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Post-subduction dextral faulting was restored to evaluate the spatial distribution of units of the Franciscan subduction complex of California that formed as a result of subduction accretion. The Franciscan and related rocks of western California exhibit significant along-strike variation in its recording of subduction-accretion processes. Most notably, two segments 830 km apart record subduction erosion associated with low-angle subduction events that took place at ca. 120 Ma and ca. 80–70 Ma in the north and south, respectively. This spatial relationship is not affected by restoration of post-subduction dextral slip because none of the slip passes between the two inboard tectonic windows. Between these segments the subduction complex records net accretion from ca.175 Ma to 12 Ma, but includes horizons recording non-accretion. None of the accreted units of the subduction complex are preserved over the entire length of the subduction complex. One unit, however, correlated on the basis of its structural level in the subduction complex and distinctive detrital zircon age spectra, accreted at about 80–83 Ma extends a strike length of 580 km, an amount increased to 850 km with restoration of post-subduction dextral faulting. The long-strike length of accretion of this unit demonstrates that detrital zircon age populations of subduction complex clastic rocks are poor indicators of strike-slip displacement. Some reaches of the subduction complex include schistose blueschist facies rocks (most Franciscan blueschist facies rocks are not schistose), whereas others do not, and some reaches lack blueschist facies rocks altogether. The significant along-strike variation in the Franciscan and related rock units reflects temporal and spatial differences in history of accretion, non-accretion, subduction erosion, and probably subduction dip. Similar time and space variation in processes and resultant geologic record should be expected for other subduction complexes of the world.
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INTRODUCTION
Modern subduction zones exhibit along-strike variation from subduction-accretion (subduction fault slices into downgoing plate; referred to as “accretion” in this paper), non-accretion (subduction fault does not cut into either upper plate or downgoing plate), and subduction erosion (subduction fault cuts into upper plate) (e.g., von Huene, 1986; von Huene and Scholl, 1991; Clift and Vannucchi, 2004). Recognizing the details of along-strike variation of accretion, non-accretion, and subduction erosion along exhumed paleo subduction zones is difficult because of the need to restore post-subduction deformation and the challenges posed in identifying subduction erosion and non-accretionary horizons along paleo-subduction interfaces exhumed from depth ranges that are commonly >10 km beneath the sea floor (e.g., Dumitru et al., 2010; Wakabayashi, 2015, Wakabayashi, 2021a; Chapman et al., 2016). The difficulty in recognizing non-accretionary or eroding paleo subduction interfaces in such exhumed rocks is because the depth of exposure/exhumation is well below that directly observed in sea floor studies, including drilling.
This paper restores post-subduction strike-slip and related faulting to examine the spatial relationships of subduction complex rocks of the Franciscan Complex of California that formed by sporadic subduction-accretion from ca. 175 to 12 Ma prior to disruption by the post-subduction San Andreas fault system (Hamilton, 1969; Ernst, 1970; Maxwell, 1974; Blake et al., 1988; McLaughlin et al., 1996; Ernst et al., 2009; Dumitru et al., 2010; Snow et al., 2010; Dumitru et al., 2013; Dumitru et al., 2015; Dumitru et al., 2018; Raymond, 2015; Raymond and Bero, 2015; Wakabayashi, 2015; Mulcahy et al., 2018; Raymond, 2018; Apen et al., 2021; Wakabayashi, 2021a) (Figure 1 current map view, Figure 2 current cross sections, restored map view Figure 3, cross sections of restored geology Figure 4; lists current compared to restored spatial relationships). The map view and inferred cross sectional relationships of Franciscan Complex units are then evaluated in the context of the history of accretion, non-accretion, and subduction erosion in space and time. This paper presents a largely descriptive view of the three-dimensional relationship of Franciscan rocks and does not attempt to speculate on mechanisms that caused the along-strike variation recorded in the subduction complex.
[image: Figure 1]FIGURE 1 | Map showing the Franciscan Complex and related rocks in coastal California as well post-subduction dextral faults of the San Andreas fault system, post-subduction volcanic rocks, and some details of pre-Franciscan and upper plate rocks. Revised from Wakabayashi (2015), Chapman et al. (2016), Kuiper and Wakabayashi (2018) and Chapman et al. (2021). Post-subduction dextral fault offsets (revised from Wakabayashi, 1999) used in the restoration are shown.
[image: Figure 2]FIGURE 2 | Cross sections of present-day geologic relationships. Subsurface interpretations are partly based on Godfrey et al. (1997), Langenheim et al. (2013), and Wakabayashi (2015). Colors are the same as those used in Figure 1 except where specifically noted. Note that arc and ophiolitic rocks correlative to the Great Valley ophiolite that may crop out in the western Sierra Nevada are not colored in Figure 1, but are shown with the same color as Coast Range ophiolite volcanic and plutonic rocks on Figure 2.
[image: Figure 3]FIGURE 3 | Map showing Franciscan Complex rocks restoring dextral faulting of the San Andreas fault system largely following Wakabayashi (1999) and Chapman et al. (2016) for the southern areas. See text for details of the restoration method.
[image: Figure 4]FIGURE 4 | Cross sections of Franciscan Complex and related rocks with post-subduction dextral faulting restored. See text for details. Colors are the same as those used in Figures 1–3 except where directly labeled.
FRANCISCAN AND RELATED ROCKS: BASIC ARCHITECTURE
Western California includes outcrops of the Franciscan subduction complex, as well as the components of the “upper plate” of the subduction system (never part of downgoing plate) that comprises the Coast Range ophiolite and the Great Valley Group forearc basin deposits that depositionally overlie the ophiolite (Figures 1, 2) (e.g., Hamilton, 1969; Ernst, 1970, Dickinson, 1970, Hopson et al., 1981; Hopson et al., 2008). The upper plate rocks structurally overlie the Franciscan subduction complex (Hamilton, 1969; Dickinson, 1970; Ernst, 1970) along a fault known as the Coast Range fault, which records differential exhumation of the Franciscan relative to the upper plate (e.g., Suppe, 1973; Platt, 1986; Jayko et al., 1987; Harms et al., 1992; Ring and Brandon, 1994; Unruh et al., 2007). The upper plate rocks display neglible burial metamorphism and record comparatively little deformation compared to the Franciscan (Dickinson et al., 1969; Hopson et al., 1981; Evarts and Schiffman, 1983; Dumitru, 1988; Hopson et al., 2008; Ring, 2008).
Franciscan rocks consist primarily of clastic sedimentary rocks with volumetrically smaller amounts of mafic volcanic rocks, chert, serpentinite, and very rare limestone (e.g., Berkland et al., 1972; Maxwell, 1974; Blake et al., 1988; Wakabayashi, 2015; Raymond, 2018). Note that on Figure 1 areas rich in mafic volcanic rocks with chert or limestone are delimited by “vf” but even in those areas have a significant fraction of clastic sedimentary rocks (see detailed maps two of the most volcanic and chert rich areas in the Franciscan: the Marin Headlands of Wahrhaftig, 1984, and Mt. Diablo of Wakabayashi, 2021b). The Franciscan is well-known for having high-pressure/low-temperature (HP-LT) metamorphic rocks that resulted from subduction (Ernst, 1970) but HP-LT metamorphic rocks of lawsonite-albite or blueschist facies or higher grade (blue and dark blue on Figure 1) make up only about a fourth of Franciscan rocks (Blake et al., 1984; Blake et al., 1988; Ernst, 1993, Terabayashi and Maruyama, 1998; Ernst and McLaughlin, 2012). A relatively small fraction of these HP-LT rocks (dark blue on Figure 1) are schistose and completely or nearly completely recrystallized (Blake et al., 1988; Wakabayashi, 2015). The Franciscan consists of block-in-matrix mélange and non-mélange “coherent” horizons, with the proportion of mélange varying significantly from one area to another (Berkland et al., 1972; Blake et al., 1984; Blake et al., 1988; Cloos and Shreve, 1988a; Cloos and Shreve, 1988b; Wakabayashi, 2015; Raymond, 2018).
Different researchers define Franciscan units differently (e.g., Blake et al., 1982, 1984, 1988; Raymond, 2015; Wakabayashi, 2015; Ernst, 2017; Wakabayashi, 2021a; Raymond et al., 2019; Apen et al., 2021) so it is useful to specify how units are defined in this paper. This paper follows the approach of Wakabayashi, 2015; Wakabayashi, 2021a). Units are delimited by age of accretion, estimated by radioisotopic ages of metamorphism, or by depositional age of clastic rocks, constrained by biostratigraphy and/or maximum depositional ages from U-Pb age determinations of detrital zircons and/or specific age-probability distributions of detrital zircon ages. Many individual outcrops lack geochronologic data, so for such rocks correlations are made to dated rocks on the basis of similarity in relative structural position within the Franciscan and similarities in lithologic character. It is beyond the scope of this paper to debate merits of alternative unit nomenclature schemes. The pronounced along-strike variation in the subduction complex is apparent regardless of the unit definitions used.
A slice of continental magmatic arc rocks, called the Salinian block, correlative to rocks of the southern Sierra Nevada magmatic arc and the related rocks to the south, crops out west of the main belt of Franciscan Complex exposures and east of the subduction complex rocks known as the Nacimiento belt (Figure 1) (Chapman et al., 2016). The rocks associated the paleo trench-forearc system (Franciscan, Coast Range ophiolite, Great Valley Group) are unconformably overlain by post-subduction volcanic and sedimentary deposits associated with the post-subduction dextral plate boundary, represented by the San Andreas fault system (only post-subduction volcanic deposits shown on Figure 1) (e.g., Page, 1981).
Although Franciscan, Great Valley Group and Coast Range ophiolite units dip steeply in most outcrops, the regional dips of unit boundaries are low-angle, as demonstrated by the traces of contacts over topography, so that the general architecture is that of folded low-angle sheets (Langenheim et al., 2013; Wakabayashi, 2015). Most regional-scale folds of the Franciscan are west-vergent and overturned, so easterly dips predominate (Wakabayashi, 2015) (shown somewhat schematically in Figure 2). Where post-subduction deposits overlap Franciscan and related rocks, most of the folding of the Franciscan rocks appears to predate this overlap, whereas some older folds have been tightened by post-subduction shortening (examples in Figures 7, 8 of Wakabayashi, 2021a). The Coast Range fault and overlying Great Valley Group has also experienced folding prior to subduction termination, as illustrated by the overlap of this fault by deposits that date from early in the post-subduction regime (for example, see maps of Blake et al., 2000; 2002). Internal imbrication of Franciscan units as well as some of their folding predates syn-subduction movement along the Coast Range fault as illustrated by the truncation of internal Franciscan structure by the fault (Wakabayashi, 2021b) (Figure 2).
Post-subduction dextral faulting has significantly impacted the map-view spatial relationships of Franciscan units (e.g., Page, 1981; McLaughlin et al., 1996; Wakabayashi, 1999). In contrast, the amount of post-exhumation has been <3 km for most of exposed Franciscan rocks, so post-subduction metamorphic overprinting is lacking (Dumitru, 1989; Unruh et al., 2007). At deeper levels in the California Coast Ranges metamorphic overprinted and intrusion of post-subduction plutons is expected (Figure 2) from post-subduction increase in geothermal gradients and magmatism related to slab window development (Furlong, 1984; Liu and Furlong, 1992; Wakabayashi, 1996; Kuiper and Wakabayashi, 2018). This post-subduction metamorphism is recorded in some xenoliths in post-subduction volcanic rocks (Stimac, 1993; Metzger et al., 2005) but not in exposed rocks, owing to the lack of sufficient exhumation.
RESTORATION OF POST-SUBDUCTION DEFORMATION AND FAULTING
The deformation associated with the dextral San Andreas fault system that has replaced east-dipping subduction associated with Franciscan subduction has been primarily accommodated by dextral faults, with subordinate local shortening or extension (Atwater, 1970; Argus and Gordon, 1991; Atwater and Stock, 1998; Argus and Gordon, 2001). In addition to slight discordance between the azimuth of relative plate motion and the Pacific-North American plate boundary that may have been recorded by small convergent or divergent components along the otherwise dextral plate margin (e.g., Argus and Gordon, 1991; Atwater and Stock, 1998; Argus and Gordon, 2001), local transpression and transtension has been associated with the development of step-overs and bends along the dextral faults (Aydin and Page, 1984; Wakabayashi et al., 2004; Wakabayashi, 2007; Unruh et al., 2007).
Transform fault system deformation and slip has been restored by the following procedure: First, displacements along the various dextral faults of the San Andreas fault system were restored following the slip assignments of Wakabayashi (1999) (main displacements shown on Figure 1). Because many of the faults have bends and step-overs, gaps and minor overlaps result from dextral fault restoration. In addition, there are many faults that cut Franciscan rocks that have been proposed to be slip-transfer faults associated with fault step-overs (e.g., Wakabayashi et al., 2004; Wakabayashi, 2007; Kuiper and Wakabayashi, 2018). Accordingly, Franciscan units have been restored across various mapped dextral faults of the San Andreas fault system, but with additional smaller-scale slivering. The areas labeled with “distributed” deformation on Figure 1 (between 38° and 39.5°N latitude) are examples. Other areas restored with distributed slip include region NW of the northern tip of the West Napa fault, and the region between the Healdsburg-Rodgers Creek-Hayward faults and the San Andreas fault. Gaps and overlaps are removed in the restored map relationships.
Surface erosion since the termination of subduction has changed the outcrop pattern, but the details of this erosion are poorly known. Because of the uncertainty in restoring erosion, and the qualitative nature of accommodation of distributed deformation and step-overs and bends (removing gaps and overlaps), the restored Franciscan geology is shown with much less detail in Figure 3 compared that of the present-day Figure 1. For the southernmost part of the Franciscan Complex, represented by the Nacimiento Belt, the restoration of inboard interpreted tectonic windows (including the Sierra de Salinas, Rand, and Pelona schists) largely follows Chapman et al. (2016) with the minor adjustment of including ∼55 km of sinistral slip on the Garlock Fault (Hatem and Dolan, 2018).
The restoration leaves the northern end of the Salinian block projecting about 175 km northwest of the southernmost inboard Franciscan exposures (Figure 3). This may reflect 175 km of syn-subduction dextral slip along a “proto San Andreas fault” (e.g., Page, 1981) or the west-directed low-angle faulting of a relatively thin crystalline sheets or sheets derived from the southernmost Sierra Nevada and regions to the south by west-directed low-angle faulting associated with earliest Paleogene thrusting (Hall, 1991) or latest Cretaceous extensional collapse (Chapman et al., 2012). If the eastern contact of the northern Salinian block is a syn-subduction dextral fault (Page 1981), Nacimiento Belt exposures restore an additional 175 km further southeastward relative to the inboard main Franciscan outcrop belt than the position shown in Figure 3. The cross sections of Figures 2, 4 have been constructed following a model of a thin Salinian block originally emplaced by westward-directed low-angle faulting (e.g., Hall, 1991; Chapman et al., 2012) whereas the model of Page (1981) would result in a thicker Salinian block bounded by a high-angle fault on its east. It is beyond the scope of this paper to discuss the relative strengths of the two types of proposals for Salinian block emplacement, and these different models to not impact the interpretations of this study about along-strike variation of Franciscan rocks with the exception of the relative position between the Nacimiento Belt and inboard main Franciscan outcrop belt.
There have been alternative schemes presented for slip distribution on the San Andreas fault system, such as Powell (1993) and McLaughlin et al., 1982; for the eastern part of the fault system). Units east of all of the strands of San Andreas fault system are unaffected by different models of slip distribution on the various dextral strands. The unaffected units include the relative position tectonic windows of the Condrey Mtn. inner unit and Rand schists (830 km between them), as well as various features along the eastern margin of the Coast Ranges such as the South Fork Mtn. schist and related units.
The positions of other Franciscan units relative to one another are also largely unaffected by the choice of slip distribution between the two alternatives noted above and Wakabayashi (1999). The primary difference is that Powell (1993) and McLaughlin et al., 1996 restore the southernmost limit of Franciscan exposures east of the Salinian block to a position more than 100 km north of the position proposed by Wakabayashi (1999). Accordingly, the general pattern of along-strike variation of Franciscan rocks is not significantly different between different restoration schemes.
RESTORED POSITIONS OF FRANCISCAN COMPLEX UNITS
The restoration of San Andreas fault slip lengthens Franciscan Complex main exposure belt (excluding Nacimiento Belt) from 830 km to a restored length of about 980 km (Figures 1, 3). If the Nacimiento Belt is included, the outcrop belt currently has a total length of 980 km and a restored length of about 1,300 km.
The amount of post-subduction dextral slip cutting Franciscan exposures decreases northward, reflecting the progressive northward lengthening of the transform fault system and progressive propagation of the eastern faults of the system (e.g., Wakabayashi, 1999; Wakabayashi et al., 2004; Wakabayashi 2007). For this reason, the Franciscan units of the northern (north of ∼39°N on Figure 1) Coast Ranges (Fig. 4ab) are relatively unaffected by restoration of such dextral faulting (Figures 1, 3). As apparent in past analyses of Franciscan accreted units, such as those of Wakabayashi (2015), there are significant differences in the tectonic stack of units along strike, with no single unit extending the length of the belt (Figure 3).
The most extensive unit in the Franciscan in terms of along-strike extent occupies one of the lowest structural positions among prehnite-pumpellyite facies units in the main Franciscan outcrop belt, as well as constituting part of the Nacimiento Belt, has distinctive detrital zircon age spectra, and apparently was deposited and accreted about 80–83 Ma (Type E unit of Dumitru et al., 2016 in the Franciscan and Nacimiento Belt; Wakabayashi, 2015 for structural context). This clastic-dominated unit crops out along a strike distance of 580 km in present-day exposures and 830 km with restoration of post-subduction dextral faulting (northern and southern limits labeled as E(N) and E(S) respectively on Figures 1, 3). Although mapping and sampling to confirm correlations of this unit are far from exhaustive, published mapping and field observations suggest that this unit forms a reasonably continuous belt of exposures with the exception of the gap between the Nacimiento Belt and main Franciscan exposure belt (Wakabayashi, 2015; Dumitru et al., 2016). Structural thickness of the unit within the main Franciscan exposure belt reaches 3 km (Wakabayashi, 2015; Wakabayashi, 2021a).
The next most extensive unit that forms a close to continuous belt of outcrops is that of the South Fork Mtn. schist and correlative units (Blake et al., 1988; Dumitru et al., 2010; Chapman et al., 2021). This unit of schistose blueschist and greenschist facies rocks was subducted, accreted, and metamorphosed at about 121 Ma (Ar-Ar phengite, Dumitru et al., 2010), and makes up the dark blue units on Figure 1 in the northern Coast Ranges north of ∼39°N but exclusive of the Condrey Mtn schist inner unit. These rocks crop out over a distance of about 420 km and a restored distance of about 450 km (Figures 1, 3), and attain a structural thickness of up to about 5 km (Worrall, 1981; Schmidt and Platt, 2018).
The comparative continuity of the extensive ca. 80–83 Ma unit and the South Fork Mtn. schist contrasts markedly with the high-grade (amphibolite, garnet-amphibolite, eclogite, with varying degrees of blueschist overprint) coherent sheets that locally make up the structurally highest and oldest units in the Franciscan and have the same metamorphic ages and metamorphic assemblages as blocks-in-mélange (commonly referred to as “high-grade blocks”) (e.g., Ernst et al., 1970; Raymond, 1973; Suppe and Foland, 1978; Wakabayashi et al., 2010; Wakabayashi, 2015). Peak metamorphic ages of the high-grade Franciscan rocks, that are interpreted to reflect subduction and accretion range from about 155 to 176 Ma (Ross and Sharp, 1988; Ancziewicz et al., 2004; Wakabayashi and Dumitru 2007; Mulcahy et al., 2018; Rutte et al., 2020). The coherent high-grade sheets crop out over a distance of 330 km along the eastern margin of the Coast Ranges (Goat Mtn at the northern limit and “csch (S)” the southern limit on Figure 1, but “Ward Creek csch (S)" for the southern limit on Figure 3), and possibly 500 km if a structurally high amphibolite body in the Stanley Mtn window of the Nacimiento Belt is a coherent slab instead of a block-in-mélange (Brown, 1968) (“SMcsch(S)" on Figures 1, 3). These sheets are small (all but two <2 km in long dimension, with thicknesses of hundreds of m) and rare (widely scattered). If the Stanley Mtn window exposure is such a slab then the restored along-strike distance of high-grade slab outcrops is about 800 km, whereas without the Stanley Mtn area exposure, whereas the other restored outcrops span an along strike distance of about 350 km (Figure 3).
The Marin Headlands terrane, a unit rich in basalt and chert that includes the oldest oceanic crust preserved in Franciscan units (e.g., Murchey and Jones, 1984) currently extends a distance of about 220 km, and this distance is increased to 420 km with restoration of post-subduction faulting (“MH(N)” and “MH(S)” on Figures 1, 3). The remnants of the Marin Headlands terrane do not form a continuous belt of outcrops whereas they are more voluminous and less scattered than the high-grade coherent sheets; locally the unit attains a maximum structural thickness of about 2.5 km (Wahrhaftig, 1984).
Some units, such as the limestone-bearing, basalt-rich Permanente terrane (Blake et al., 1984; McLaughlin et al., 1996) are reduced in outcrop length by restoration (“P(N)” and “P(S)” on Figures 1, 3). The current outcrop length of Permanente terrane is 260 km, and this collapses to about 110 km with restoration of dextral faults; the Permanente terrane forms a fairly continuous belt of exposures with a structural thickness of up to about 3 km (Wakabayashi, 2015; Wakabayashi, 2021a).
The Skaggs Springs, a completely recrystallized (in most exposures) glaucophane-lawsonite-quartz metaclastic schist (Wakabayashi, 1999) that has yielded phengite Ar-Ar ages of ca. 132 Ma (Wakabayashi and Dumitru, 2007), also forms a fairly continuous belt of exposures. This unit attains a structural thickness of up to 2 km (Wakabayashi, 2021a) and spans a distance of 330 km currently, but only about 100 km with restoration of dextral faulting (“SSS” thin Dark blue unit between ∼38.5 and 39°N and parts of very small remnants between ∼36.5 and 37°N on Figure 1).
Whereas the Permanente terrane limestones and Laytonville limestone of the Franciscan are of approximately the same age (e.g, Sliter, 1984; Sliter and McGann, 1992), their paleolatitude of deposition in the open ocean differs with the Permanente terrane limestones apparently having formed north of the equator (Tarduno et al., 1985), whereas the Laytonville limestone (“L(N)” and “L(S)” on Figures 1, 3) formed south of the equator (Alvarez et al., 1980; Tarduno et al., 1990). It may be potentially useful, however, to examine the along strike extent of these units collectively as they reflect accretion of possible oceanic highs (seamounts, oceanic plateau) of about the same age. They crop out over a distance of 500 km currently and 670 km with dextral faulting restored (From “L(N)” to “P(S)” on Figures 1, 3).
Note that whereas the Franciscan is well known for its high-pressure/low-temperature blueschist facies and lawsonite-albite facies metamorphic rocks (e.g., Ernst 1970; 1975), some restored reaches lack such rocks (Figure 3). Schistose blueschist facies units of regional extent, the Skaggs Springs schist and the South Fork Mtn. schist are absent over larger reaches of the restored subduction complex.
As noted previously, the low-angle regional contacts between various Franciscan units are unaffected by restoration of post-subduction dextral faulting. Because of this, the general pattern of accretionary ages that young structurally downward (Ernst et al., 2009; Dumitru et al., 2010; Snow et al., 2010; Wakabayashi, 2015; Wakabayashi, 2021b) is also unchanged by restoration of post-subduction faulting.
DISCUSSION: TIME AND SPACE VARIATIONS IN ACCRETION, NON-ACCRETION, SUBDUCTION EROSION RECORDED BY FRANCISCAN COMPLEX ROCKS
Unaffected by Restoration of San Andreas Fault System Slip: Distinct Segments Recording Low-Angle Subduction and Subduction Erosion
FEART_feart-10-818171_wc_f1The most significant along-strike variation in the Franciscan and related rocks, the distance between subduction complex units and coeval arc plutons, is not impacted by restoration of post-subduction dextral slip. The distance between Franciscan units and coeval arc plutons is especially short adjacent to the Klamath Mtns and to the south (Transverse Ranges and southward) and it associated with correlative inboard tectonic windows of high-pressure metamorphic rocks (Chapman et al., 2016; Chapman et al., 2021) (Figures 1, 3). These relationships reflect low-angle subduction and subduction erosion that took place at ca. 121 Ma to the north (Chapman et al., 2021) and ca. 80–70 Ma to the south (Chapman et al., 2016) with about 800 km between the two reaches (Figures 1, 3). The length of subduction zone associated with the southern subduction erosion reach may be estimated by the 500 km along-strike extent of the restored position of the tectonic windows (Chapman et al., 2016; note the southernmost windows restore well south of the limit of Figure 3). The length of the northern reach that accommodated subduction erosion is difficult to evaluate because only one tectonic window into subduction complex rocks has been found; it is possible that other tectonic windows are buried beneath Cenozoic volcanic rocks of the Cascade arc (Chapman et al., 2021).
In addition to the different time of subduction and metamorphism for the two apparent low-angle subduction segments, there are other differences in spatial relationships and metamorphism that may reflect different tectonic mechanisms. The South Fork Mtn. schist is about 75 km across-strike from the correlative inner Condrey Mtn schist unit. By comparison, the most proximal windows of the Schist de Salinas-Rand and related schists are about 40 km from the correlative outboard subduction complex rocks. The blueschist and greenschist facies metamorphism of the outboard South Fork Mtn schist and related units is reasonably similar to the blueschist and greenschist facies metamorphism of the Inner Condrey Mtn schist (Chapman et al., 2021). In contrast, the outboard (Nacimiento Belt), zeolite, prehnite-pumpellyite, and lawsonite-albite rocks have correlative rocks in various windows metamorphosed at amphibolite grade (Chapman et al., 2016).
Partly Dependent on Reconstruction: Variations in Accretion History Along Strike
Although accretion took place along both the northern and southern reaches described above, beginning with the rocks now exposed in the windows and including rocks structurally below outboard correlatives, these reaches of the paleosubduction system record net subduction erosion in contrast to the net accretion of the 800 km reach between that records sporadic accretion from ca. 175 Ma to 12 Ma (McLaughlin et al., 1998; Mulcahy et al., 2014; Wakabayashi, 2015; 2021a). Non-accretion is recorded by gaps in time of accretion between adjacent units (Dumitru et al., 2010; Wakabayashi 2021a). The reach of net accretion includes at least one horizon that records prolonged non-accretion of tens of My (Dumitru et al., 2010), but without net subduction erosion, owing to the preservation of the rare high-grade sheets above this horizon that are interpreted to have had limited original structural thickness (≤500 m) (Wakabayashi, 2015). Other horizons may reflect varying periods of non-accretion and the possibility of subduction erosion of previously accreted material (Wakabayashi, 2015; Wakabayashi, 2021a).
Details of accretion, accretion history, and possibly exhumation are reflected in the smaller-scale differences between the subduction complex tectonic stack at various positions along the restored paleo convergent margin (Figures 3, 4). These differences reflect the fact that no accreted unit has been preserved along the entire length of the restored subduction complex, including high-pressure metamorphic units.
Whereas no unit accreted or was preserved from along the entire length of the subduction complex, some accreted along distances of several hundred km. The most extensive such unit is the 80–82 Ma Type E unit of (Dumitru et al., 2016) that accreted over a strike length of about 830 km (restored length) (Figure 3). Such a strike length apparently reflects a long distance of trench-parallel clastic sediment transport (Dumitru et al., 2016). This unit is the most extreme example of other Franciscan units (all of which contain clastic components) of hundreds of km in along-strike extent, illustrating that detrital zircon age populations of subduction complex rocks are poor piercing points for estimating along-strike post-depositional tectonic transport. The Franciscan units with this detrital zircon age population appear to represent trench deposition and accretion at ca. 80–82 Ma, whereas forearc basin (Great Valley Group and correlatives) rocks with this detrital zircon age population appear to represent two separate depositional events (80–82 Ma and 71–75 Ma) (Surpless, 2015; Dumitru et al., 2016). Taken collectively, the Great Valley Group and correlative rocks and Franciscan rocks with this detrital zircon age population crop out over an along-strike distance of about 1,130 km (restored; present distance is about 860 km). Along strike distances between zircon sources and deposits may be further increased if fluvial or aeolian transport of zircon-bearing sediment had a significant along-strike component; the additional along-strike distance between zircon sources and deposits may exceed 500 km (e.g., Dumitru et al., 2013; 2016).
Cross-Sectional Relationships
The deeper parts of the cross sections of Figures 2, 4 are speculative owing to the comparative lack of subsurface information. Whereas the low-angle nature of regional contacts and steep local dips, apparent in present-day map-view contact geometry, is retained in the restored relationships, the deeper subsurface geology is poorly constrained. For those sections in the net accreting reach of the paleo subduction system (Figures 4B–E), the deeper subsurface interpretations are based partly on seismic and potential field data interpretations of Godfrey et al. (1997), as well as interpretations presented in Wakabayashi and Unruh (1995) and Wakabayashi (2015).
The sections with the inboard tectonic windows associated with net tectonic erosion (Figures 4A,F,G) present particularly daunting cross-sectional reference frame issues associated with the apparent steepening of subduction dip that took place after the subduction erosion events. This steepening of subduction dip was reflected by the westward migration of arc magmatism to a position similar to where it was prior to shut off of Sierra Nevada arc magmatism associated with the shallow slab/subduction erosion event (Busby et al., 2008). The steepening dip of the subducting slab resulted in a large vertical distance between inboard accreted units and the position of the subducted slab. Whereas an alternative is to fill this volume with accreted material, this is an immense thickness of accreted material (>50 km) and this is well in excess of the structural thickness of any exhumed subduction complex exposed in orogenic belts of the world. Steepening of slab dip is essentially slab rollback and this may have resulted in the trenchward flow of upper plate mantle beneath previously-accreted rocks of the tectonic windows. However, no examples exist in orogenic belts of large slabs of mantle (kms to tens of km thick) structurally intermediate between subduction complex rocks or below subduction complex rocks. On the other hand, such mantle material beneath subduction complexes may not have been exhumed in any of the world’s orogenic belts and the density of such mantle material may preclude exhumation.
In an attempt to address the structural-tectonic condundrum posed above, I have tentatively proposed arc-vergent thrusting, associated with “tectonic wedging”, as has been interpreted for the net-accretionary reach in the past (Wentworth et al., 1984; Unruh et al., 1991: Wakabayashi and Unruh, 1995), for the northern window (Condrey Mtn. schist inner unit) (Figure 4A). This east-vergent thrusting is interpreted to have taken place after syn-subduction extensional exhumation of the tectonic windows, similar to the scenario for the net-accretionary reaches as proposed by Wakabayashi and Unruh (1995). A potential problem with the tectonic wedging mechanism for the northern tectonic window is that it requires a far greater amount of shortening than that proposed for the net accretionary reach (Figure 4A compared to Figures 4B–E). Some researchers argued against the presence of syn-subduction tectonic wedge structures along the net accretionary reach (e.g., Costenius et al., 2000; Dickinson, 2002), whereas seismically-active tectonic wedge structures are not disputed (e.g., Wentworth et al., 1984; Namson and Davis, 1988; Unruh and Moores, 1992) (Figure 2).
The potential amount of shortening associated with hypothetical wedge structures would be even greater for the southern California tectonic windows (Figures 4F,G) that would require hundreds of km of shortening by tectonic wedging to place the most inboard windows (east of those shown in the cross sections) on the upper plate of such a thrust system. Accordingly, a compromise solution was attempted for the southern California cross sections that interprets significant accretion (30 km thick) before steepening of the slab and flow of mantle westward. This is a far higher rate of accretion than any exposed Franciscan section, so this may be unrealistic. Thus, the tentative cross sectional interpretations presented for the tectonic window reaches (Figures 4A,F,G) should be considered speculative, likely unrealistic, and they point to the need for detailed subsurface (seismic and potential field) data.
CONCLUSION
The Franciscan subduction complex exhibits significant along-strike variation, reflecting along-strike differences in the history of accretion, non-accretion, and subduction erosion, and likely slab dip. This along-strike difference is apparent, whether examining present-day relationships or those with post-subduction dextral faulting restored. Whereas different models have been presented for the distribution of post-subduction dextral slip, the use of these models to restore dextral slip has a minimal impact on the apparent along-strike variation in subduction complex rocks.
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