz (Qm) was selected to represent the kth
component, such that all other values were divided by the corresponding
value of Qm. The logarithm of each ratio was calculated accordingly.
Discriminant analysis was applied to the logratio transformation of the
data set using Systat software (SPSS 2000).

The purpose of discriminant analysis is to classify multivariate
observations into mathematically defined groups (e.g., Koch and Link

1971). This procedure optimally clusters the data as ellipsoidal clouds in
multidimensional space, such that the directions and lengths of the
distances connecting ellipsoid centers maximize the spatial distinction (or
separation, or discrimination) among the groups (Koch and Link 1971).
Discriminant analysis modifies the statistical concept of univariate
distance d,

_ W1 —Wr

d — 4)

where w; and i, represent mean values of two samples with equal
standard deviation s, to apply to multivariate data. In the relatively
simple case of bivariate data, modification depends on whether the
variables are correlated or uncorrelated. If the variables are uncorrelated,
then Equation 4 is combined with the equation for geometric distance
between two points in Cartesian coordinates, S =0+ A0 yield:

_ 2 — 2
Wit —Wi2 Wa1 — W2
d_% )’ (=) -
6\1‘1 O-w2

where ¢ represents the standard deviation of a given sample. Alterna-
tively, if the variables are correlated, then:

d* = a(iyy —12)" +2b(W11 —12) (W21 —W12) + (T =)’ (6)

where a, b, and ¢ represent elements of the inverse matrix A™! of the
covariance matrix A (Koch and Link 1971). Large values of d represent
greater statistical distance, or discrimination, between a pair of samples.
For a comprehensive explanation of discriminant analysis, the interested
reader is referred to Koch and Link (1971) and Tabachnick and Fidell
(2001).

Note the d? notation, instead of d, in Equation 6. Complex multivariate
data sets (as opposed to the simple bivariate case) are measured for
statistical distinction by a criterion known as Mahalanobis’ d* statistic, or
D? statistic (commonly abbreviated “Mahal” or D?). This value is based
on the distance between pairs of group centroids, generalized to distances
over multiple pairs of groups (Tabachnick and Fidell 2001). Other
measurements of statistical distinction (e.g., Wilks’ lambda and approx-
imate F value) are also used. Discriminant analysis is complete when
statistical distinction is maximized.

Discriminant analysis is a special case of canonical correlation, which
closely resembles multiple regression in its description (Tabachnick and
Fidell 2001). In multiple regression, a single variable on one side of the
regression equation is determined by a series of variables on the other:

Y'=A+B X1+ BXo+...+ B Xy, (7)

where Y’ is the predicted value of Y, A is the y intercept, B; to By
represent regression coefficients, and X; to Xy represent the independent
variables (Tabachnick and Fidell 2001). The column matrix B (commonly
denoted B,) represents a series of regression coefficients, such that
Equation 7 minimizes the sum of squared residuals (i.e., differences
between Y and Y’). In canonical correlation, the objective is similar to
that of multiple regression (i.e., derivation of a series of coefficients that
yield an optimal result), but there are multiple variables on both sides of
the equation (Tabachnick and Fidell 2001). In a plot of a canonical
function in Cartesian coordinates, the axes represent canonical variates,
or factors composed of multiple variables. Variates are defined by a series
of coefficients that maximize statistical distinction.

The Systat application combines these principles of discriminant
analysis and canonical correlation to generate a grid that represents
ellipsoidal clouds of optimally separated points in two-dimensional space
(e.g., Fig. 4). Three variates (‘“factors” in Fig. 4) are represented as axes.
Pairings of variates are shown in individual cells of the grid, and each
pairing reveals the elliptical cross section of the ellipsoidal cloud in the
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Fic. 3.— Bivariate plots of selected recalculated parameters (horizontal axes) (see Table 1) versus latitude (vertical axes). QFLY%Q, QFL%F, and LmLvLs%Lm
decrease with increasing latitude, whereas QFL%L and LmLvLs%Lyv increase with increasing latitude. Increasing latitude correlates with decreasing arc dissection (see

Figs. 1, 2).

corresponding plane. Confidence ellipses are defined by the resulting
scatter of points determined by the pair of equations that comprise the
variates. Each of the cells that form the main diagonal of the grid
represents one of the variates (e.g., Factor[1] in the upper left), with point
frequency as the vertical axis (analogous to univariate frequency curves,
such as the curve implicit in Equation 4).

Analysis of Sierra Nevada Data.—Based on Figure 3, specimens were
sorted into three preliminary data groups, defined by lines of latitude (37
and 40 degrees), that correspond roughly with transitions in overall rock
types (e.g., Fig. 1). Discriminant analyses using these groupings
supported additional sorting of the intermediate group, which was
replaced, initially, by multiple groups; subsequent discriminant analyses
indicated two subgroups within the intermediate group: “plutonic-
volcanic” (or “transitional””) and “plutonic-metamorphic’ (“dissected”).
Four data groups were included in the final analysis: Undissected (U),
Transitional (T), Dissected (D), and Basement (B) (Table 2).

The initial Systat discriminant analysis showed that preliminary
assignment of the specimens based on latitude roughly classified the
specimens. On the other hand, some of the specimens in each group were
clearly discordant. The assignment of most discordant specimens was
corrected through seven iterations of discriminant analysis. The analysis
calculated the contribution of each petrographic variable to the statistical
distinction among the groups. For example, Table 3 shows that
LvLogRat contributed most to group discrimination in the final analysis.
As expected, the canonical factor that depended mainly on the log ratio of
Lv (Table 4) separated the data groups most effectively. For each
iteration, the weakest parameter(s) (i.e., the parameter[s] that contributed
least to separation of the groups) was (were) removed from the analysis

automatically. In the final analysis (Tables 3 and 4), the only variable that
did not contribute significantly was the log ratio of D (dense-mineral
content).

The number of specimens “correctly” assigned to each group was
tallied with each iteration. Table 5 shows the tally of the final analysis.
Any specimen that was not correctly assigned to a group was identified by
the analysis and reviewed individually, as follows: (1) for each discordant
specimen, the values for the strongest variables were compared with the
calculated central values for each group (Table 6); (2) if the values for the
strongest variables closely resembled the central values of another group
(Table 6), then the specimen was reassigned to the other group; (3) if the
new group assignment was not warranted by the specimen location (e.g.,
the analysis suggested that a low-latitude specimen be removed from the
Basement group), then the reassignment was cancelled. In other words,
latitude was used as an informal grouping parameter.

Iteration of the discriminant analysis clustered specimens of similar
composition into four groups (U, T, D, and B) and effectively removed
the variable of latitude from the definition of the groups. Iteration
continued until specimen reassignment yielded no improvement in the
correlation (“total % correct” of Table 5) of the specimens to group
means (Table 6). Ultimately, four outliers in 7'and D remained (Table 5)
among 156 specimens; U and B contain no outliers. The final canonical
plot (Fig. 5) shows the canonical-score cluster, by group, as opposed to
the recalculated raw-data scatter versus latitude in Figure 3, which only
partially represents the compositional data of each specimen.

Additional discriminant analysis was performed on the entire data set,
sorted by specimen location relative to the drainage divide (Fig. 1). This
replaced the four latitudinal groups with two drainage groups, “east” (e)
and “west” (w) (Appendix 3 in Data Archive). With the data sorted east—
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F16. 4—Canonical scores plot of discriminant analysis (SPSS, 2000). Data used
to construct canonical scores grid represent final iteration of Systat application.
See Figure 5 for enlargement of Factor 2 versus Factor 1 (left-center cell in this
figure). Total points = 156. Grid layout substitutes for three-dimensional diagram
and shows all possible pairings of canonical variates Factor 1, Factor 2, and
Factor 3. Ellipses showing 68% confidence limits represent cross sections of
ellipsoidal clouds generated by discriminant analysis. In each grid cell containing
confidence ellipses, selected canonical variates comprise horizontal and vertical
axes. Note resemblance of cells that share identical axes. For example, in the left-
center cell, Factor | is represented as the horizontal axis and Factor 2 is
represented as the vertical axis; in the top-center cell, Factor 2 is represented as the
horizontal axis and Factor 1 is represented as the vertical axis. Cells containing
frequency curves represent cross-sections of ellipses in corresponding columns. The
vertical axis of each bell-curve cell represents the score frequency of the
corresponding variate, analogous to univariate frequency curves (compare
Equation 4). Frequency-curve cells emphasize the contribution of each canonical
variate to separation of groups (U, T, D, and B). Note significant separation in
Factor 1 cell (upper left) relative to Factor 2 cell (center) and Factor 3 cell (lower
right). Total number of points in each group corresponds to totals listed in
Table 5. Group means for each factor are shown in Table 6. Group labels (B, D, T,
and U) are shown below or above the mean value for each bell curve.

west, potassium feldspar was the strongest variable in the discriminant
analysis (Tables 7 and 8). The specimens were not reassigned, and the
drainage groups were not adjusted for statistical affinity (Table 9).
Comparison of the “total % correct” values in Tables 5 and 9 shows that
the drainage groups (east and west) are not as significant, statistically, as
the arc-dissection groups. Nonetheless, these drainage groups show that
significant compositional contrasts exist across the Sierra Nevada arc,
especially the systematic increase in potassium feldspar from west to east
(Kistler and Peterman 1973; Keith 1982; Ingersoll 1983; Linn et al. 1992).

The canonical plot in Figure 5 clearly differentiates among the four
groups, without overlap of confidence ellipses at the 68% (one standard
deviation) confidence limit. The canonical plot is a two-dimensional
representation of multidimensional space. Unlike in ternary plots
(Figs. 6, 7) and scatter charts (Fig. 3), none of the variables shown in
Table 2 is represented exclusively by either axis of the canonical plot. All
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of the variables in Table 4 contribute to definition of both canonical
factors (i.e., Factor[1] and Factor[2] of Fig. 5) to some degree.

Figure 5 reflects the important contribution of LmLvLs%Lv in
separation of the groups (Table 5). The horizontal axis represents the
strongest canonical variable and is heavily dependent on LmLvLs%Lv
(Table 4). Figure 5 and Table 6 show that canonical scores for Factor 1
are very positive in U, slightly positive in T, slightly negative in D, and
very negative in B.

Figure 5 and Table 6 also indicate the important contribution of
QmFkFp%Fp (Table 3). Canonical scores for Factor 2, which reflects the
contribution of QmFkFp%Fp most strongly (Table 4), tend to be very
positive in U, slightly positive in B, slightly negative in D, and more
negative in T. Figure 5 shows that the separation produced by Factor 2 is
more ambiguous than that produced by Factor 1. The vertical range of
each confidence ellipse is overlapped by the vertical range of every other
group, except for U and T.

Ternary Diagrams

Recalculated summary statistics for each of the final arc-dissection
groups (U, T, D, and B) (Table 2) were used to construct confidence
regions (Weltje 2002) (Fig. 6) and hexagonal fields of variation (Ingersoll
1978) (Fig. 7). Hexagonal fields of variation (e.g., Ingersoll 1978), defined
by the standard deviation or other specified quantity about the mean in
each direction, involve statistical ambiguities that are eliminated with the
use of confidence regions (Weltje 2002). An additional problem with
hexagonal fields is demonstrated in Table 2 and in Figure 7, in which the
sum of a given arithmetic mean and corresponding standard deviation
may exceed the 100-percent range of a ternary diagram. For example, in
U, all standard-deviation values for the QmFkFp data, when added to or
subtracted from the corresponding mean value, yield at least one value
that is either less than zero or greater than unity (100 percent). Limits of
each variable, when represented as hexagons, would plot partly beyond
the area of the ternary diagram, if shown in Figure 7.

The summary statistics (Table 2) are consistent with previous descrip-
tions of magmatic-arc compositions (e.g., Dickinson 1985; Marsaglia and
Ingersoll 1992) (Figs. 6, 7). Sand from the undissected, northern Sierra
Nevada is dominated by volcanic lithic fragments, with high ratios of
plagioclase to total feldspar. Sand from the dissected, southern Sierra
Nevada is depleted in lithic fragments relative to quartz and feldspar, with
relatively high ratios of potassium feldspar to total feldspar. Extreme
lithic depletion in the southern Sierra Nevada places the provenance field
of B in the basement-uplift field. The intermediate groups also support
the general trend of lithic depletion with decreasing latitude (Figs. 3, 6, 7).

Data from 7 and D show that the “transitional” signal predicted in
Figure 2 is complex (Figs. 6, 7). For example, relative concentrations of
several components, such as QmFkFp%Qm, QmFkFp%Fp, and
LmLvLs%Ls, conspicuously peak or plunge, relative to the regional
“trend,” in at least one of the intermediate groups (Table 2). Other
components, such as QFL%F, Fp/F, and %D, reflect stronger correlation
between the intermediate groups and one of the end-member groups than
might be expected from a zone of “transition.” With respect to all of these
components, the intermediate groups do not constitute a zone of simple
compositional gradation between volcanic and plutonic end members.
The two intermediate groups can be defined as much by distinctive
proportions of metamorphic and other components as they are by
intermediate compositional values for “critical”” variables (Table 3), such
as volcanic lithics and plagioclase. On the other hand, some trends in the
intermediate groups are consistent with the “transition” label (Table 2).
QpLvmLsm%Lsm, LmLvLs%Lm, and %M all increase regularly from
north to south, as implied by Dickinson’s (1985) arc-dissection model.

Similarity between confidence regions (Fig. 6) and hexagonal fields of
variation suggest that summary statistics (Table 2) can be used to
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TABLE 2.— Summary statistics of compositional data, showing arithmetic means and standard deviations of recalculated parameters (see Table 1).

U T D B

Mean StdDv Mean StdDv Mean StdDv Mean StdDv
Qp/Q 0.02 0.05 0.02 0.05 0.02 0.07 0 0.10
Fp/F 0.99 0.05 0.70 0.21 0.70 0.22 0.68 0.11
QmFkFp%Qm 12 13 45 23 063 23 41 13
QmFkFp%Fk 1 4 14 9 9 8 19 7
QmFkFp%Fp 87 14 41 21 27 20 40 11
QFLY%Q 4 4 25 14 37 16 38 14
QFL%F 29 12 31 18 27 23 53 11
QFL%L 67 13 44 20 36 30 9 8
QpLvmLsm%Qp 0 1 1 4 3 7 1 3
QpLvmLsm%Lvm 96 5 66 27 28 23 9 9
QpLvmLsm%Lsm 4 4 33 26 70 22 89 9
LmLvLs%Lm 1 2 34 29 84 18 98 5
LmLvLs%Lv 96 5 60 32 10 15 2 4
LmLvLs%Ls 3 4 6 11 6 15 1 2
%M 0.30 0.60 2.10 2.00 2.90 2.60 3.80 2.80
%D 11.00 8.30 5.00 3.70 4.90 4.10 4.70 4.90

U = undissected, T = transitional, D = dissected, B = basement
TaBLE 3.— Canonical variable strength. TABLE 5.— Group-classification matrix.

Variable F-to-remove Tolerance B D T U Total % correct
LvLogRat 247.73 0.293471 B 51 0 0 0 51 100
FpLogRat 46.54 0.235021 D 2 20 0 0 22 91
LmsLogRat 18.76 0.308876 T 0 1 59 1 61 97
FkLogRat 12.79 0.588806 U 0 0 0 22 22 100
QpLogRat 9.51 0.604275 Total % correct (affinity): 97
LmvLogRat 6.00 0.382220
k;iggg:: 4513? 8;5?23 regions that are comparable to arithmetic means and fields presently in
MiscLogRat 333 0.438284 use. One type of data cannot be used to test models based on the other
Variable F-to-enter Tolerance type of data. For example, Figure 8 illustrates the lack of correspondence
DLogRat 0.74 0353882 of geometric mean and confidence interval of D with the Dissected Arc

generate reliable fields of compositional variation. This similarity,
however, is insufficient to support use of hexagonal fields in statistically
rigorous analysis of sand(stone) composition. Comparison of arithmetic
means for the QFL series in D (Table 2) (Fig. 7) with geometric means in
Figure 6 shows that logratio data may yield significantly different mean
values than untransformed data (Weltje 2002, 2004). Therefore, the
geometric means of each group in Figure 6 do not correspond with
arithmetic means in Figure 7. Implicitly, sand(stone) data from previous
studies should be used to generate geometric means and confidence

TABLE 4.— Canonical discriminant functions.

Factor 1 Factor 2 Factor 3
QpLogRat 0.497 1.486 0.179
FkLogRat —0.423 -1.071 1.680
FpLogRat —1.608 2.594 0.286
LmvLogRat 0.666 —0.184 —0.932
LmsLogRat —1.417 —0.788 0.450
LvLogRat 3.115 —1.419 0.373
LsLogRat 0.134 0.823 —0.166
MLogRat 0.518 -0.671 =0.901
MiscLogRat —0.755 0.194 —0.022

field of Dickinson (1985), whereas the arithmetic mean of the same data
plots within the predicted field. This lack of correspondence does not
negate Dickinson’s model; rather it demonstrates the need for method-
ological consistency in model testing.

DISCUSSION

The final canonical plot (Fig. 5) justifies grouping by latitude as
a preliminary criterion, even though emphasis on latitude (e.g., Fig. 3) is
removed in the final analysis (Table 5). Sand composition and latitude are
highly correlated in the Sierra Nevada, as predicted by northward
migration of the southern end of the active magmatic arc and rapid uplift
of the southern Sierra Nevada during the late Cenozoic (Dickinson and
Snyder 1979; Dickinson 1997; Atwater and Stock 1998).

The results of this study are broadly consistent with Dickinson’s (1985)
model (Fig. 2), whether one uses raw data, recalculated ternary ratios, log

TABLE 6.— Canonical scores of group means.

Factor 1 Factor 2 Factor 3
B —4.611 0.697 0.300
D —1.887 —0.393 —1.230
T 2.260 —1.284 0.221
U 6.311 2.338 —-0.078
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Fic. 5.—Simplified canonical plot of discriminant analysis. The left-center cell of grid shown in Figure 4 is enlarged to show the scale of both axes (Table 6). Ellipses
represent 68% confidence limits of each group of scores. The separation of ellipses is determined primarily by Factor 1, which corresponds with the horizontal axis.
Vertical ranges of ellipses tend to overlap. Factor 1 is strongly dependent on volcanic-lithic content (Tables 3 and 4). Factor 2 is strongly dependent on plagioclase
content. Note the clear distinction between horizontal ranges of end-member groups U and B, and compare separation patterns in Figure 6, which primarily reflects
volcanic-lithic content. Total points = 156: U (n = 22), T (n = 61), D (n = 22), and B (n = 5I).

data, or log-ratio data. Certain results, such as the complex composition
of D, are not predicted by previous models; rather, they reflect the
complex local geology. Most of the Sierra Nevada (Fig. 1) is composed of
volcanic and plutonic rocks associated with continental-arc magmatism.
Exposure of metavolcanic and metasedimentary rocks is most widespread
in the western Sierra Nevada (Fig. 1), where accretion and suturing
occurred during the Nevadan orogeny (e.g., Schweickert and Cowan
1975; Ingersoll 1997, 2000; Godfrey and Klemperer 1998). Young
volcanic cover in the north (Fig. 1) prevents this potential metamorphic
detritus from contaminating U (Figs. 6, 7). In the southern Sierra
Nevada, extreme uplift and erosion of accreted terranes, and general
exposure of the batholith are such that B is mostly uncontaminated by
metamorphic lithics as well (Fig. 6).

Extreme depletion of lithic fragments in B (Figs. 6, 7) is not predicted
by the arc-dissection path (Fig. 2). Dickinson’s (1985) model interprets
the QFL compositions of B to be indicative of basement uplift, such as
a rift shoulder or transform rupture. Either Dickinson’s model is limited
in interpreting the end stages of arc dissection, or the extreme lithic
depletion is indicative of tectonic processes unrelated to “normal” arc
dissection. In either case, sand composition from the present study is
consistent with extreme uplift of the southern Sierra Nevada, resulting
from complex Cenozoic tectonics.

This raises the general question of whether geologic process should be
recognized based on (1) evolutionary path in QFL space, or (2) terminal
composition. For example, the evolutionary trend of Sierra Nevada sand
(Figs. 6, 7) initially matches the predicted path for arc dissection (Fig. 2).
The arc-dissection model, however, implies that dissection is complete
when depletion of lithic fragments produces sand composition consistent
with the dissected-arc field, near the center of the QFL diagram.

Subsequent evolution of sand composition, from the center of the
diagram toward a different provenance field, such as the basement-uplift
field of Figure 2, implies an additional process, such as extreme uplift of
the batholith.

Alternatively, if geologic process is recognized based on terminal-phase
composition, then the process responsible for generating the sand of the
southern Sierra Nevada would be “basement uplift” or “rifting,” not “arc
dissection.” In the sense that the Basin and Range constitutes a modified
continental rift (e.g., Leeder and Gawthorpe 1987; Leeder 1995;
Dickinson 2002), the Sierra Nevada should be considered a modified rift
shoulder. Independent evidence from the southern Sierra Nevada (e.g.,
Saleeby et al. 1987, 2003; Wernicke et al. 1996; House et al. 2001; Jones et
al. 2004) suggests that late Cenozoic uplift and dissection have been

TaBLE 7.— Canonical variable strength, east-west classification.

Variable F-to-remove Tolerance
FkLogRat 27.52 0.576608
MLogRat 8.06 0.493170
DLogRat 5.97 0.171053
LmvLogRat 4.56 0.554908
FpLogRat 3.57 0.201242
LvLogRat 2.80 0.382358
Variable F-to-enter Tolerance
LsLogRat 1.05 0.330787
MiscLogRat 1.02 0.356713
QpLogRat 0.71 0.358221
LmsLogRat 0.65 0.451149
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TaBLE 8.— Canonical discriminant functions, east-west classification.

Factor 1
FkLogRat 1.905
FpLogRat 0.810
LmvLogRat 0.516
LvLogRat 0.271
DLogRat —1.035
MLogRat —1.194

TABLE 9.— Group classification, east-west classification.

e w Total % correct
e 31 11 42 74
w 29 85 114 75
Total % correct: 74

extreme, and unrelated to typical arc dissection. The question is not
whether sand(stone) composition of the southern Sierra Nevada is
controlled mainly by “uplift” or by “dissection,” but whether these
processes can be distinguished solely on the basis of QFL paths. In the
case of the Sierra Nevada, it seems that unusual tectonic uplift has
modified the typical dissection process, and that this contrast with typical
arc dissection is reflected in sand composition. Marsaglia (1991)
documented similar extreme arc dissection in southern Baja California,
also related to rifting resulting from triple-junction interactions (e.g.,
Ingersoll 1982).

CONCLUSIONS

The process of arc dissection is evident in the composition of modern
sand from the Sierra Nevada, where latitudinal position (north to south)
can be used as proxy for temporal compositional trends (undissected arc
through basement uplift). Multivariate statistical analysis supports
classification of Sierra Nevada sand as ‘“undissected,” “transitional,”
and “dissected magmatic arc,” with a quartzofeldspathic “uplifted-
basement” suite representing the southernmost samples. The results of
this study are consistent with Dickinson’s arc-dissection model.

Lv/ u Ls

Qp Dissection
Trends

Lsm

F1G. 6.— Ternary diagrams showing geometric means and their 95% confidence regions for each group (Weltje 2002). Also shown are general dissection trends
represented by the four groups (from north to south; see Fig. 1). See Table 1 for definitions and recalculations, and Table 2 in Data Archive for recalculated parameters.



794 R V. INGERSOLL AND D.J. EASTMOND

Qm

Dissection
Trends

sm

FiG. 7.— Ternary diagrams showing arithmetic means and hexagons based on 1 standard deviation for each parameter (Ingersoll 1978). QFL diagram contains
provenance fields of Dickinson (1985) (see Fig. 2). Also shown are general dissection trends represented by the four groups (from north to south; see Fig. 1). See Table 1
for definitions and recalculations, and Table 2 in Data Archive for recalculated parameters.

Compositions of samples from the transitional and dissected groups are
complex, reflecting paleotectonic conditions of the Sierra Nevada region,
as well as degree of dissection. Exposure of diverse rock types, including
Paleozoic and Mesozoic metamorphic terranes, and Cenozoic volcanic
cover, is a source of complexity with respect to compositional trends in
both groups.

No point-count parameter is “diagnostic” of arc dissection, although
volcanic-lithic content is highly negatively correlated with degree of arc
dissection. In the Sierra Nevada, compositional trends are such that
certain parameters (e.g., dense-mineral content) are statistically irrele-
vant. In contrast, volcanic-lithic and plagioclase content contribute
significantly to the statistical separation of undissected, transitional,
dissected, and basement groups. The volcanic-lithic trend best distin-
guishes each group and limits ambiguity in the regional compositional
trend. The extreme lithic depletion of the southernmost Sierra Nevada is
due to its present position as the western rift shoulder of the Basin and
Range.

The primary drainage divide of the Sierra Nevada represents a rough
compositional boundary between “eastern” and “‘western” dissected arc.
The primary discriminating factor between “eastern” and “‘western”
composition is potassium feldspar, which is higher in the east. These

drainage groups are not as statistically distinct as the arc-dissection
groups.

Use of logratio transformed data provides additional rigor to discrim-
inant and other statistical analyses. The use of confidence intervals (e.g.,
Weltje 2002, 2004) and the hexagon method of constructing confidence
regions (e.g., Ingersoll 1978, 1983) on ternary plots produce similar
graphical representations, although Weltje’s method provides more
opportunity for rigorous analysis. Weltje’s mean population values cannot
be used on ternary plots constructed using arithmetic means (e.g., Dickinson
1985; Marsaglia and Ingersoll 1992). Consistent petrographic and statistical
methods must be utilized during tests of compositional models.
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Fic. 8.—Ternary diagram showing Dickinson’s (1985) provenance fields, with
Weltje’s (2002) geometric means and confidence regions (Fig. 6). Notice that,
although the general form of geometric means and confidence regions (Weltje
2002) is similar to the general form of arithmetic means and hexagons based on 1
standard deviation (Ingersoll 1978), the values differ in detail (compare Figs. 6 and
7). Only arithmetic means of multiple specimens should be used with Dickinson’s
(1985) and related plots (e.g., Marsaglia and Ingersoll 1992) because these plots
were created with this form of data.

available from the JSR Data Archive: http://www.sepm.org/archive/index.
html.
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