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ABSTRACT

Temporal and spatial patterns in the architecture of the Franciscan Com-

plex provide valuable insights into the subduction processes through which 

such patterns arise. The Nacimiento Franciscan belt is an allochthonous sliver 

of subduction assemblages in the central California Coast Ranges displaced 

either: (1) from southern California by >300 km of Neogene dextral slip along 

the San Andreas fault system or (2) from central California to southern Cali-

fornia and back again, by >500 km of Late Cretaceous–Paleocene sinistral slip 

along the Sur-Nacimiento fault followed by San Andreas–related motion. New 

U-Pb detrital zircon data from 20 (meta)clastic samples indicate that the Naci-

miento Franciscan section was assembled between ca. 95 and 80 Ma. Abun-

dant Cretaceous (particularly Late Cretaceous) and diminishing amounts of 

Jurassic and Proterozoic zircon grains point to a southern California origin for 

Nacimiento Franciscan protoliths, precluding significant sinistral strike-slip 

along the Sur-Nacimiento fault. Furthermore, the suite of detrital zircon ages 

reported here bears a strong resemblance to new and existing data from sub-

duction complexes in southern California that were emplaced during Laramide 

shallow subduction (i.e., Sierra de Salinas, Portal Ridge, Quartz Hill, Rand, San 

Emigdio, and Tehachapi schists). Hence, the Nacimiento Franciscan is dis-

tinct from Franciscan rocks in central and northern California and more likely 

represents an outboard element of the Late Cretaceous southern California 

low-angle subduction system. Upon restoring the Nacimiento block to its Late 

Cretaceous position, an inboard-younging trend is apparent in the compos-

ite Nacimiento–southern California schist belt, suggesting that progressively 

younger accretionary materials were underplated farther inboard by tectonic 

erosion. We posit that arc and forearc elements absent from southern Califor-

nia were removed by a combination of physical and tectonic erosion attending 

shallow subduction, interleaved in the subduction complex, and recycled into 

the mantle. Steepening of the Laramide slab was marked by a phase of crustal 

extension in the overriding plate. During this phase, the Sur-Nacimiento fault 

likely functioned as a segment of a low-angle normal fault system spanning 

the southern Sierra Nevada batholith to the Nacimiento accretionary system.

INTRODUCTION

The Franciscan Complex, exposed from central California to southern Ore-

gon, is recognized as one of the most complete archives of subduction zone 

evolution in the world (e.g., Hamilton, 1969; Ernst, 1970). Geoscientific inves-

tigation of the Franciscan Complex has shed considerable light on how, and 

over what length and timescales, subduction accretion systems are assem-

bled (e.g., by accretion and underplating), disassembled (e.g., by subduction 

erosion and trench-linked strike-slip faulting), and exhumed (Wakabayashi, 

2015 and references therein). Profound along- and across-strike variations in 

accretionary belt character reflect the dynamic nature of Mesozoic subduction 

beneath western North America. For example, the northern Coast Ranges and 

San Francisco Bay Area contain a downward- and westward-younging (Early 

Cretaceous to middle Miocene) high-pressure/low-temperature (HP/LT) struc-

tural sequence juxtaposed with forearc sediments (Unruh et al., 2007; Ernst 

et al., 2009; Snow et al., 2010; Dumitru et al., 2010, 2015; Wakabayashi, 2015). 

In contrast, in southern California, high-pressure/high-temperature subduction 

assemblages appear to young along strike (Late Cretaceous to Eocene) and 

are juxtaposed with batholithic rocks with no intervening forearc (Jacobson 

et al., 1988; Jacobson et al., 1996; Grove et al., 2003; Saleeby, 2003; Kidder 

and  Ducea, 2006; Chapman et al., 2011; Jacobson et al., 2011). These NW-SE 

variations are attributed to shallowing of the dip of the descending slab from 

northern to southern California (Saleeby, 2003; Liu et al., 2008, 2010).

Along-strike variations in strain partitioning from oblique subduction, result-

ing in domains variably affected by trench-linked strike-slip faulting, have also 

been proposed for the California subduction system (McLaughlin et al., 1988; 

Jayko and Blake, 1993). The Nacimiento Franciscan, a clearly alloch thonous 

subduction assemblage exposed west of the San  Andreas fault, is interpreted 

by some as having been displaced from its native site by >500 km of trench-

linked sinistral slip (Dickinson, 1983; Dickinson et al., 2005; Jacobson et al., 

2011; Singleton and Cloos, 2013). Other workers suggest minimal trench-paral-

lel displacement within the Nacimiento Franciscan, instead positing that these 

rocks were thrust beneath Cretaceous forearc basin and  batholithic rocks 
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in southern California (Page, 1970a, 1970b; Hall, 1991; Saleeby, 2003; Ducea 

et al., 2009; Hall and Saleeby, 2013). The origin of the Naci miento Franciscan 

is disputed since, by comparison with the trench-forearc-arc triad east of the 

San Andreas fault, the juxtaposition of arc rocks of the Salinian block with 

Nacimiento assemblages along the Sur-Nacimiento fault implies the removal 

of a width of 150 km or greater of formerly intervening arc and forearc basin 

assemblages. Although general agreement exists that major displacements 

along this structure took place between 75 and 56 Ma (e.g., Dickinson et al., 

2005; Jacobson et al., 2011), with late Cenozoic strike-slip remobilization linked 

to the San Andreas fault system (Hall, 1991), there is no consensus on the 

 nature of Late Cretaceous to Paleocene slip along the fault.

The key aim here is to evaluate the thrust versus sinistral strike-slip mod-

els for the Sur-Nacimiento fault. In doing so, we will address the question of 

whether the Nacimiento Franciscan has a stronger affinity to the Franciscan 

Complex of central California or to Laramide shallow subduction1 assem-

blages exposed in southern California. The models above are evaluated here 

using U-Pb detrital zircon geochronology and petrography, as each model pre-

dicts widely different protolith provenance. For example, a thrust origin for the 

Sur-Nacimiento fault predicts that Nacimiento Franciscan detritus was shed 

from the southern Sierra-Salinia–Mojave Desert region, whereas a sinistral ori-

gin predicts a detrital source outboard of the Diablo Range–San Francisco Bay 

Area with no intervening Salinian block (Jacobson et al., 2011). New palinspas-

tic and geochronologic data from the Nacimiento Franciscan provide valuable 

constraints on the processes that controlled clastic deposition, structural as-

sembly, tectonic erosion, and mélange formation in the Late Cretaceous Cali-

fornia subduction system.

GEOLOGIC BACKGROUND

The sections that follow provide a geologic overview of the Nacimiento 

block, possibly correlative subduction assemblages in central and southern 

California, and the Sierra Nevada–Peninsular Ranges batholith. Figure 1 shows 

the current positions of these tectonic elements (inset) and a palinspastic map, 

modified after Grove et al. (2003) and Jacobson et al. (2011), that incorporates 

significant translational and rotational deformation, as a first-order approxi-

mation of geologic relations prior to initiation of slip on the San Andreas sys-

tem. The reconstruction does not take into account: (1) new data suggesting 

that the Salinian block originated some 50–75 km farther south than is shown 

on the map (Sharman et al., 2013, 2015) given uncertainties about whether 

extra slip was accommodated along the San Andreas and San Gabriel faults or 

distributed through the Salinian block or (2) evidence for syn-subduction dex-

tral slip along a “proto–San Andreas fault” (Page, 1981; Wakabayashi, 1999). 

Our palinspastic map differs from those listed above in that the San Rafael 

Mountains have not been back rotated in the manner of Dickinson (1996). In-

stead, we treat the Santa Ynez fault as separating relatively rotated (south) and 

nonrotated (north, including the San Rafael Mountains) domains in the west-

ern Transverse Ranges (e.g., Hornafius et al., 1986; Luyendyk, 1991).

Nacimiento Block

The Nacimiento block crops out over an ~300 × 30 km area in the central 

California Coast Ranges and is bounded to the east by the Sur-Nacimiento 

fault, to the south by the Santa Ynez fault, and to the west by the Pacific Ocean 

(Figs. 1 and 2). The block consists chiefly of subduction assemblages locally 

overlain by fragments of the Coast Range ophiolite along the Coast Range 

fault (Bailey et al., 1970; Ernst, 1970, 1980; Jayko et al., 1987; Dickinson et al., 

2005; Hopson et al., 2008; Fig. 2). Ophiolitic assemblages are, in turn, uncon-

formably overlain by forearc sedimentary rocks of the Great Valley Group, in-

cluding upper most Jurassic to Lower Cretaceous volcaniclastic strata of the 

Toro Formation and Upper Cretaceous arkosic assemblages of the Atascadero 

Formation (Page, 1972; Hall et al., 1979; Seiders, 1982; Jacobson et al., 2011). 

The Nacimiento tectonostratigraphic package is bounded and internally dis-

rupted by several strands of the dextral San Andreas fault system, including 

Nacimiento, Santa Ynez River, San Gregorio–Hosgri, Oceanic–West Huasna, 

East Huasna, and Big Pine faults (Fig. 2).

Subduction assemblages in the Nacimiento block have long been consid-

ered an element of the Franciscan Complex (e.g., Bailey et al., 1964; Gilbert, 

1973; Ernst, 1980; Korsch, 1982; Hall, 1991; Dickinson et al., 2005; Ducea et al., 

2009; Hall and Saleeby, 2013). The Nacimiento Franciscan is a tectonic assem-

blage of sandstone, siltstone, shale, chert, conglomerate, serpentinite, and 

basaltic rocks variably metamorphosed along a HP/LT trajectory (Hsü, 1969; 

Gilbert, 1973; Cowan and Page, 1975; Ernst, 1980; Underwood et al., 1995; 

Underwood and Laughland, 2001). Three distinct types of units comprise the 

Nacimiento Franciscan: (1) broken formation consisting of internally sheared 

yet coherent well-bedded sandstone and turbidite sequences that lack exotic 

blocks; (2) a chaotically sheared (mélange) unit consisting mainly of clastic 

and greenstone blocks within a foliated siliciclastic matrix and containing <1% 

exotic blocks of chert, blueschist, and serpentinite; and (3) coherent unmeta-

morphosed submarine fan systems interpreted as trench-slope or trench-axis 

basin assemblages (slabs) lying in depositional contact above, and contain-

ing detritus from, the subduction complex (Hsü, 1968; Gilbert, 1973; Smith 

et al., 1979; Becker and Cloos, 1985; Underwood and Howell, 1987; Hall, 1991; 

Under wood and Laughland, 2001; Dickinson et al., 2005; Jacobson et al., 2011; 

Ogawa et al., 2014).

Primary sedimentary features are best preserved in feebly recrystallized 

strata adjacent to the Pacific Ocean and are progressively metamorphosed 

to an increasing degree inland. Based on mineralogy and bulk-rock composi-

tions, Ernst (1980) classified the Nacimiento Franciscan into three  metamorphic 

1Throughout the manuscript, the term “shallow subduction” relates to the angle—not the depth 

of subduction. For example, “Laramide shallow subduction” or “shallow subduction assem-

blages” refer to a low angle of subduction in Laramide time and rocks carried into a shallow 

subduction zone, respectively.
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zones from west to east: zone I—lacking neoblastic Ca-Al hydrous silicates; 

zone II—pumpellyite bearing; and zone III—lawsonite ± jadeitic pyroxene bear-

ing. The Nacimiento section is interpreted to have undergone recrystallization 

during subduction under temperatures of ~150–300 °C at lithostatic pressures 

ranging from 2 to 3 kbar in the west to 5–8 kbar in the east (Ernst, 1980) and 

may also have been affected by an episode of postsubduction heating (Under-

wood et al., 1995; Underwood and Laughland, 2001).

Assembly, mélange formation, and exhumation of the Nacimiento Fran-

ciscan are thought to have occurred by some combination of progressive ac-

cretion and underplating; tectonic, sedimentary, and diapiric mixing; and ex-

tension plus return flow within the accretionary wedge (e.g., Hsü, 1968; Cloos, 

1982; Platt, 1986, 2015). Blueschist-facies metamorphism of mafic blocks in 

mélange near San Simeon at ca. 155–150 Ma is thought to constrain the onset 

of subduction in the Nacimiento block (Ukar, 2012; Ukar et al., 2012). Paleon-

tological, K-Ar whole-rock, 40Ar-39Ar detrital K-feldspar, and U-Pb detrital zir-

con ages ranging between ca. 90 and 70 Ma suggest that significant delivery 

and accretion of clastic detritus to the trench did not take place until >60 m.y. 

later (Hsü, 1969; Gilbert, 1971; Page, 1972; Suppe and Armstrong, 1972; Gilbert, 

1973; Seiders, 1983; Underwood et al., 1995; Jacobson et al., 2011).

Franciscan Complex

The “type” Franciscan Complex crops out east of the Salinian block and 

consists of three fault-bounded belts decreasing in depositional age of clastic 

materials structurally downward: the Eastern, Central mélange, and Coastal 

belts (Bailey et al., 1964; Berkland et al., 1972; Blake et al., 1988; Jayko et al., 

1989; McLaughlin et al., 1994, 2000; Dumitru et al., 2015; Wakabayashi, 2015). 

The Nacimiento Franciscan is most similar to the Central belt, both of which 

contain abundant mélange, but chaotic units also are present in the other 

Franciscan belts (Cowan, 1978; Raymond, 1984, 2015; Aalto, 2014; Waka-

bayashi, 2015).

According to the sinistral slip model for the Nacimiento fault, the Naci-

miento Franciscan was emplaced outboard of eastern and/or central Francis-

can belt rocks of the Diablo Range and San Francisco Bay Area (Jacobson 

et al., 2011). A stack of broadly folded and downward-younging thrust sheets, 

comprising chiefly blueschist and lawsonite-albite facies Franciscan coherent 

and mélange units, crops out in the core of the Diablo Range (Ernst, 1993; 

Ernst et al., 2009; Snow et al., 2010; Wakabayashi, 2015). This structure is dis-

rupted by multiple strands of the San Andreas fault in the southern  Diablo 

Range, resulting in several exposures of Franciscan rocks in the cores of 

NW-trending open folds near Coalinga and Parkfield (e.g, Irwin and Barnes, 

1975; Fig. 2).

High-pressure/low-temperature mineral assemblages and thrust structures 

preserved in the Diablo Range and in Franciscan assemblages in northern 

California are widely regarded to reflect progressive underplating and meta-

morphism attending subduction of the oceanic Farallon plate beneath North 

America from Middle to Late Cretaceous time (Ernst, 1970, 1993; Mattinson 

and Echeverria, 1980; Unruh et al., 2007; Ernst et al., 2009; Snow et al., 2010; 

Dumitru et al., 2010, 2015; Wakabayashi, 2015).

Rand-Type Schists

The Rand, San Emigdio, and Sierra de Salinas schists (referred to in ag-

gregate as “the Rand-type schist”) and similar early Cenozoic Pelona and Oro-

copia schists of more southerly California crop out along detachment struc-

tures beneath older crystalline rocks of the SW Cordilleran batholithic belt 

(Graham and England, 1976; Haxel and Dillon, 1978; Ehlig, 1981; Jacobson, 

1983, 1995; Jacobson et al., 1988, 2007, 2011; Simpson, 1990; Kidder and Ducea, 

2006;  Ducea et al., 2009; Chapman et al., 2010, 2011, 2012). Most workers agree 

that deposition and emplacement of the schist occurred during an episode of 

shallow subduction (see footnote 1) related to the Laramide orogeny (Jacob-

son et al., 2007 and references therein).

The deposition, subduction, and early phases of structural ascent of the 

schist are temporally and spatially associated in plate reconstructions with the 

subduction of an oceanic plateau (Saleeby, 2003; Liu et al., 2008, 2010). Plateau 

subduction beneath the southernmost Sierra Nevada batholith and adjacent 

southern California batholith is hypothesized to have driven slab flattening, 

leading to the tectonic removal of sub-batholithic mantle lithosphere, cessa-

tion of arc magmatism, abrupt crustal thickening in the overriding batholithic 

plate (Malin et al., 1995; Ducea and Saleeby, 1998; House et al., 2001; Saleeby, 

2003; Nadin and Saleeby, 2008) and decompression of batholithic assem-

blages from deep- to mid-crustal levels (Saleeby et al., 2007; Chapman et al., 

2010). The resulting high-elevation mountain belt shed detritus into the trench, 

which was immediately underthrust beneath the recently extinguished arc and 

subjected to amphibolite-facies metamorphism to become the schist (Kidder 

and Ducea, 2006).

Sierra Nevada–Peninsular Ranges Batholith

The Cretaceous Sierra Nevada–Peninsular Ranges arc is a NNW-trending 

composite batholith, constructed from ca. 140–80 Ma (e.g., Chen and Moore, 

1982; Chapman et al., 2012; Kimbrough et al., 2014; Nadin et al., 2016). Pluton 

ages, bulk compositions, amounts of recycled crustal components, and the 

paleogeographic affinities of metamorphic wall rocks define a distinct west-

to-east zonation (Fig. 1). For example, the western arc generally contains ca. 

140–100 Ma tonalitic and gabbroic plutons emplaced into Paleozoic to Meso-

zoic deep-water (slope and abyssal) strata and ophiolitic crust (Chapman et al., 

2012 and references therein). In contrast, ca. 100–80 Ma granodioritic and 

granitic plutons invade a framework of mainly Paleozoic shallow-water (inner 

and outer shelf) passive margin strata in the eastern arc. The Cretaceous arc 

was emplaced across a NW-trending Jurassic–Early Cretaceous arc, and as a 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/12/2/533/4092485/533.pdf
by guest
on 20 August 2022

http://geosphere.gsapubs.org


Research Paper

538Chapman et al. | Origin of the Nacimiento blockGEOSPHERE | Volume 12 | Number 2

result, the older arc resides outboard of the younger in central California, and 

vice versa in southern California (Jacobson et al., 2011; Sharman et al., 2015). 

The southern segment of the Cretaceous arc is referred to here as the south-

ern California batholith (Saleeby, 2003). These spatial variations in the Sierra 

 Nevada–Peninsular Ranges arc and its framework are useful for pinpointing 

the source area(s) of arc-derived detritus.

METHODS

Zircon grains were extracted from samples of subduction assemblages in 

the Nacimiento block (20), Franciscan rocks of the southern Diablo Range (2), 

and Rand-type schists of the Mojave Desert (2) (Table 1) using standard min-

eral separation techniques of crushing, sieving, magnetic separation, process-

ing through heavy liquids, and handpicking. Separates were then mounted 

in epoxy, polished, and imaged on scanning electron microscope systems 

at Stanford University and Missouri University of Science and Technology 

(S&T) prior to analysis. Twenty samples (Fig. 2; Table 1) were analyzed by 

laser- ablation–multicollector–inductively coupled plasma–mass spectrometry 

(LA-MC-ICP-MS) at the Arizona LaserChron Center (ALC) following methods 

outlined in Gehrels et al. (2006). Zircon grains were ablated using a 193 nm ArF 

laser with a pit depth of ~12 µm and spot diameters of 25–30 µm, depending on 

grain size. Fragments of an in-house Sri Lanka (SL) zircon standard with an iso-

tope dilution–thermal ionization mass spectrometry (ID-TIMS) age of 563.5 ± 

3.2 Ma (2σ) were analyzed once per every five unknown analyses to correct 

for instrument mass fractionation and drift (Gehrels et al., 2008). A secondary 

standard R33 (Black et al., 2004) with ID-TIMS age of 418.9 ± 0.4 Ma (2σ) was 

analyzed once per every 50 unknown analyses, permitting comparison of ALC 

results with data from the University of California–Santa Cruz (UC Santa Cruz) 

laboratory. Data reduction was done using in-house ALC Microsoft Excel pro-

grams and Isoplot/Ex, version 3 (Ludwig, 2003).

Zircon grains from the remaining four samples (Fig. 2; Table 1) were hand 

selected from concentrates, mounted together with primary R33 (Black et al., 

2004) and secondary standard AS3/FC3 (Schmitz et al., 2003), imaged by opti-

cal and scanning electron microscopy at Stanford, and analyzed at UC Santa 

Cruz using a Photon Machines Analyte 193 excimer laser coupled with a single 

TABLE 1. SUMMARY OF FIELD, PETROGRAPHIC, AND GEOCHRONOLOGIC DATA

Figure 2 ID Field ID Location Block Sub-blocka UTM zoneb UTM Eastingb UTM Northingb

Depth below 
Nacimiento fault 

(km)c

Depth below 
Coast Range fault 

(km)c

1 11SL1 N. Santa Lucia Range Nacimiento 3 10S 629784 3987317 2 ND

2 11SL2 N. Santa Lucia Range Nacimiento 3 10S 635943 3983176 1 ND

3 10NB2 N. Santa Lucia Range Nacimiento 3 10S 642864 3969434 8 6

4 10NB1 N. Santa Lucia Range Nacimiento 3 10S 644021 3967956 9 5

5 SLO-387* S. Santa Lucia Range Nacimiento 3 10S 663266 3957080 5 2

6 SLO-401* S. Santa Lucia Range Nacimiento 3 10S 664410 3959034 3 0

7 SLO-402* S. Santa Lucia Range Nacimiento 3 10S 666010 3957662 3 0

8 SLO-382* S. Santa Lucia Range Nacimiento 3 10S 665484 3953005 5 2

9 11MB6 S. Santa Lucia Range Nacimiento 2 10S 665317 3945492 10 5

10 11MB4A S. Santa Lucia Range Nacimiento 2 10S 685368 3925367 14 8

16 11MB3 S. Santa Lucia Range Nacimiento 2 10S 693282 3920170 12 5

11 SLO-107* S. Santa Lucia Range Nacimiento 2 10S 715176 3909554 4 1

17 10NB6 N. Santa Lucia Range Nacimiento 1 10S 606296 4011121 2 ND

12 12SL1 N. Santa Lucia Range Nacimiento 1 10S 612487 4008060 0 ND

13 11SM1† Stanley Mountain window Nacimiento 4 10S 756869 3882266 5 1

18 13NB1 S. Santa Lucia Range Nacimiento 1 10S 654613 3951239 13 1

14 13SR2 San Rafael Mountains Nacimiento 3 10S 770185 3848498 14 1

15 LP19 Santa Ynez Mountains Nacimiento 3 11S 264023 3818596 ND ND

19 11MB5† Cambria Slab Nacimiento 2 10S 671162 3937841 10 6

20 15NB1 Pt. San Luis Slab Nacimiento 2 10S 703902 3893095 20 7

21 13DR1 S. Diablo Range Diablo Range 5 10S 727405 3990715 NA NA

22 13DR3 S. Diablo Range Diablo Range 5 10S 709609 4020979 NA NA

NA 08QH1 Quartz Hill Mojave 6 11S 389202 3834550 NA NA

NA 08TC37 Tehachapi Mountains Mojave 6 11S 366051 3873180 NA NA

(continued )
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collector Thermo Element XR magnetic sector ICP-MS. Data reduction and age 

calculations were performed using Iolite software (Paton et al., 2011). Isotopic 

data and analytical uncertainties are provided for ALC- and UC Santa Cruz–

based analyses in Tables SD1 and SD2 in the Supplemental File2.

Normalized and cumulative probability plots comparing analyzed samples 

were constructed with ALC Microsoft Excel programs using 207Pb/206Pb ages for 

grains older than 800 Ma and 206Pb/238U ages for grains younger than 800 Ma. 

Analyses with greater than 10% uncertainty, 30% discordance, and/or 5% re-

verse discordance were excluded. Maximum depositional ages were calcu-

lated for each sample from weighted averages of the three youngest detrital 

grains (e.g., Dickinson and Gehrels, 2009). Detrital zircon geochronologic data 

generated in this effort were not integrated with those of Morisani (2006) from 

San Simeon due to concerns therein regarding data reproducibility.

Multidimensional scaling (MDS) is a technique that allows visualization of 

statistical dissimilarities between arrays of data on a two-dimensional “map.” 

The technique has recently been applied to arrays of detrital zircon age data 

to produce MDS maps on which statistically similar samples plot close to-

gether and dissimilar samples plot farther apart (Vermeesch, 2013). The utility 

of MDS mapping lies in the ability to visualize similar and dissimilar arrays of 

 detrital zircon data from a large number of samples in a much quicker and less 

Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ±      Error 206Pb* ± 207Pb* ± 206Pb* ±

(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) correlation 238U (Ma) 235U* (Ma) 207Pb* (Ma)

Sample 11SL1

11SL_1 125 4723 4.0 20.3189 23.5 0.1237 24.2 0.0182 5.7 0.24 116.4 6.6 118.4 27.0 158.1 556.8

11SL_2 173 10203 2.5 21.1880 11.2 0.1145 11.9 0.0176 3.8 0.32 112.5 4.3 110.1 12.4 59.2 268.6

11SL_3 434 27744 2.6 21.1635 4.2 0.1672 5.0 0.0257 2.8 0.55 163.4 4.5 157.0 7.3 61.9 99.7

11SL_4 198 49142 3.2 20.4382 9.0 0.1705 9.2 0.0253 1.9 0.20 160.9 3.0 159.8 13.6 144.4 212.0

11SL_5 429 17433 3.2 21.5763 8.2 0.0890 8.5 0.0139 2.3 0.28 89.2 2.1 86.6 7.1 15.7 197.3

11SL_6 88 3231 1.7 38.4324 61.1 0.0582 61.3 0.0162 5.8 0.09 103.7 6.0 57.4 34.3 NA NA

11SL_7 107 5049 4.2 20.6339 26.4 0.1637 26.5 0.0245 2.6 0.10 156.0 3.9 153.9 37.9 122.0 631.0

11SL_8 261 12179 2.0 21.2237 11.4 0.1176 11.6 0.0181 1.5 0.13 115.6 1.8 112.9 12.3 55.1 273.8

11SL_9 93 3366 2.0 27.0342 72.6 0.0795 72.9 0.0156 7.3 0.10 99.7 7.2 77.7 54.6 -557.2 2252.3

11SL_10 63 3322 1.7 17.4707 336.5 0.1096 336.6 0.0139 8.1 0.02 88.9 7.2 105.6 350.9 500.8 0.0

11SL_12 456 21196 2.1 20.6859 6.8 0.0955 7.0 0.0143 1.5 0.22 91.7 1.4 92.6 6.2 116.0 161.5

11SL_13 258 9504 2.3 21.2973 8.4 0.1611 8.6 0.0249 2.0 0.24 158.5 3.2 151.7 12.2 46.9 200.9

11SL_14 309 16250 1.9 21.5532 9.1 0.1447 9.3 0.0226 1.7 0.19 144.2 2.5 137.2 11.9 18.3 219.3

11SL_15 151 43508 1.0 10.1283 1.0 3.5597 5.3 0.2615 5.2 0.98 1497.4 69.7 1540.6 42.1 1600.3 18.5

11SL_16 323 18634 2.9 19.9728 6.7 0.2073 6.8 0.0300 1.0 0.15 190.7 1.9 191.3 11.8 198.1 155.5

11SL_17 826 50224 1.8 20.7315 3.1 0.0974 3.3 0.0146 1.2 0.37 93.7 1.1 94.4 3.0 110.8 72.0

Table DR1. University of Arizona LA-MC-ICPMS U-Pb detrital zircon data for Nacimiento Franciscan rocks.†

Isotope ratios Isotopic ages (Ma)§

2Supplemental File. Analytical techniques, petro-

graphic data, ICP-MS zircon U-Pb datasets, and cath-

odoluminescence images of zircon mineral separates. 

Please visit http:// dx .doi .org /10 .1130 /GES01257 .S1 or 

the full-text article on www .gsapubs .org to view the 

Supplemental File.

TABLE 1. SUMMARY OF FIELD, PETROGRAPHIC, AND GEOCHRONOLOGIC DATA (continued)

Figure 2 ID Map unitd Sample Protolith
Metamorphic 

Gradee Analysisf

Nacimiento 
Group

Maximum 
Depositional Age 

(Ma)

2σ

 uncertainty 
(Ma)

1 KJf (gw and bs; Hall, 1991) Mélange block Sandstone PP UA 2B 86.6 2.0

2 KJf (Hall, 1991) Broken Formation Turbidite Z UA 1B 94.1 0.9

3 fs (Dibblee, 2007) Broken Formation Turbidite Z UA 1B 90.1 2.5

4 fs (Dibblee, 2007) Broken Formation Sandstone Z UA 1B 91.1 5.5

5 KJfm (Hall et al., 1979) Mélange block Sandstone PP UA 1A 98.1 1.2

6 KJfm (Hall et al., 1979) Mélange block Sandstone LJ UA 2B 85.6 2.2

7 KJfm (Hall et al., 1979) Mélange block Sandstone LJ UA 2A 92.8 2.5

8 KJfm (Hall et al., 1979) Mélange block Sandstone PP UA 2A 90.0 16.0

9 KJfm (Hall et al., 1979) Mélange block Sandstone Z UA 2B 84.6 4.3

10 KJfm (Hall et al., 1979) Mélange block Sandstone Z UA 1A 95.0 2.3

16 Ks (Hall et al., 1979) Mélange block Sandstone Z UA 3 86.0 7.3

11 KJfm (Hall et al., 1979) Mélange block Sandstone LJ UA 2B 85.5 3.7

17 KJf (Hall, 1991); KJfgw (Wills, 2001), Ks (this study) Bedded unit encased in mélange Sandstone Z UA 3 82.7 5.9

12 KJf (Hall, 1991) Mélange block Sandstone Z UA 2A 89.8 1.7

13 “diamictite” (Korsch, 1982) Mélange block Sandstone LJ UA E 84.4 2.1

18 Ks (Hall et al., 1979) Bedded unit encased in mélange Turbidite Z UCSC 3 81.7 5.5

14 KJfm (Hall, 1981) Mélange block Sandstone Z UCSC 2A 92.8 5.5

15 fs (Dibblee, 1966) Mélange block Sandstone Z UA 2A 91.1 3.0

19 Ks (Hall et al., 1979) Bedded unit Sandstone Z UA E 90.1 2.7

20 Ks (Hall et al., 1979) Bedded unit Turbidite Z UA 3 87.3 2.9

21 f (Dibblee, 1971) Mélange block Sandstone Z UCSC N/A 106.3 6.4

22 fs (Dibblee, 1971) Mélange block Sandstone PP UCSC N/A 100.1 6.0

NA Mzpos (Hernandez, 2010) Foliated quartzofeldspathic schist Sandstone A UA N/A 80.7 7.7

NA qfm (Sharry, 1981) Foliated quartzofeldspathic schist Sandstone A UA N/A 89.3 2.0

*Location approximate.
†Sample from Dumitru et al. (2016).
aSub-block definitions: 1—west of San Gregorio–Hosgri fault; 2—between San Gregorio–Hosgri and Oceanic-West Huasna faults; 3—between Oceanic-West Huasna and Reliz-Rinconada–East Huasna faults; 

4—between East Huasna and San Andreas faults; 5—Central California, east of San Andreas fault; 6—Southern California, east of San Andreas fault.
bUniversal Transverse Mercator (UTM) coordinates are World Geodetic System 1984 datum. 
cDepths estimated based on regional attitudes of foliation and map view distances to Nacimiento and Coast Range faults. ND—not determined.
dMap unit abbreviations: bs—blueschist; f—Franciscan shale, graywacke, chert, jasper, glaucophane rock, mixed and sheared; fs—graywacke sandstone and minor dark gray shale; gw—graywacke; KJf—

Cretaceous-Jurassic Franciscan undifferentiated; KJfgw—Cretaceous-Jurassic Franciscan graywacke; KJfm—Cretaceous-Jurassic Franciscan mélange; Ks—Cretaceous unnamed sandstone; Mzpos—Mesozoic 
Portal schist; qfm—”Pelona” quartz-feldspar-muscovite schist.

eMetamorphic grade: Z—zeolite and lower (zone 1 of Ernst, 1980); PP—prehnite-pumpellyite (zone 2 of Ernst, 1980); LJ—lawsonite- and/or jadeitic pyroxene-bearing (zone 3 of Ernst, 1980); A—amphibolite.
fLocation of U-Pb detrital zircon analysis; UA—University of Arizona; UCSC—University of California, Santa Cruz.
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cumbersome manner than visually comparing numerous probability density 

curves. The MDS mapping algorithm (Chapman et al., 2012, 2015; Vermeesch, 

2013) used here to compare U-Pb detrital zircon spectra is as follows: (1) Input 

square, symmetric matrix of Kolmogorov-Smirnov (K-S) distances between 

samples; (2) assign points to arbitrary coordinates in two-dimensional (2-D) 

space; (3) compute K-S distances among all pairs of points, to form a new 

 matrix; (4) compare the new matrix with the input matrix by evaluating the 

stress function, a measure of the degree of correspondence between the ob-

served and reproduced distances; (5) perturb the coordinates of each data 

point; and (6) repeat steps 2 through 5 until stress is minimized.

RESULTS

Sandstone Petrography

Petrographic results are tabulated in the Supplemental File. All Nacimiento 

Franciscan samples contain recognizable detrital mineral grains, lithic frag-

ments, and carbonaceous matter moderately to significantly overprinted by 

secondary metamorphic parageneses (Fig. 3). Detrital grains of quartz and 

plagioclase comprise 37–70 modal percent of these rocks, in approximately 

subequal proportions (Fig. 4). Other phases, comprising up to 13 modal per-

cent, include nearly ubiquitous clastic grains of epidote, white mica, chlorite, 

biotite, titanite, opaques, Ca-carbonates, and organic matter. Trace detrital 

grains include K-feldspar, clinopyroxene, garnet, tourmaline, apatite, and 

zircon. Neoblastic minerals include white mica flakes (replacing irresolvable 

clays), stilpnomelane (after biotite), and zeolites + pumpellyite + lawsonite 

(replacing the anorthite component of plagioclase). Five categories of lithic 

fragments were distinguished, including shale, siltstone, chert, dacitic-to-

rhyo litic volcanic debris, and tonalitic plutonic clasts (Fig. 3). In aggregate, 

rock fragments comprise from 4 to 41 modal percent of the studied metasand-

stones. Proportions of all lithic clast types decrease eastward with increasing 

metamorphic grade. K-feldspar is absent from most studied samples but is 

present in small quantities (<3 modal percent) in a few weakly altered zone I 

Nacimiento Franciscan and trench-slope basin deposits. Biotite is rare and epi-

dote is absent from the most intensely recrystallized, lawsonite-bearing zone 

III metasandstones. Franciscan metaclastic assemblages of the Nacimiento 

block plot mainly within the “dissected arc” but extend slightly into “transi-

tional arc” and “basement uplift” fields on a QFL ternary diagram (Dickinson 

and Suczek, 1979; Fig. 4).
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Figure 3. Photomicrographs of petrologic 

features in Nacimiento Franciscan (meta)

sandstones. (A) Sample 11SM1—Needles 

of pumpellyite in detrital quartz grain. 

Opaque grain is iron oxide; plane polarized 

light (ppl). (B) Sample 11SL1— Tonalite 

clast in fine siliciclastic matrix; cross 

 polarized light (xpl). (C) Sample 10NB6—

Chert lithic fragment in sandstone; xpl. 

(D) 11MB6—Felsic volcanic fragment in 

sandstone. Mineral abbreviations: Bt—

bio tite; Pl—plagioclase; Pmp—pumpellyite; 

Qtz—quartz.
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Detrital Zircon Geochronology

Samples of Nacimiento Franciscan rocks yielded a total of 1735 zircon 

analy ses suitable for provenance analysis (i.e., analyses with less than 10% 

uncertainty, 30% discordance, and/or 5% reverse discordance; Tables SD1 and 

SD2 in the Supplemental File). Normalized and cumulative probability plots of 

detrital zircon ages from both suites are presented in Figures 5 and 6. Maxi-

mum depositional ages calculated from the Nacimiento Franciscan do not 

appear to vary along strike, perpendicular to strike, or with structural depth 

below the Coast Range fault or Nacimiento fault (Fig. 2; Table 1).

Four distinct groups of clastic rocks are apparent based on detrital zircon 

age distributions and calculated maximum depositional ages (Figs. 4, 5, and 6). 

Of these, Group 1 assemblages yield the oldest maximum depositional ages, 

ranging from 90.1 ± 2.5 Ma (2σ, mean square of weighted deviates [MSWD] = 

0.102) to 98.1 ± 1.2 Ma (2σ, MSWD = 0.033). These samples share a major age 

peak centered at ca. 100 Ma, with 75% of all grains falling between 120 and 

80 Ma, one-quarter of which are Late Cretaceous (<100 Ma). Jurassic to earliest 

Cretaceous (200–120 Ma) grains comprise the majority of remaining Group 1 

grains (19% of the total) with minor (5%) proportions of Triassic, Paleozoic, and 

Precambrian grains. Additional subdivision of Group 1 rocks is possible based 

on maximum depositional ages and lithologic relations. Group 1A rocks were 

collected from blocks of sub-zeolite to prehnite-pumpellyite facies metasand-

stone in dull gray shale mélange also including abundant chert, greenstone, 

and rare blueschist blocks (Fig. 7). These metasandstones exhibit the oldest 

maximum depositional ages (ca. 98–95 Ma) of samples studied here and con-

tain the highest proportions of lithic fragments (~40% by mode), dominated 

by volcanic and chert debris. Group 1B samples are from exposures of broken 

formation (Hsü, 1968; Fig. 7) turbidite sequences characterized by alternating 

fine-grained sandstone and siltstone intervals traceable over distances of ~1–

10 m, the presence of cross-cutting intermediate dikes ~10 cm to 1 m wide 

(Fig. 7B), and a lack of exotic blocks. A single turbidite block ~3 km south of 

Gorda is mappable along State Highway 1 for more than four kilometers and 

is encased in a fine siliciclastic matrix (Fig. 7). In comparison with Group 1A, 

these rocks yield younger maximum depositional ages (ca. 94–90 Ma), con-

tain higher proportions of detrital quartz grains (~26%–33%), appear to lack 

volcanic fragments, and show no evidence for metamorphic recrystallization. 

Both Group 1 subgroups are geographically restricted to a relatively outboard 

position in the Nacimiento block within ~50 km of San Simeon.

A second group of Franciscan rocks, collected from metasandstone blocks 

in mélange (Fig. 7), appears to be distributed throughout the entire length and 

width of the Nacimiento block. Group 2 rocks yield younger maximum depo-

sitional ages than those of Group 1, ranging from 84.6 ± 4.3 Ma (2σ, MSWD = 

0.16) to 92.8 ± 2.5 Ma (2σ, MSWD = 0.054). Compared to Group 1, Group 2 

metasandstones contain significantly higher proportions of Jurassic to ear-

liest Cretaceous (48%) and smaller populations of 120–80 Ma (42%) grains. 

Two-thirds of this latter population of grains are Late Cretaceous in age. Like 

Group 1, Group 2 rocks contain small amounts (6%) of Triassic and older grains.  
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Figure 4. (A) QFL diagram showing range in detrital modes of Nacimiento and Diablo Range 

Franciscan rocks compared to published data from the Nacimiento Franciscan (Gilbert, 1973; Lee-

Wong and Howell, 1977; Smith, 1978; Ernst, 1980; Dickinson et al., 1982), Diablo Range Franciscan 

(Cowan, 1974; Jacobson, 1978), Atascadero Formation (“Nacimiento Forearc”; Gilbert and Dick-

inson, 1970; Mackinnon, 1978; Jacobson et al., 2011), and Great Valley Group (Mansfield, 1979; 

Ingersoll, 1978, 1983). (B) Plot of maximum depositional age versus compositional maturity index. 

Note increasing compositional maturity in Nacimiento Franciscan lithologies with time.
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Figure 5. Normalized and cumulative 

probability plots comparing zircon ages 

from Group 1A (pink), 1B (red), 2A (light 

blue), and 2B (blue) Nacimiento Francis-

can samples, showing the number (n) of 

grains analyzed. Samples arranged from 

north (top) to south (bottom) according 

to restored positions in Figure 1. Note the 

split horizontal axis at 300 Ma and that 

spectra between 300 and 3000 Ma are 

vertically exaggerated by a factor of five. 

Maximum depositional ages calculated 

as a weighted mean of the three young-

est grains that overlap in analytical error. 

Isotopic data in Tables SD1 and SD2 in the 

Supplemental File.
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Group 2 is also divisible into two subgroups. Group 2A samples yield maxi-

mum depositional ages of ca. 93–90 Ma and have lithic contents of 14%–23% 

(the majority of which are sedimentary). Group 2B samples, in contrast, have 

maximum depositional ages of 87–84 Ma and lithic fragment contents of 20%–

34% (most of which are volcanic). Sample LP19, a metasandstone collected 

north of Santa Barbara along the Santa Ynez fault (i.e., at the southern bound-

ary of the Nacimiento block) exhibits detrital zircon ages and petrographic fea-

tures similar to those of Nacimiento Group 2A. Compared to Group 1, Group 2 

rocks are more recrystallized, with the majority of Group 2 rocks containing 

neoblastic prehnite, pumpelleyite, lawsonite, and/or jadeitic pyroxene.

A third group of clastic rocks mapped as blocks of interbedded sandstone 

and siltstone within the Franciscan Complex (Hall et al., 1979; Hall, 1991) 

exhibits detrital zircon ages distinct from those of the previously discussed 

groups. This group yields maximum depositional ages ranging from 81.7 ± 

5.5 Ma (2σ, MSWD = 0.25) to 87.3 ± 2.9 Ma (2σ, MSWD = 0.25). Like Group 1, 

Group 3 samples are dominated by grains in the 120–80 Ma age range (71%).  
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Figure 6. Normalized and cumulative prob-

ability plots comparing zircon ages from 

Nacimiento Group 3 (purple hues), slabs  

(orange to yellow), and forearc basin (green 

hues) deposits, showing the number 

of samples/grains (e.g., 3/43) analyzed. 

Data from Jacobson et al. (2011) and this 

study. Note the split horizontal axis at 

300 Ma and that spectra between 300 

and 3000 Ma are vertically exaggerated 

by a factor of five. Maximum depositional 

ages calculated as a weighted mean of the 

three youngest grains that overlap in an-

alytical error. Isotopic data in Tables SD1 

and SD2 in the Supplemental File.
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Figure 7. Field photographs of structural 

and petrologic features in Franciscan as-

semblages within and outside the Naci-

miento block. (A) Nacimiento Franciscan 

Group 1 broken formation turbidite expo-

sure and location of sample 11SL2 along 

Highway 1, Santa Lucia Range. Dashed 

lines show boundaries of coherent tur-

bidite strata. (B) Nacimiento Franciscan 

Group 1 broken formation turbidite in-

truded by ~0.5-m-wide intermediate dike. 

Photograph taken ~1 km south of the lo-

cation of sample 11SL2. (C) Nacimiento 

Franciscan Group 2 mélange at location 

of sample 11MB6 ~1 km east of San Sim-

eon. (D) Diablo Range greenstone block 

in mélange at location of sample 13DR1 

along Parkfield Grade. (E) Nacimiento Fran-

ciscan Group 2 mélange at location of sam-

ple 13SR2 along Figueroa Mountain Road, 

San Rafael Mountains. Dashed lines show 

block-matrix contacts. (F) Naci miento 

Franciscan Group 2 metasandstone block 

in mélange and location of sample 11SM1 

along Highway 166, Stanley Mountain 

window. Dashed lines show block-matrix 

contacts. (G) Nacimiento Franciscan folded 

Group 3 turbidite block in mélange (block 

boundaries not observed in photograph) 

and location of sample 10NB6 at Pfeiffer 

Beach. (H) Nacimiento Franciscan Group 

3 turbidite block in mélange and location 

of sample 13NB1 ~3 km north of Piedras 

Blancas point. Abbreviations: Ch—chert; 

Serp—serpentinite; Sh—shale; Ss—sand-

stone.
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Compared to Group 1 and Group 2, Group 3 samples contain higher propor-

tions of Late Cretaceous (42%) and Proterozoic to Archean (13%) grains and 

less Jurassic to earliest Cretaceous (12%) grains. Group 3 rocks lack neoblastic 

minerals and contain higher quartz to feldspar plus lithic fragment ratios than 

Group 1 or 2 assemblages (Fig. 4).

A fourth group of samples, termed Type E by Dumitru et al. (2016), show de-

trital zircon age patterns characterized by a relatively few ca. 120–80 Ma grains 

(33%), an intermediate amount of Jurassic to earliest Cretaceous (33%) grains, 

and the highest proportions of Proterozoic to Archean (26%) and Triassic to 

Permian (7%) age grains of all groups considered. Type E samples contain two 

prominent age peaks at 1650–1800 Ma and 1380 Ma that are not observed in 

other Cretaceous sandstones from the forearc or trench. New and existing data 

(Jacobson et al., 2011; Dumitru et al., 2016) from Type E samples, which include 

unmetamorphosed Nacimiento “slabs” and a neoblastic pumpellyite- and law-

sonite-bearing mélange block from the Stanley Mountain window (location 13 

on Fig. 2), are compiled in Figure 6. Calculated maximum depositional ages 

for individual Type E samples range from 82.1 ± 3.4 Ma (2σ, MSWD = 0.26) to 

90.1 ± 2.7 Ma (2σ, MSWD = 0.29) (Jacobson et al., 2011; Dumitru et al., 2016).

Figure 8 provides a comparison of our new detrital zircon geochronologic 

data from Nacimiento Franciscan assemblages with 177 new concordant U-Pb 

ages from southern Diablo Range Franciscan metasandstones, 168 new con-

cordant U-Pb ages from Rand-Type schist exposures at Quartz Hill and in the 
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Figure 8. Normalized and cumulative prob-

ability plots comparing zircon ages from 

Nacimiento groups (blue hues), possibly 

correlative Rand-type schists (pink hues; 

Mojave Desert schists include exposures 

in the Sierra de Salinas, Rand Mountains, 

Tehachapi Mountains, Portal Ridge, and 

Quartz Hill), and possibly correlative cen-

tral California Franciscan assemblages 

(green hues), showing the number of 

samples/grains analyzed. Samples 13DR1 

(dashed black-gray line) and 13DR3 (white 

dotted line) from the southern Diablo 

Range are overlain on the  Diablo Range 

aggregate curve. One sample contain-

ing detrital zircon grains as young as ca. 

52 Ma (Snow et al., 2010) and two samples 

with youngest grains >120 Ma (Prohoroff 

et al., 2012), all from the San Francisco Bay 

Area, were not included in the interest of 

comparing samples with Late Cretaceous 

maximum depositional ages. Maximum 

depositional age ranges for individual 

samples within each group shown to left 

of plotted curves. Data from Barth et al. 

(2003), Grove et al. (2003), Unruh et al. 

(2007), Ernst et al. (2009), Snow et al. 

(2010), Jacobson et al. (2011), Prohoroff 

et al. (2012), Chapman et al. (2013), and 

this study. Note the split horizontal axis 

at 300 Ma and that spectra between 300 

and 3000 Ma are vertically exaggerated 

by a factor of five. Maximum depositional 

ages calculated as a weighted mean of the 

three youngest grains that overlap in ana-

lytical error. Abbreviations: CA—California; 

C.—central; V.E.—vertical exaggeration.
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Tehachapi Mountains, and existing data from other potential correlatives to 

the Nacimiento Franciscan. Southern Diablo Range Franciscan metasand-

stones feature prominent age peaks at ca. 120 and 144 Ma and contain a 

higher proportion of Jurassic–earliest Cretaceous (52%) versus 120–80 Ma 

(42%) grains and few (6%) Proterozoic grains. Maximum depositional ages of 

southern Diablo Range metasandstones are older (ca. 106–100 Ma) than those 

calculated from Nacimiento assemblages. Approximately half of detrital zircon 

grains extracted from Rand-Type schists are Middle to Late Cretaceous in age, 

with two-thirds of these grains yielding ages between 100 and 80 Ma. Jurassic 

to Early Cretaceous (120–200 Ma) and Proterozoic grains comprise 39% and 6% 

of the remainder, respectively.

DISCUSSION

Provenance and Depositional History

All Nacimiento Franciscan sandstone groups contain abundant Cretaceous 

detrital zircon grains and significant proportions of lithic fragments plus plagio-

clase, confirming a probable Sierra Nevada–Peninsular Ranges arc source, as 

has been suggested previously (e.g., Dickinson et al., 1982; Ingersoll, 1983; 

Jacobson et al., 2011). Given the voluminous magmatism of the Sierran arc 

between ca. 120 and 80 Ma (e.g., Ducea, 2001) and the presence of Cam panian 

microfossils in the Nacimiento Franciscan (Bailey et al., 1964; Evitt, 1967, writ-

ten commun. in Hsü, 1969; Gilbert, 1971; Page, 1981; Hall, 1991), calculated 

maximum depositional ages from these sandstones probably closely reflect 

true sedimentary ages. Hence, in the discussion that follows, we assume that 

the variation in maximum depositional ages from Group 1 (ca. 95 ± 5 Ma) to 

Group 3 (ca. 82 ± 5 Ma) assemblages reflects a true difference in depositional 

age. However, it should be noted that Cenomanian–Coniacian forearc strata in 

the central Great Valley yield U-Pb zircon maximum depositional ages approxi-

mately 10–20 Ma older than the fossil-based depositional ages of these rocks 

(DeGraaff-Surpless et al., 2002; Sharman et al., 2015; Wakabayashi, 2015). We 

attribute this time lag between detrital zircon and actual depositional ages in 

the central Great Valley to the deposition of these rocks outboard of a Juras-

sic–Early Cretaceous arc segment. The depositional setting of these rocks re-

sulted in a higher proportion of Jurassic–Early Cretaceous to Late Cretaceous 

zircon grains, a signature that we refer to in the section on the Origin of the 

Nacimiento Block as that of “central California.” We now discuss the salient 

geochronologic and petrographic features of each group in order to clarify the 

Late Cretaceous evolution of the Nacimiento Franciscan.

Group 1

This group is characterized by abundant Cretaceous detrital zircon ages, 

particularly in the ca. 120–90 Ma range, few Jurassic and pre-Mesozoic grains, 

and a general lack of metamorphic recrystallization products, relative to other 

groups. Group 1A sandstones exhibit the oldest calculated maximum deposi-

tional ages of any group or subgroup (Figs. 5 and 8) and contain the highest 

proportions of lithic fragments, the majority of which are volcanic or poly-

crystalline quartz. Given the textural and mineralogical immaturity, relatively 

old maximum depositional ages, and essentially unimodal (ca. 100–120 Ma) 

 detrital zircon age distributions of Group 1A samples, we interpret these rocks 

as some of the first clastic materials to have been delivered from the arc to the 

trench and accreted within the Nacimiento block. The lack of significant pro-

portions of pre-Early Cretaceous grains strongly suggests a source for Group 

1A detritus within the western Sierran-Peninsular Ranges magmatic arc, which 

at the time of deposition must have served as a topographic barrier, block-

ing craton interior debris from reaching the trench (e.g., Jacobson et al., 2011; 

Sharman et al., 2015).

In comparison with Group 1A sandstones, turbidite systems represented 

by Group 1B samples are ~5 m.y. younger, lack volcanic debris, contain sig-

nificant chert and sedimentary lithic fragments, and are finer grained and 

more mature. Similar relations have led several workers to suggest that many 

Franciscan sandstones have a significant component reworked from earlier 

exhumed Franciscan rocks (e.g., Dickinson et al., 1982; Brothers and Grapes, 

1989; Dumitru et al., 2015; Wakabayashi, 2015). Thus we suggest that Group 

1B turbidites represent mixtures of arc-derived detritus and reworked silici-

clastic material derived either from the growing accretionary prism or forearc 

basin and shed seaward from bathymetric highs on the subduction wedge 

(e.g., Bailleul et al., 2007). Following deposition, these turbidite systems prob-

ably remained perched on the wedge or were subducted to modest depths, as 

evidenced by their relative lack of deformation and secondary metamorphic 

minerals.

Group 2

In contrast to Group 1 assemblages, those of Group 2 are distributed along 

the entire length of the Nacimiento block and probably make up most of the 

volume of the Nacimiento wedge. Group 2A rocks yield maximum deposi-

tional ages that overlap those calculated from Group 1B. These groups differ in 

that Group 2A sandstones include more Jurassic and Late Cretaceous  detrital 

zircon grains and are less mature, containing abundant volcanic fragments. 

These relations suggest increased delivery of first-cycle clastic detritus from 

the arc, across the trench-slope break, and into the Nacimiento trench. The ob-

served influx of Late Cretaceous and Jurassic detrital zircon grains beginning 

at ca. 90 Ma suggests the input of material from farther inboard, most likely 

from the eastern Sierran-Peninsular Ranges arc, for the following reasons: 

(1) pluton ages in the arc are zoned from ca. 120–100 Ma in the west to ca. 

100–80 Ma in the east, and (2) at the latitude of southern California, the eastern 

arc contains a higher proportion of intruded older arc segments, providing an 

explanation for the higher proportion of Jurassic grains in Group 2.

Group 2B assemblages record continued input of Jurassic grains into the 

trench after ca. 85 Ma, the maximum depositional age of this suite. Compared 
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with Group 2A, Group 2B rocks are more mature, containing relatively high 

proportions of quartz to feldspar plus lithic fragments (Fig. 4). Like Group 1B 

turbidites, Group 2B sandstones probably represent mixtures of reworked ac-

cretionary material and detritus sourced from the east and shed seaward.

Group 2 assemblages exhibit evidence for metamorphism under 

 prehnite- pumpelleyite to blueschist-facies conditions. This observation, plus 

the paucity of metamorphic recrystallization products in older Group 1 sam-

ples, signals either: (1) a shift in the mode of accretion in the Nacimiento sub-

duction complex from an early phase dominated by frontal accretion followed 

shortly thereafter by significant underplating and HP/LT metamorphism, or (2) a 

lack of exposure of underplated and metamorphosed Group 1 rocks.

Group 3 turbidite blocks in mélange comprise the youngest suite of ac-

cretionary rocks studied here, based on maximum depositional ages of ca. 

82–86 Ma. Group 3 rocks contain similar detrital zircon age populations as, and 

are lithologically similar to, the Atascadero and Pigeon Point formations (Figs. 

4 and 6), suggesting that Group 3 assemblages represent outboard facies 

equivalents of forearc strata. This group, including the Point San Luis slab, is 

also similar to the Type E Cambria and Pfeiffer slabs, containing minor detrital 

K-feldspar, lacking secondary metamorphic minerals and significant quanti-

ties of lithic fragments, and exhibiting overlapping detrital zircon age spectra 

(Figs. 4 and 6), though slabs contain more Jurassic and older grains. Of the 

lithic fragments present in these rocks, glaucophane schist comprises a mi-

nor component (Smith et al., 1979), indicating that HP/LT rocks were exhumed 

and exposed by ca. 82 Ma. In aggregate, the above observations suggest that 

these deposits represent mixtures of recycled trench and arc-derived detritus 

that never underwent deep subduction. Given that Group 3 assemblages crop 

out as blocks encased in mélange, plus the similarities between Group 3 and 

Cambria-Pfeiffer–Point San Luis slab deposits, we infer an olistostromal origin 

for this group, in which these assemblages were deposited and subsequently 

incorporated into the deforming wedge. Curiously, slabs and Group 3 depos-

its show significantly lower proportions of Jurassic and higher amounts of 

pre-Mesozoic grains relative to Group 2. The uptick in the proportion of Pre-

cambrian detrital zircon grains from Group 1 and Group 2 to Group 3 is likely 

the result of either (1) the latter group tapping shallow-water (miogeoclinal), 

passive-margin wall rocks in the eastern Sierra Nevada or (2) recycling Late 

Jurassic to Early Cretaceous forearc assemblages such as the Toro Formation, 

which contains significant populations of pre-Mesozoic and Jurassic detrital 

zircon grains (Johnston, 2013). Alternatively, it could be argued that incipient 

breachment of the Sierran-Peninsular Ranges topographic high occurred as 

Group 2 detritus was being shed into the trench. Such channelways would 

allow transport of Precambrian zircon-bearing detritus derived from the craton 

interior toward the margin. However, we consider this model unlikely, given 

that the detrital zircon-based signal for geomorphic breachment of the Creta-

ceous arc does not appear in the forearc until Maastrichtian time (e.g., Jacob-

son et al., 2011; Sharman et al., 2015).

A distinct source for Nacimiento Type E detritus is required given the pres-

ence of prominent age peaks at 1650–1800 Ma and ca. 1380 Ma. The Protero-

zoic age peak doublet exhibited by Type E rocks is unique and points to an 

ultimate source in central Idaho (Dumitru et al., 2016). The recognition of Type 

E detrital zircon distributions in Franciscan trench assemblages led Dumitru 

et al. (2016) to propose a ca. 80 Ma paleoriver that flowed southwest from 

Idaho to central California. The presence of Type E detritus in the Nacimiento 

Franciscan is explored further in the section that follows.

Group 3 rocks and Cambria-Pfeiffer–Point San Luis slabs crop out within 

~5 km of the San Gregorio–Hosgri fault zone. We suggest that this apparent 

linear outcrop pattern, parallel to the strike of the Nacimiento belt, was due to 

wedge flexure adjacent to thrust faults (e.g., Smith et al., 1979). We propose 

that the proto–San Gregorio–Hosgri fault represents a Late Cretaceous intra- 

wedge thrust fault, adjacent to which a trench-slope (e.g., Smith et al., 1979) 

or trench-axis (Ogawa et al., 2014) basin system developed, and that the fault 

reactivated in Neogene time as a strand of the San Andreas wrench system.

Slabs exposed west and east of the San Gregorio–Hosgri fault are com-

monly used as piercing points for constraining the magnitude of Neogene 

dextral slip along the fault (Smith et al., 1979; Hall, 1991; Dickinson et al., 2005). 

Estimates of Neogene dextral slip along this structure range widely from ~180 

to <5 km (Sedlock and Hamilton, 1991; Burnham, 1998; Clark, 1998; Burnham, 

1999; Dickinson et al., 2005). While constraining the magnitude of Neogene 

displacement along the San Gregorio–Hosgri fault is beyond the scope of 

this effort, our results showing similar distributions of detrital zircon ages in 

Pfeiffer and Point San Luis slabs support earlier correlations of these rocks and 

~155 km of Neogene dextral slip along the San Gregorio–Hosgri fault (Dickin-

son et al., 2005).

Origin of the Nacimiento Block

Current models for Late Cretaceous–early Cenozoic slip along the Sur-Naci-

miento fault include: (1) the fault is a thrust with ~150 km offset that placed 

Cretaceous batholithic rocks above the Cretaceous forearc basin and subduc-

tion complex outboard of the Mojave Desert (e.g., Page, 1970a, 1970b; Hall, 

1991; Ducea et al., 2009); and (2) the fault is a sinistral tectonic escape structure 

with ~500–900 km offset that formed in response to collision of an aseismic 

ridge (e.g., Dickinson, 1983; Dickinson et al., 2005; Jacobson et al., 2011). The 

second model predicts that Nacimiento Franciscan and Great Valley Group as-

semblages originated outboard of the Diablo Range–San Francisco Bay Area 

in central California.

Distinguishing between an outboard southern versus central California ori-

gin for the Nacimiento block based on detrital zircon age distributions is chal-

lenging, given that each setting lies outboard of the Sierra Nevada batholith, 

which supplied significant amounts of Cretaceous zircon to the forearc and 

trench over >1000 km along strike. However, “central California” and “south-

ern California” paleogeographic signatures may be distinguished based on the 

rela tive proportions of Jurassic plus Early Cretaceous to Late Cretaceous  detrital 

zircon grain distributions. For example, the NNW-trending Late Cretaceous arc 
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was emplaced at an angle to the NW-trending, Jurassic–Early Cretaceous con-

tinental arc such that the older arc resides outboard of the younger in central 

Cali fornia, and vice versa in southern California (e.g., Ernst, 2015; Sharman 

et al., 2015; Fig. 1 inset). As a result, a “central California” detrital zircon signal 

should include a relatively high proportion of Jurassic–Early Cretaceous to Late 

Cretaceous grains, given the position of the Jurassic–Early Cretaceous arc out-

board of the Late Cretaceous arc, which likely represented a geomorphic barrier 

to detritus sourced from the continental interior. Underplated Rand-type schists 

in the southern Sierra Nevada–Salinia–Mojave Desert region show a “southern 

California” fingerprint (Barth et al., 2003; Grove et al., 2003; Jacobson et al., 

2011; Chapman et al., 2013). Conversely, examples of trench and forearc as-

semblages with a “central California” signature include Franciscan rocks of the 

Diablo Range and San Francisco Bay area Franciscan rocks (Unruh et al., 2007; 

Ernst et al., 2009; Snow et al., 2010; Prohoroff et al., 2012) and the San Joaquin 

section of the Great Valley Group, near Coalinga (DeGraaff-Surpless et al., 2002; 

Jacobson et al., 2011; Sharman et al., 2015; Figs. 8 and 9).
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Figure 9. Multidimensional scaling map 

showing dimensionless Kolmogorov- 

Smirnov (K-S) distances between arrays 

of detrital zircon age data. See text for dis-

cussion. Data sources: Nacimiento Francis-

can and forearc assemblages—Ernst et al. 

(2011), Jacobson et al. (2011), and this study; 

Diablo Range Franciscan— Unruh et al. 

(2007), Ernst et al. (2009), and this study; 

San Francisco Bay Area Franciscan—Snow 

et al. (2010); Rand-type schists—Barth et al. 

(2003), Grove et al. (2003), Jacob son et al. 

(2011), Chapman et al. (2013), and this 

study; Catalina Schist—Grove et al. (2008); 

Great Valley Group east of San Andreas 

fault— DeGraaff-Surpless et al. (2002) and 

Sharman et al. (2015).
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Although central California Franciscan rocks generally yield “central Cali-

fornia” type detrital zircon age spectra, these rocks show significant variability 

in age spectra, most likely due to the preservation of multiple thrust sheets 

and/or sedimentary recycling within the region. For example, one sample 

from a structurally low thrust sheet yields detrital zircon grains as young as 

ca. 52 Ma (Snow et al., 2010), while samples from higher structural levels yield 

maximum depositional ages as old as ca. 123 Ma (Prohoroff et al., 2012). West-

ward and structurally downward-younging patterns are commonly observed 

in the “type” Franciscan (e.g., Dumitru et al., 2015; Wakabayashi, 2015). In con-

trast, systematic spatial variations in detrital zircon age distributions are not 

observed in the Nacimiento Franciscan, although age distribution patterns do 

appear to fluctuate with time (Figs. 5, 6, 8, and 9). All four groups of Nacimiento 

rocks, plus Franciscan slabs and forearc assemblages of the Atascadero For-

mation, exhibit significantly higher proportions of Late Cretaceous to Juras-

sic–Early Cretaceous detrital zircon grains, and hence show “southern Califor-

nia” signatures. This observation supports an outboard Mojave origin for the 

Nacimiento block and is incompatible with the left-slip tectonic escape model.

As noted above, several samples in the Nacimiento Franciscan show Type E 

detrital zircon age spectra. This observation could be viewed as evidence sup-

porting the left-slip model, given that Type E detrital zircon age spectra appear 

to be concentrated in Franciscan and Great Valley strata of central California 

(Dumitru et al., 2016). However, the schist of Sierra de Salinas, which accreted 

beneath southern California, also exhibits Type E zircon age arrays (Barth et al., 

2003; Jacobson et al., 2011; Dumitru et al., 2016). Hence, the presence of such 

grains in subduction assemblages from both southern and central California 

cannot constrain the tectonic origin of the Nacimiento block. Type E spectra in 

the schist of Sierra de Salinas are explained by long-distance turbidite flow of 

sediment from central California down the trench axis (Dumitru et al., 2016). 

Furthermore, recent structural work by Ogawa et al. (2014) suggests that Naci-

miento slabs may in fact represent trench axis deposits, not trench-slope de-

posits as traditionally interpreted, and so could receive detritus from Idaho in 

the same fashion as that invoked for the schist of Sierra de Salinas.

Relationship of Nacimiento Franciscan to Rand-Type Schists

As concluded above, the Nacimiento block likely originated outboard of 

southern California, where the Laramide shallow subduction (see footnote 1)–

related, Late Cretaceous Rand-type, and early Cenozoic Pelona and Orocopia 

schists crop out (Graham and England, 1976; Haxel and Dillon, 1978; Ehlig, 

1981; Jacobson, 1983, 1995; Jacobson et al., 1988, 2007, 2011; Simpson, 1990; 

Kidder and Ducea, 2006; Ducea et al., 2009; Chapman et al., 2010, 2011, 2012, 

2013). The Nacimiento Franciscan and Late Cretaceous Rand-type schists are 

each elements of the subduction complex, contain similar proportions of 

metaclastic to metabasaltic rocks, exhibit strikingly similar detrital zircon age 

spectra with overlapping maximum depositional (ca. 95–80 Ma) and metamor-

phic (ca. 90–70 Ma) ages in metasandstones (Fig. 8), and originated adjacent to 

each other. The main difference between the Nacimiento Franciscan and Rand-

type schists is metamorphic grade of metaclastic rocks, which generally ranges 

from sub-zeolite to prehnite-pumpelleyite facies in the former to greenschist to 

upper amphibolite facies in the latter (Ernst, 1980; Jacobson et al., 1988; Jacob-

son, 1995; Underwood et al., 1995; Underwood and Laughland, 2001; Kidder 

and Ducea, 2006; Chapman et al., 2011; Wakabayashi, 2015). These relations 

strongly suggest that the Rand, San Emigdio, and Sierra de Salinas schists 

represent high-grade equivalents to the Nacimiento Franciscan emplaced and 

exhumed from farther inboard. Group 1 and 2 assemblages exhibit similar de-

trital zircon age distributions to those of older schist members (e.g., Rand and 

Sierra de Salinas schists), whereas age spectra from Group 3 and trench-slope 

basin deposits more closely resemble those of the younger Pelona schist, im-

plying possible correlations between these units (Figs. 8 and 9). Employing this 

logic, Nacimiento Franciscan rocks represent outboard (up-dip) elements of 

the Laramide shallow subduction (see footnote 1) system relative to Rand-type 

schists. Furthermore, the inboard remains of the Late Cretaceous subduction 

megathrust flat (locally the Rand fault and Salinas shear zone; Jacobson, 1995; 

Kidder and Ducea, 2006; Chapman et al., 2010) are analogous to the outboard 

Coast Range fault (Bailey et al., 1970; Platt, 1986; Jayko et al., 1987).

One of the most striking features of Rand-type schists is a pronounced shift 

in maximum depositional and metamorphic ages from >90 Ma in the north-

west to <50 Ma in the southeast (Fig. 10). Given that the schist outcrop belt 

is oriented at a high angle (~30°) to the paleotrench, geographic variations 

in schist accretion age may be parallel, perpendicular, or at an intermediate 

angle to the continental margin. Models explaining spatial variations in schist 

age depend critically on the orientation of accretion “isochrons” with respect 

to the continental margin. For example, subduction erosion of upper-plate 

rocks plus progressive underplating of younger material farther inboard pro-

vides an attractive explanation for inboard schist younging (i.e., if isochrons 

are subparallel to the margin; Grove et al., 2003). On the other hand, oblique 

encroachment of an aseismic ridge with the margin and subsequent NW to SE 

time-transgressive collision would account for strike-parallel schist younging 

to the southeast (Barth and Schneiderman, 1996).
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Figure 10. Schematic subduction erosion 

and underplating explanation for age 

variation within a sheet of Nacimiento 

Franciscan and Rand-type schist. Modi-

fied after Jacobson et al. (2011). Abbrevia-

tions: CR—Cemetery Ridge; CS—Catalina 

Schist; PR—Portal Ridge; QH—Quartz Hill; 

RM—Rand Mountains; SE—San Emigdio 

Mountains; TC—Tehachapi Mountains.
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Palinspastic restoration of the Nacimiento Franciscan to its Late Cretaceous 

position outboard of the Mojave Desert provides critical constraints on this 

issue. In contrast to the schist outcrop belt, no clear relationship exists be-

tween calculated maximum depositional ages with position, strike parallel or 

perpendicular, along the Nacimiento Franciscan (Fig. 5). This observation is 

readily explained if accretion isochrons are oriented parallel to the strike of the 

Nacimiento block, which is only possible if they are also parallel to the conti-

nental margin. Hence, the consistency of maximum depositional ages in the 

Nacimiento Franciscan relative to the schist requires age variations to occur 

down dip, strongly suggesting a progressive subduction-erosion and under-

plating origin for regional age patterns (Fig. 11).

Evolution of Trench-Forearc-Arc System

As noted previously, the Nacimiento subduction-accretion package likely 

represents the outboard equivalents of Rand-type schists. In aggregate, the 

Nacimiento-schist accretionary package was assembled along a shallowly 

subducting (see footnote 1) segment of the Farallon slab that probably formed 

due to collision of an oceanic plateau with the continental margin (Saleeby, 

2003; Liu et al., 2008, 2010). The plateau was consumed over a ~500-km-wide 

corridor between the southern Sierra Nevada and northern Peninsular Ranges 

(the southern California batholith) and is hypothesized to have driven slab flat-

tening and tectonic removal of sub-batholithic mantle lithosphere, the cessa-

tion of arc magmatism, uplift and crustal thickening in the overriding plate, and 

structural ascent of batholithic assemblages from deep- to mid-crustal levels 

(Moxon and Graham, 1987; Malin et al., 1995; Ducea and Saleeby, 1998; House 

et al., 2001; Saleeby, 2003; Saleeby et al., 2007; Nadin and Saleeby, 2008; Chap-

man et al., 2010, 2012). The resulting uplifted mountain belt shed detritus (the 

Rand-type schists–Nacimiento belt protoliths) into the trench, which was im-

mediately underthrust beneath the recently extinguished arc.

 The replacement of sub-batholithic mantle with subduction-accretion 

assemblages resulting from shallow subduction (see footnote 1) marked a 

profound reduction in the strength of the southern California lithosphere. 

In response to regional lithospheric weakening, previously thickened and 

rootless orogenic crust collapsed under its own weight beginning ca. 75 Ma 

(Wood and Saleeby, 1997; Chapman et al., 2012; Hall and Saleeby, 2013). This 

event is marked by schist extrusion and dispersal of a series of extensional 

nappes, including Salinia, toward the continental margin (Chapman et al., 2010, 

2012). The low-angle structures along which dispersal of upper-crustal frag-

ments took place resemble, and have been interpreted previously as, out-of- 

sequence thrust faults (May, 1989), but are demonstrably extensional, placing 

upper-crustal granitic rocks on lower-crustal tonalitic rocks or directly on Rand-

type schist (Wood and Saleeby, 1997; Chapman et al., 2012). This low-angle 

system, including Blackburn Canyon, Jawbone Canyon, and Pastoria faults, 

extends from the SE to the SW Sierra Nevada, where it is truncated by the San 

Andreas system (Fig. 1). This “southern Sierra detachment” is inferred between 

exposures of granitic and tonalitic rocks west of the San Andreas for ~50 km 

(James et al., 1993; Dickinson, 1996; Chapman et al., 2012; Fig. 1), after which 

its trace becomes unclear. We suggest the following alternative to thrust versus 

Figure 11. Model for development of 

the Sur-Nacimiento fault, modified after 

Jacob son et al. (2011). (A) Prior to shallow 

subduction (see footnote 1) showing mag-

matism in the western southern California 

batholith and deposition of Nacimiento 

Franciscan Group 1 and San Emigdio schist 

protoliths in the trench. (B) Onset of shal-

low subduction (see footnote 1) showing 

inboard migration of magmatism, upper 

plate thrusting and uplift, underplating 

of San Emigdio schist, and deposition of 

Nacimiento Franciscan Group 2 and Rand-

type (includes  Sierra de Salinas, Rand 

Mountains, Tehachapi Mountains, Portal 

Ridge, and Quartz Hill exposures) schist 

protoliths derived from farther-inboard 

sources. (C)  Mature shallow subduction 

(see footnote 1) showing cessation of arc 

magmatism, intense  upper plate contractile 

deformation including activity of the proto–

San Gregorio–Hosgri fault, deposition and 

sequential underplating of Rand-type and 

later schists, and deposition of Nacimiento Group 3 and trench-slope basin deposits. (D) Waning shallow subduction (see footnote 1) and gravitational collapse and westward dispersal of upper-plate 

lithologies along the integrated southern Sierra detachment–Sur-Nacimiento fault system. Abbreviations: CRf—Coast Range fault; CRO—Coast Range Ophiolite; pSGHf—proto–San Gregorio–Hosgri 

fault; Nf—Nacimiento fault; NF—Nacimiento Franciscan; PO—Pelona and Orocopia schists; Rf—Rand fault; RS—Rand-type schists; SE—San Emigdio schist; SSD—southern Sierra detachment.
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left-slip models for the Sur-Nacimiento fault: this fault, which juxtaposes Salin-

ian block granitic rocks with trench assemblages, represents a segment of the 

southern Sierra detachment system. The observation that the Nacimiento fault 

was active between 75 and 56 Ma, synchronous with orogenic collapse in the 

southern Sierra Nevada–Mojave Desert–Salinia region (Chapman et al., 2012) 

and extension along the Coast Range fault (Platt, 1986; Jayko et al., 1987), lends 

additional support to an extensional origin for the Nacimiento fault. Extensional 

emplacement of the Salinian block must have covered the Nacimiento block to 

a modest degree (Fig. 11), providing an explanation for the post-Campanian 

depositional hiatus in the Nacimiento Great Valley Group and the widespread 

presence of Maastrichtian marine sediments in the Salinian block. This hypoth-

esis also provides an intriguing explanation for the Big Creek “klippe” (Hall, 

1991; Dickinson et al., 2005; Hall and Saleeby, 2013), which we interpret as an 

erosional remnant of extensional tectonostratigraphy.

Temporal variations in Nacimiento Franciscan detrital zircon populations 

support the above tectonic model, reflecting incipient oceanic plateau collision 

(Group 1), mature collision (Group 2), and incipient extensional collapse (Group 

3, Type E, and Atascadero Formation) phases. We infer above that Group 1, 

Group 2, and Group 3 (plus Type E and Atascadero) detritus originated from 

the western Sierran-Peninsular Ranges magmatic arc and progressed to more 

easterly portions of the arc with time. This evolving provenance reflects: (1) the 

inboard migration of arc magmatism at the onset of shallow subduction (see 

footnote 1) (Group 1 to Group 2) to (2) magmatic arc collapse and dispersal 

of upper-crustal fragments such as the Salinian block to the SW at the end 

of shallow subduction (see footnote 1) (Group 2 to Group 3). By this inter-

pretation, the absence of K-feldspar in Groups 1 and 2 assemblages and the 

presence of K-feldspar in Group 3 and trench-slope basin deposits probably 

reflects not only the degree of subduction, as traditionally interpreted (Gilbert, 

1973; Hall, 1991; Underwood et al., 1995; Dickinson et al., 2005) but also the 

detrital source, given that the western arc is generally tonalitic (i.e., K-feldspar 

poor), whereas the eastern arc is more granitic.

Aside from the presence of Late Jurassic exotic blocks in mélange, the 

Nacimiento Franciscan apparently lacks accretionary materials older than ca. 

95 Ma, indicating that the first >60 m.y. of subduction along the Rand-type 

margin was nonaccretionary, as is the case for approximately three-quarters 

of modern subduction zones (e.g., Scholl and von Huene, 2007; Dumitru et al., 

2010). Construction of the Nacimiento–Rand-type schist wedge between ca. 

95 and 80 Ma thus represents a profound shift toward accretionary behavior. 

This transition appears to be linked to collision and passage of the Laramide 

oceanic plateau beneath the southern California batholith, which dissected the 

formerly contiguous Sierran-Peninsular Ranges arc, and in doing so provided 

voluminous clastic sediment to the forearc region. Franciscan assemblages 

outside the Nacimiento block also display significant variations in accretion 

rate; but these took place chiefly in Early Cretaceous time (Dumitru et al., 2010; 

Ernst, 2011) and are tentatively attributed to changes in convergence vectors 

between North America and outboard oceanic plates (Engebretson et al., 1985; 

Seton et al., 2012).

Whither the Missing Forearc and Western Arc?

If the Nacimiento block is, as we suggest, a product of Laramide shallow 

subduction (see footnote 1), then why was the trench preserved while the 

forearc and western magmatic arc were apparently obliterated by oceanic 

plateau collision? In comparison with the trench-forearc-arc system preserved 

east of the San Andreas fault in central California, inner forearc and western 

arc elements are scarce in Late Cretaceous reconstructions of southern Cali-

fornia (Page, 1981; Dickinson, 1983; Hall, 1991; James et al., 1993; Schott and 

Johnson, 1998; Schott et al., 2004; Dickinson et al., 2005; Jacobson et al., 2011; 

Chapman et al., 2012; Sharman et al., 2015). Were these elements subducted 

and recycled into the mantle, incorporated into the subduction complex, and/or 

displaced by margin-parallel strike slip? Based on abundant ca. 120–100 Ma 

detrital zircon grains, particularly in Group 1 assemblages, the local presence 

of tonalite clasts in the Nacimiento Franciscan (Cowan and Page, 1975; this 

study; Fig. 3), the generally intermediate composition of clastic rocks in the 

Nacimiento-schist belt, and the highly denuded state of western arc rocks 

directly above the Rand-type schist, we propose that a significant volume of 

inner forearc and disaggregated western arc domains resides within this belt.

The restored Nacimiento-schist belt is >400 km long (Sharman et al., 2015) 

and >200 km wide (Miller et al., 2000; Luffi et al., 2009; Haxel et al., 2015) and 

likely achieved a layer thickness between 10 and 30 km (Cheadle et al., 1986; Li 

et al., 1992; Malin et al., 1995; Porter et al., 2011). Thus, assuming a sheet-like 

geometry, the volume of clastic material accreted and subcreted to this belt was 

on the order of 1 × 106 km3. Furthermore, this same belt has lost an ~150-km-

wide wedge of arc plus forearc material that tapered from ~30 km arc thickness 

in the east (e.g., Gromet and Silver, 1987; Chapman et al., 2014) to <10 km ophio-

lite plus sediment thickness in the west (e.g., Jayko et al., 1987). These relations 

imply that the volume lost by removal of the inner forearc and western arc was 

comparable to the volume gain by emplacement of the Nacimiento-schist belt.

Although the above relations suggest that a substantial volume of dis-

aggre gated western magmatic arc and eastern forearc were interleaved in the 

subduction complex as clastic material, intact remnants of these elements still 

exist outside of the complex. A <5-km-thick interval of western arc (e.g., the 

 Tehachapi–San Emigdio complex, Johannesburg Gneiss, Ben Lomond Moun-

tain, Bodega Head, Montara Mountain, and Point Reyes) and forearc affinity 

(e.g., Coast Range Ophiolite and Toro Formation) rocks resides in a highly 

attenuated upper plate above the integrated Coast Range–Rand fault system 

( Seiders, 1982; Postlethwaite and Jacobson, 1987; Ross, 1989; James et al., 1993; 

Saleeby et al., 2007; Hopson et al., 2008; Chapman and Saleeby, 2012; Chapman 

et al., 2012; Sharman et al., 2015). The presence of these lithologies structurally 

above the Late Cretaceous subduction megathrust ~200 km inboard from the 

margin implies that a nontrivial amount of western arc material was carried to 

significant depths in the subduction zone by subduction erosion (Fig. 11).

We consider sinistral syn-subduction strike-slip removal of western arc and 

inner forearc domains unlikely, given the correlation drawn here between the 

Nacimiento Franciscan and the Rand-type schist and the apparent provenance 
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mismatch between the Nacimiento Franciscan and central California Francis-

can assemblages. If western arc and inner forearc domains were translated 

away from southern California by Late Cretaceous strike slip, then they should 

be recognized somewhere along the continental margin. Inasmuch as the 

western arc and inner forearc are virtually nowhere to be seen, unless these 

elements are in the Peninsular Ranges (Dickinson, 1983), it is more likely that 

these rocks were removed by a combination of surficial erosion from above 

(and incorporation of this material into the subduction complex) and tectonic 

erosion from below (and subduction of this material into the mantle).

Constraints on the Origin of Nacimiento Mélange

The origin of mélange within the Nacimiento Franciscan, particularly in 

sea-cliff exposures near San Simeon (Fig. 2), has been debated since the pio-

neering work of Hsü (1968). Models for the incorporation of lithologically di-

verse fragments, including “exotic” blocks such as blueschist, in serpentinite 

or fine-grained siliciclastic material within the Nacimiento Franciscan fall 

generally into three categories: (1) tectonic—previously accreted blocks were 

plucked from the hanging wall of the subduction channel and exhumed by 

return flow (e.g., Cloos, 1982); (2) sedimentary—previously exhumed blocks 

and siliciclastic deposits slid down the trench slope and were (re)subducted 

(e.g., Cowan, 1978; Platt, 2015); and (3) diapiric—diapirs entrained blocks of 

subduction assemblages as they rose (e.g., Becker and Cloos, 1985; Ogawa 

et al., 2014). The latter model proposes that earlier formed tectonic mélange 

was reworked by diapirism; hence, we consider the diapiric model as a varia-

tion on the tectonic model.

Our detrital zircon results bear directly on the mélange issue. First, we doc-

ument Group 1 and Group 2 assemblages as blocks in mélange, indicating that 

mélange formation must have taken place after ca. 85 Ma. Deposition of the 

Cambria slab, which contains detrital zircon grains as young as ca. 82 Ma and 

Campanian microfossils (Evitt, 1967, written commun. in Hsü, 1969; Hall, 1991; 

Jacobson et al., 2011), atop mélange provides a minimum age constraint on 

the timing of mélange formation. Hence, mélange in the vicinity of San Sim-

eon must have formed in the Late Cretaceous and probably occurred within a 

narrow ca. 85–80 Ma window. Intrusion of mélange into the Cambria slab is 

well documented (e.g., Becker and Cloos, 1985; Ogawa et al., 2014) and must 

have taken place after this time interval.

Second, the sandstone block from which sample 11MB6 was collected is 

from the same mélange exposure where Ukar et al. (2012) determined ca. 

154 Ma Ar-Ar ages on blueschist blocks. This sandstone block and others from 

the same area (Morisani, 2006) yield maximum depositional ages of ca. 85 Ma, 

indicating that at least 70 m.y. elapsed between the timing of blueschist- facies 

metamorphism in exotic blocks and deposition of sample 11MB6. Further-

more, no metamorphic index minerals were observed in this sample, indicat-

ing a significant contrast in metamorphic grade between blueschist blocks and 

the studied siliciclastic block. The highest-grade sandstone blocks exposed 

at San Simeon are of the prehnite-pumpelleyite facies (Cowan, 1978; Ernst, 

1980). These observations may be explained in the framework of return flow if 

previously accreted rocks were plucked from a range of upper-plate locations 

as material flowed back out of trench and if the upper plate had cooled to 

lower-grade conditions (e.g., Cloos, 1982). However, there exists no structural 

evidence for trench-directed return flow (Cowan, 1978; Singleton and Cloos, 

2013; Ogawa et al., 2014; Platt, 2015).

A simpler explanation for the observed differences in age and metamorphic 

grade between blueschist and siliciclastic blocks in San Simeon mélange is that 

both lithologies slid down the trench slope as debris flows and were incorpo-

rated together in a predominantly siliciclastic fine-grained matrix. This model 

is bolstered by the presence of detrital glaucophane in sandstone blocks at San 

Simeon (Cowan, 1978) and lithologically diverse blocks, including blueschist 

and granitic clasts, in conglomerate throughout the Nacimiento Franciscan 

(Hsü, 1969; Cowan and Page, 1975; this study), indicating that blueschist blocks 

must have been at the surface as siliciclastic rocks were deposited prior to 

mélange formation. Subsequent flattening and/or strike-slip tectonism within 

the subduction complex overprinted primary olistostrome features, resulting 

in strong deformational fabrics (Cowan, 1978; Singleton and Cloos, 2013; Platt, 

2015). The >4 km (longest dimension) Group 1B turbidite block exposed south 

of Gorda (Fig. 2) probably also shares an olistostrome origin.

Additional support for the olistostrome model comes from the clear in-

crease in compositional maturity in Nacimiento Franciscan lithologies with 

time (Fig. 4). This relationship strongly suggests progressive reworking of 

Naci miento Franciscan assemblages in the accretionary system from ca. 95 to 

80 Ma. An alternative explanation for the observed age-petrographic relation-

ship may be progressive exposure of deeper levels of the Sierran-Peninsular 

Ranges arc with time so that the relative contribution of lithic fragments and 

feldspar decreases with time. Age-petrography trends in Great Valley Group 

sediments do indicate an increase in quartz relative to feldspar plus lithic frag-

ments with time—but not nearly to the same extent as observed in the Naci-

miento Franciscan (Fig. 4B). Hence, some amount of arc dissection is likely 

responsible for the age-maturity relationships observed in Nacimiento Fran-

ciscan, but significant recycling of exhumed clastic rocks must also be invoked 

to explain these relationships.

Given the age-maturity trends discussed above, sediment recycling in 

the Nacimiento accretionary system appears to have been operating on an 

~10 m.y. timescale. It is not surprising that gravitational mélange formation 

occurred quickly in the Nacimiento Franciscan, from the perspective of accre-

tionary wedge mechanics. The onset of Laramide shallow subduction (see 

footnote 1) would have been marked by a rapid decrease in slab dip and an in-

crease in basal friction along the wedge–downgoing-slab interface. In order to 

maintain critical taper, the wedge would have had to increase its topographic 

slope (e.g., Davis et al., 1983). We argue that strata and previously exhumed 

high-grade mafic blocks perched on the trench slope were gravitationally de-

stabilized by this slope increase and slid into the trench, where they were in-

troduced to fine-grained siliciclastic matrix material.
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CONCLUSIONS

Petrographic and U-Pb detrital zircon geochronologic relations presented 

here indicate that four distinct groups of siliciclastic subduction assemblages 

plus depositionally overlying trench-slope basin sediments were sourced from 

the southern California batholith to the east and comprise the basement of 

the Nacimiento block. Group 1 rocks contain abundant Middle Cretaceous (ca. 

100–120 Ma) zircon grains with few older grains and yield the oldest maximum 

depositional ages ranging from ca. 98 to 90 Ma. Group 2 rocks are younger, 

with maximum depositional ages from ca. 93 to 85 Ma, and contain relatively 

abundant Late Cretaceous (ca. 80–100) and Early Cretaceous to Jurassic (ca. 

120–200 Ma) zircon grains. Group 3 rocks yield maximum depositional ages 

of ca. 87–82 Ma and contain higher proportions of Precambrian zircon grains 

than Group 2 but lack Jurassic grains. Group 3 rocks contain similar detrital zir-

con age populations, are petrographically similar to trench-slope basin “slabs,” 

and are interpreted here as slab materials incorporated in mélange through 

sedimentary processes. Group 3 and trench-slope basin rocks are, in turn, in-

terpreted as distal equivalents to the Upper Cretaceous Atascadero Formation 

on the basis of petrographic and geochronologic similarities.

In aggregate, all Nacimiento sample groups, including trench-slope de-

posits, show a closer affinity to subduction-accretion assemblages exposed 

in southern California (e.g., the Sierra de Salinas, Rand, San Emigdio, and 

Pelona schists) than to Franciscan rocks exposed in central California (e.g., 

in the  Diablo Range and San Francisco Bay Area). This observation supports 

the view that the Nacimiento block originated outboard of southern California 

(e.g., Hall, 1991; Ducea et al., 2009; Hall and Saleeby, 2013). In other words, 

models wherein the Nacimiento block originated outboard central California 

and was displaced >500 km to the south along a sinistral Sur-Nacimiento 

fault zone (e.g., Dickinson, 1983; Dickinson et al., 2005; Jacobson et al., 2011; 

Singleton and Cloos, 2013) are incompatible with the data presented here. 

Furthermore, the inference that Nacimiento assemblages likely represent out-

board equivalents of Rand-type schists suggests that the Nacimiento Francis-

can–Rand-type schist wedge represents an exhumed shallow subduction (see 

footnote 1) complex, the best known example of its kind. Recognition of the 

Nacimiento Franciscan as outboard schist equivalents suggests that NW-SE–

younging trends in the schist were produced by subduction erosion, allowing 

progressively younger accretionary materials to “leap-frog” farther inboard 

(e.g., Grove et al., 2003), and probably did not result from time transgressive 

collision of an aseismic ridge (e.g., Barth and Schneiderman, 1996).

Siliciclastic assemblages in the Nacimiento Franciscan record the uplift, 

erosion, inboard migration of arc magmatism, and extensional collapse of 

the southern California batholith that accompanied Late Cretaceous collision 

and passage of an oceanic plateau beneath southern California (Wood and 

Saleeby, 1997; Saleeby, 2003; Liu et al., 2008, 2010; Chapman et al., 2012). 

We posit that a significant volume of inner forearc and western arc material, 

now absent from southern California, was eroded and interleaved in the shal-

low subduction (see footnote 1) complex. Mélange formation followed soon 

thereafter, most likely by incorporation of previously subducted materials plus 

first-cycle clastic detritus into a fine-grained siliciclastic matrix by submarine 

gravity sliding that accompanied wedge oversteepening due to shallow sub-

duction (see footnote 1). A phase of regional extension followed assembly 

of the Nacimiento–Rand-type subduction complex, marked by slip along the 

integrated southern Sierra detachment–Nacimiento system and dispersal of 

upper-crustal fragments, including the Salinian block.
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