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fornia–northern Baja forearc (hereafter “Cali-
fornia forearc”) and to consider the infl uence 
of Laramide low-angle subduction on margin 
paleogeography and landscape evolution. In 
particular, we use detrital zircon U-Pb age 
distributions to refi ne previous interpretations 

based on sandstone petrography, conglomerate 
clast assemblages, and paleocurrent distribu-
tions (e.g., Nilsen and Clarke, 1975; Dickinson 
et al., 1979; Kies and Abbott, 1982; Ingersoll, 
1983; Seiders and Cox, 1992). Because the age 
distribution of igneous rocks in California is 

generally well known (e.g., Irwin and Wooden, 
2001; Fig. 2), detrital zircon U-Pb ages can be 
directly linked with potential source regions. 
Detrital zircon provenance analysis has already 
been used effectively to improve understanding 
of drainage evolution along certain segments of 
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Figure 1. Tectonic setting of the 
western United States (modifi ed 
from Dickinson, 1996, 2008; 
DeCelles, 2004; Grove et al., 
2008; Dickinson and Gehrels, 
2008; Surpless and Beverly, 
2013). BM—Blue Mountains; 
FB—Foothills belt; GC—Gulf 
of California; HB—Hornbrook 
basin; IB—Idaho batholith; 
KM—Klamath Mountains; 
MD—Mojave Desert; NCB—
Nacimiento block; PR—Pen-
insular Ranges; SAF—San 
Andreas fault; TB—Tyee ba-
sin; TR—Transverse Ranges.
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The surfaces for each of the 12 sedimentary formations were 
extended to the basin outline and split by the basement surface 
(Fig. 5). The shallowest four formations (Sacramento, Winters, 
Starkey, and Mokelumne) occupy the southern half of the basin 
and were not extended beyond the areal extent of their data 
(Fig. 5). In some cases, the contrast in the density of borehole 
picks between formations required manual adjustment of the 
surfaces. For example, the high number of boreholes that pen-
etrated the Guinda Shale (n = 112) in the southern part of the 
basin resulted in the Guinda surface projecting below the Sites 
Sandstone surface. In cases such as this, the underlying surface 
was adjusted by using the nearest borehole picks as a guide and 
maintaining thicknesses. All surfaces are shown with locations of 
their respective borehole picks to highlight where the density of 
data affected the surface interpolations (Fig. 5).

To study spatio-temporal changes in sediment thickness 
(e.g., Scheck and Bayer, 1999; Posamentier et al., 2007), isopach 
maps for each formation were constructed by subtracting the 
depth of a surface from its underlying surface in order to calcu-
late its thickness over its areal extent (Table 1; Supplementary 

Material II [see footnote 1]). In many cases, the “top” surface 
had multiple underlying surfaces, such as the Lodoga Forma-
tion, which was deposited atop the Stony Creek Formation and 
basement. To account for this, the surface geometry function in 
MoveTM accepts multiple inputs for the target “bottom” surface 
and calculates a thickness between the surface of interest and its 
underlying units. The volume of each formation was calculated 
using the tetravolume function in MoveTM (Fig. 6; Table 1). This 
function uses tops and bottoms of surfaces as inputs and divides 
intervening areas into tetrahedra (cell size = 500 m) that take into 
account changes in area with depth. Although these volumes are 
minimum estimates, as they are derived from compacted thick-
nesses, they are useful for comparative purposes, and future work 
will use this model as the foundation for decompacting strata in 
the Sacramento Basin. Biostratigraphic data from Moxon (1988) 
and Williams (1997) were used to assign horizon ages and allow 
for temporal comparison of stratal volumes (Table 1). In addi-
tion, cross sections were generated to capture basin architecture. 
Two north-south and four east-west sections were constructed 
(Fig. 7). Due to variability in stratigraphic thickness, east-west 
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fornia–northern Baja forearc (hereafter “Cali-
fornia forearc”) and to consider the infl uence 
of Laramide low-angle subduction on margin 
paleogeography and landscape evolution. In 
particular, we use detrital zircon U-Pb age 
distributions to refi ne previous interpretations 

based on sandstone petrography, conglomerate 
clast assemblages, and paleocurrent distribu-
tions (e.g., Nilsen and Clarke, 1975; Dickinson 
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1983; Seiders and Cox, 1992). Because the age 
distribution of igneous rocks in California is 
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directly linked with potential source regions. 
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been used effectively to improve understanding 
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Figure 1. Tectonic setting of the 
western United States (modifi ed 
from Dickinson, 1996, 2008; 
DeCelles, 2004; Grove et al., 
2008; Dickinson and Gehrels, 
2008; Surpless and Beverly, 
2013). BM—Blue Mountains; 
FB—Foothills belt; GC—Gulf 
of California; HB—Hornbrook 
basin; IB—Idaho batholith; 
KM—Klamath Mountains; 
MD—Mojave Desert; NCB—
Nacimiento block; PR—Pen-
insular Ranges; SAF—San 
Andreas fault; TB—Tyee ba-
sin; TR—Transverse Ranges.

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/127/1-2/38/3410300/38.pdf
by University of Colorado Boulder user
on 13 July 2019 DeGraaff-Surpless et al., GSA Bull., 2002

Sharman et al., GSA Bull., 2015

1566 Geological Society of America Bulletin, December 2002

DEGRAAFF-SURPLESS et al.

Figure 2. Cretaceous petrofacies and stratigraphic nomenclature for the four sampled sections in the Sacramento and San Joaquin
Valleys. Wavy lines indicate unconformities in each section; stars indicate stratigraphy sampled for detrital zircon analysis; and X in
section indicates no exposure. Cretaceous stages are from Gradstein et al. (1994); petrofacies from Ingersoll (1979, 1983); Cache Creek
section stratigraphy from Williams (1997); Redding stratigraphy from Haggart (1986); Chico stratigraphy from Russel et al. (1986);
San Joaquin stratigraphy from Mansfield (1979).
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 Four-dimensional model of Cretaceous depositional geometry and sediment fl ux 417

Several geologic features were not included in the model, 
namely, Cenozoic paleo–submarine canyons, major faults, 
and western contacts with the Franciscan Complex (Supple-
mentary Material III [see footnote 1]). In the south, thalwegs 
of the Paleogene Martinez, Meganos, and Markley submarine 
canyons incise into Maastrichtian (Meganos) and Campanian 

(Markley and Martinez) strata (Almgren and Hacker, 1984). 
In the north, the Princeton submarine canyon incises into 
Coniacian/ Santonian strata (Dickinson et al., 1979). As inci-
sion and infi lling of these canyons occurred in the Cenozoic, 
they are not important for construction of primary depositional 
geometries in the Cretaceous (e.g., Almgren and Hacker, 1984). 
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EVOLUTION OF AN ARC-FOREARC SYSTEM

Figure 3. Maps (A–D) showing paleocur-
rent directions and the development of pa-
leobathymetry in the Sacramento Valley
during the Late Cretaceous. Outcrop dis-
tribution of Great Valley strata is shown in
dark gray, and Cenozoic cover/Sierra ter-
ranes are shown in light gray. The three
sections sampled for detrital zircon analysis
are the Cache Creek section, Redding sec-
tion, and Chico section. All paleocurrent
data from Ingersoll (1979); paleobathyme-
tric contours from Williams (1997).

of Great Valley sediment (Linn et al., 1991,
1992), sediment onlap patterns (Moxon,
1990), age relationships in basement terranes
surrounding the basin (Soreghan and Gehrels,
2000), and conventional petrographic analysis
(Ingersoll, 1983).
Paleobathymetric maps constructed by Wil-

liams (1997) for the Sacramento Valley doc-
ument the evolution of the forearc basin from
a narrow trough with a steep slope in late Cen-
omanian time to a broader basin with a wider
shelf in Santonian time (Fig. 3). The devel-
opment of localized areas of subsidence and
uplift in the basin in Santonian time compli-
cated the formerly simple pattern of axial
transport with transverse input of sediment
from the Sierran arc.

Basement Terranes and Source Regions

The Cretaceous paleogeography of the
Great Valley forearc basin and the Klamath-
Sierran arc was similar to the present config-
uration, making the system ideal for a study
of sediment-source relationships. The Great
Valley forearc basin lies inboard of proposed
Late Cretaceous through Cenozoic terrane
translations (terranes associated with the Baja
British Columbia hypothesis; e.g., Cowan et
al., 1997), terrane motion along a proto–San
Andreas fault system (Dickinson et al., 1979),
and strike-slip motion on the current San An-
dreas fault) and remains depositionally and
structurally linked to its arc source. Proposed
Late Jurassic strike-slip displacement within
the Sierra Nevada batholith (Lahren and
Schweickert, 1994; Grasse et al., 2001) oc-
curred before deposition of the Cretaceous
Great Valley strata. Furthermore, no major
strike-slip displacement occurred within the
Great Valley basin during the Cretaceous, al-
though basin architecture was modified by tec-
tonism related to plate convergence (Moxon
and Graham, 1987; Moxon, 1990; Williams,
1997). Only the Klamath Mountains region
has been somewhat dislocated from its Late
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shared North American sources. Pre-Mesozoic 
DZs from the oldest Franciscan metagrey-
wackes suggest similar provenance (Dumitru 
et al., 2010; Snow et al., 2010). Wright and Wyld 
(2007) inferred that Precambrian DZs from the 
basal GVG were derived from sources in the 
southwestern Cordillera and the Oaxaca terrane 
of Mexico, suggesting that Late Jurassic–earli-
est Cretaceous deposition occurred in a basin 
located ~400 km south of the Great Valley ba-
sin’s current position. Specifically, Wright and 
Wyld (2007) interpreted the absence of a ca. 
1200 Ma DZ component in their compilation 
as missing a Grenville-age population neces-
sary to tie the GVG to central North America. 
Our basal GVG zircon data include the 1000–
1200 Ma Grenville signature (Fig. 2). Thus, we 
infer that Wright and Wyld’s (2007) analysis 
was compromised by their relatively small data 
set (n = 198) and that the GVG does not require 
southern provenance.

Taken together, our age and provenance 
data from basal GVG strata support a model 
in which the latest Jurassic to Early Cretaceous 
forearc system was largely extensional, con-
sistent with previous interpretations of seismic 
reflection profiles and gravity modeling that in-
dicate that as much as 7 km of Late Jurassic to 
Early Cretaceous deposition occurred within ac-
commodation space created by synsedimentary 
normal-fault systems (Constenius et al. 2000). In 
this setting, preservation of latest Jurassic strata 
within the underfilled forearc would have oc-
curred only in structurally controlled sub-basins 
(Fig. 3). DZ ages from the oldest strata would 

record a mix of Triassic and Jurassic arc mag-
matism as well as a significant component of 
pre-Mesozoic basement. With a shift to an ac-
cretionary margin in mid–Early Cretaceous time 
and contemporaneous growth of the magmatic 
arc (e.g., Paterson and Ducea, 2015), the outer 
forearc high would have ponded the increased 
sediment volume within a more coherent forearc 
system (Fig. 3). GVG DZ signatures from Cre-
taceous strata would be dominated by Meso-
zoic arc ages, with relatively fewer pre-Meso-
zoic grains (e.g., Sharman et al., 2015). Our 
DZ data document this shift in relative source 
abundance, as samples with Jurassic MDAs have 
55% pre-Mesozoic grains, whereas Cretaceous 
samples have 37%. Moreover, our depositional 
age revisions nearly double the thickness of 
Lower Cretaceous GVG strata, consistent with 
increased Cretaceous sedimentation rates and 
arc unroofing.

Our study highlights the utility of large-n DZ 
analysis to reconstruct the early stages of forearc 
sedimentation, including the development of 
isolated depositional centers, and improves our 
understanding of the Mesozoic development of 
the central-western margin of North America. 
Other continental forearc basins, such as the 
Lancones, Talara, Sechura, and Tumbes basins 
of Peru, show similar diachroneity and frag-
mented depositional centers at basin inception, 
followed by the development of more coherent 
basin fill (e.g., Fildani et al., 2008; Hessler and 
Fildani, 2015). Similarly, in island arc–forearc 
systems such as Sumatra-Java, isolated basins 
are structurally controlled by basement highs 

(e.g., Kopp et al. 2002). Thus, this “fill-and-
spill” evolution may be more common in forearc 
systems than has been previously recognized, 
and the Great Valley forearc provides an excel-
lent ancient onshore example.
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of Laramide low-angle subduction on margin 
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based on sandstone petrography, conglomerate 
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et al., 1979; Kies and Abbott, 1982; Ingersoll, 
1983; Seiders and Cox, 1992). Because the age 
distribution of igneous rocks in California is 

generally well known (e.g., Irwin and Wooden, 
2001; Fig. 2), detrital zircon U-Pb ages can be 
directly linked with potential source regions. 
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been used effectively to improve understanding 
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 Four-dimensional model of Cretaceous depositional geometry and sediment fl ux 419

this time interval (Supplementary Material II [see footnote 1]). 
Between the late Coniacian and Maastrichtian, >2200 m of sedi-
ments accumulated within this depositional center; coeval strata 
are absent in the north, where Eocene strata are unconformable 
on Campanian Kione-Forbes-Sacramento strata.

Sacramento Basin Sediment Accumulation

The mean thicknesses and volumes of each formation are 
summarized in Table 1. We emphasize that these are minimum 
values, since they were derived from compacted thicknesses, 
and they also do not account for the now-eroded western part 
of the basin. Deposited between 121 and 101 Ma, the Lodoga 
Formation is the thickest unit, with a mean thickness of 1028 m 
and a volume of 30,057 km3. In contrast, the thinnest unit is the 
Mokelumne River Formation, with a mean thickness of 170 m 
and a volume of 3267 km3. The volumetric sediment accumula-
tion rate is variable, with rates being <2000 km3/m.y. prior to the 
early Turonian and between 6000 and 17,000 km3/m.y. from the 
late Turonian through the middle Campanian (Fig. 8). The Sites 
Sandstone saw the highest sediment accumulation rates, with 
15,866 km3/m.y. deposited between 86.4 and 84.0 Ma. Sediment 
accumulation rates during the fi nal stages of Cretaceous deposi-
tion remained relatively constant at ~1100 km3/m.y.

DISCUSSION

Basin Architecture

This fi rst 4-D basin model of the Sacramento segment of the 
larger Great Valley forearc basin captures its fi rst-order geom-
etry and sediment fl ux during Cretaceous deposition. The recon-
structed basement surface is consistent with structural trends in 
the basement maps of Wentworth et al. (1995) and Scheirer et 
al. (2007) for the San Joaquin Basin and southern Sacramento 
Basin. Our surface map and cross sections show that the base-
ment is deepest west of the town of Williams and in the northwest 
part of the basin. In cross section (Fig. 7A) and seismic-refl ection 
line AYD-3 (Constenius et al., 2000), the Jurassic(?)–Lower Cre-
taceous Stony Creek Formation is parallel to subparallel to base-
ment, suggesting deposition was primarily on a relatively pla-
nar basement surface. Resolving the precise angularity of onlap 
between the Stony Creek Formation and basement is beyond the 
scale of this model, but based on refl ection-seismic data, Wil-
liams and Graham (2013) noted that the angularity of the non-
conformity between the Great Valley Group and basement at 
deposition was 3°–5°, similar to modern continental slopes. The 
westernmost north-south cross section highlights changes in the 
depth to basement and thickness of Stony Creek and Lodoga 
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Figure 8. Comparison of accretionary his-
tory of Franciscan Complex (Dumitru et al., 
2010), minimum sediment accumulation 
rates for Sacramento Basin (this study), 
and apparent magmatic fl ux of Sierra Ne-
vada (Paterson and Ducea, 2015) and Idaho 
batholiths (Gaschnig et al., 2017). Increase 
in sediment accumulation rates in forearc 
region correlates with proposed change in 
Franciscan wedge from nonaccretionary to 
accretionary and peak in arc magmatism in 
Sierra Nevada.
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Most sedimentation in the Sacramento Valley from Sierra eroding—generally overlaps with time when Franciscan was accumulating…



associated with the late Cenozoic, post-subduction San
Andreas transform plate boundary (e.g. Wakabayashi
2015). Figure 2 presents a simplified map of the Cape
Mendocino, part of the Garberville, and part of the

Covelo quadrangles within this representative tract of the
Franciscan Complex. Working in this area, Ernst and
McLaughlin (2012) reported detailed petrographic and
analytical investigations of 88 Franciscan metasandstone

Figure 1. Generalized geology of most of California, showing Jurassic Klamath and Jurassic–Cretaceous Sierra Nevada calcalkaline arc
rocks, Great Valley forearc basin, and Franciscan trench lithotectonic belts (after US Geological Survey and California Division of Mines
and Geology 1966; McLaughlin and Ohlin 1984; Silberling et al. 1987). The Cape Mendocino–Garberville–Covelo area is indicated.
Five samples analysed for zircon U-Pb ages that lie outside the area of Figure 2 are plotted here; see Figure 2 for key to symbols.
Abbreviations: SFB, San Francisco Bay region; MF, Mendocino transform fault; SAF, San Andreas fault.
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Reference map of Franciscan.



A typical view of the Franciscan



Here can see the serpentinite framework with a high-grade (blueschist?) boulder above



Fabric in a Blueschist



Detail of the blueschist



Pillow lavas in Franciscan
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has allowed testing, refining, and revising the boundaries
of various nappes. A working definition of an accretionary
nappe is a package of rock that accreted at approximately
the same time.

Thicknesses of individual nappes range from several
hundred metres to as much as 7 km. The along-strike extent
of the largest nappes exceeds 250 km. The nappes include
those composed mostly of coherent rocks, such as the
Eastern Belt of Column A of Figure 3, and those composed
mostly of mélange (Central Belt of Column A), but are most
commonly composed of interleaved or interlayered coher-
ent materials and mélange (Section 5).

In addition to the thrust nappe architecture of the
Franciscan, a first-order regional structure is the E-vergent

thrust fault that locally places Franciscan over GVG and
CRO along the Coast Range–Central Valley boundary
(Figure 2), a feature called ‘tectonic wedging’, following
Wentworth et al. (1984). Whereas this structure is asso-
ciated with seismogenic active faulting and deformation
today, its existence prior to the late Cenozoic has been
advocated (Wentworth et al. 1984; Unruh et al. 1991,
1995, 2004; Wakabayashi and Unruh 1995) and disputed
(e.g. Constenius et al. 2000; Dickinson 2002). It is beyond
the scope of this article to debate this issue in detail. The
age of tectonic wedging has minimal impact on most of
the interpretations of the origins of the structures and
features discussed herein. The regional tectonic models
presented herein (Section 6.6), however, and the model

Non-Franciscan Units

S = Salinian Block, granitic and
metamorphic rocks and cover
strata

uncolored (white) = Quaternary
cover, undifferentiated

T = Miocene and Pliocene 
sedimentary  and volcanic 
rocks, undifferentiated

gv = Great Valley Group sandstone and shales

Coast Range ophiolite;
o = undifferentiated; ofv = felsic volcanics; omv = mafic volcanics
ogb = gabbrp

Coast Range ophiolite; osp = serpentinized peridotite

gvm = Great Valley Group serpentinite and 
shale matrix mélange

Franciscan Units (in tectonic stacking order)
tm = Tiburon mélange: serpentinitite and shale matrix mélange; abundant high-grade
blocks.
ai = Angel Island nappe: blueschist facies metagraywacke, metavolcanic, metachert.

a = Alcatraz nappe: prehnite-pumpellyite facies graywacke, broken formation

m1,m2 = sandstone and shale matrix mélanges (on G-H cross section); equivalent structural
level to Hunters Point shear zone, Nicasio Reservoir and Marin Headlands nappe (below)

sp = intra-Franciscan serpentinite

nr = Nicasio Reservoir nappe: prehnite–pumpellyite facies pillow basalt and gabbro

mh = Marin Headlands nappe: prehnite–pumpellyite facies basalt, chert, graywacke

nq = Novato quarry nappe; prehnite–pumpellyite facies graywacke and shale; nqm (gray) =
internal mélange horizons; nqmu (grey) = mélange at upper levels of nappe (G-H) 

p = Permanente nappe; prehnite–pumpellyite facies basalt, limestone, chert, graywacke;
includes internal mélange zones (grey) and serpentinite bodies (not shown)

sb = prehnite–pumpellyite facies sandstone and shale; accretionary equivalent to the Coastal
Belt (cb?) but more deeply exhumed than latter

u = undifferentiated Franciscan
mu = undifferentiated Franciscan mélange

83dz: maximum depositional age from detrital zircon; 85f: depositional age from fossils

Ring Mtn.
Figure 11

Rodeo
Cove, Figure 23a,b

Figure 5. Geology of Franciscan and related rocks in part of the San Francisco Bay area. Adapted and revised from Bonilla (1971),
Schlocker (1974), Blake et al. (2000a), Prohoroff et al. (2012), and Wakabayashi (2012). Geochronologic data from Sliter (1984), Elder
and Miller (1993), Wakabayashi and Dumitru (2007), Snow et al. (2010), Prohoroff et al. (2012), Dumitru (personal communication
2013), Mulcahy et al. (2014b), Section 4.5 of this study.
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(transform regime) separation of these Franciscan units
postdates regional-scale folding of these nappes.
Accordingly, much of the folding of the Franciscan nappes
apparently took place during the subduction history, rather
than during subsequent transform tectonics.

That the folding of nappes and out-of-sequence fault-
ing of the nappe stacks mostly predates the transform
regime is confirmed on a local basis where late Cenozoic
deposits, dating from the earliest local stages of trans-
form plate margin deposition, unconformably overlie
Franciscan rocks. For example, in the Sunol Regional
Wilderness (Sunol RW) area in the northwestern Diablo
Range (location shown in Figure 1) the basal unconfor-
mity of Miocene marine deposits truncates all of the major

Franciscan folds (best seen in the southwestern part of the
detailed map of Figure 11), except for a last stage of
folding that resulted in tightening of some Franciscan
folds during folding of these Miocene deposits. A major
Franciscan fold (axis not marked) that has been tightened
by post-subduction folding is in-line with the large WNW-
ESE-trending syncline in the upper centre of the Miocene
deposits (Figure 11). At all places where the basal
Miocene contact is exposed, it is an unfaulted (and there-
fore not detached) depositional contact.

On a larger scale, folds (including overturned folds) of
the nappe stack and out-of-sequence faults (Prohoroff et al.
2012; Figure 5) are truncated by the base of late Cenozoic
deposits in northernMarin County (Blake et al. 1974, 2000b;
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Figure 11. Geologic map of the southern part of Sunol Regional Wilderness, northwestern Diablo Range, showing an area with a
moderately high proportion of mélange that comprises both siliciclastic and serpentinite matrix types. Location shown in Figure 1. Map
updated and revised from Wakabayashi (2012).
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sediments in a subduction complex was recognized soon
after the acceptance of global tectonics (Hamilton 1969).
This issue was addressed with specific geochronologic
data by Murchey and Blake (1993) for the Franciscan
and older units of California, and Osozawa (1994) for
Japanese accretionary complexes. Because of this duality
in ages of formation, depiction of subduction complex
units with stratigraphic columns based on formational
age may lead to misunderstanding of the associated con-
vergent plate margin processes. The formational age of the
volumetrically minor oceanic basalt and pelagic sedimen-
tary rocks, however, provides the sole information on the

age and nature of the immense oceanic plate (or plates)
otherwise entirely consumed by subduction (e.g. Murchey
and Blake 1993; Osozawa 1994).

About 75% of modern subduction zones are non-
accretionary or erosional (e.g. von Huene 1986; von
Huene and Scholl 1991; Clift and Vannucchi 2004).
Apparent gaps in the Franciscan accretion record reflect
non-accretion or subduction erosion. There is little record
of accretion between subduction initiation at ca. 165 Ma,
ca. 120 Ma in the northern Coast Ranges (Dumitru et al.
2010), ca. 102 Ma in the San Francisco Bay Area and
central Diablo Range (Ernst et al. 2009; Snow et al. 2010)
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Figure 9. Plot showing accretionary versus ocean crust age of various oceanic units in the Franciscan. Updated and revised from
Wakabayashi et al. (2010). Accretionary age estimated from metamorphic ages or depositional age of clastic rocks associated with an
oceanic crustal fragment. Oceanic crust age estimated by age of oldest pelagic sedimentary rocks overlying oceanic basalt from Murchey
and Blake (1993) for YB, MH, BH, P, and CBP, and Murchey and Jones (1984) for NR. Subduction initiation age in young arc crust from
Wakabayashi et al. (2010). SF ocean crust age estimated from young detrital zircon populations in chert overlying metabasite and SF
subduction age from Ar–Ar metamorphic age (Dumitru et al. 2010). YB subduction age from analysis of previously published
metamorphic ages and young detrital zircon populations (Dumitru et al. 2010). MH and NR subduction age upper limit from fossil
age of clastic sedimentary rocks (Blake et al. 1984) and lower limit by regional analysis of geochronologic data (Dumitru et al. 2015).
BH subduction age estimate from estimate of depositional age of clastic sedimentary rocks from this study (Section 4.5). Subduction age
of P upper limit from youngest pelagic sediments (Sliter 1984; Sliter and McGann 1992) and lower limit from plate model of Tarduno
et al. (1985). Subduction age for CBP estimated from age of clastic sedimentary rocks from Dumitru et al. (2013, 2015). Determination
of OIB geochemistry of NR and P from Ghatak et al. (2012), whereas CBP inferred by general relationship of limestone section overlying
basaltic rocks. MORB geochemistry of SF and MH from Wakabayashi et al. (2010) and Ghatak et al. (2012). MORB is inferred for YB
and BH on the basis of chert (and no associated limestone) overlying basaltic rocks. The subducted ocean plate age after BH is poorly
constrained and has been adjusted to be older than CBP at the time of CBP subduction on the basis of the off-axis interpretation of CBP.
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Note pretty continuous accretion from 120 Ma to 70 Ma

Figure 9. Plot showing accretionary versus ocean crust age of various oceanic units in the Franciscan. Updated and revised from Wakabayashi et al. (2010). Accretionary age estimated from metamorphic ages or depositional age of clastic rocks associated with an oceanic crustal 
fragment. Oceanic crust age estimated by age of oldest pelagic sedimentary rocks overlying oceanic basalt from Murchey and Blake (1993) for YB, MH, BH, P, and CBP, and Murchey and Jones (1984) for NR. Subduction initiation age in young arc crust from Wakabayashi et al. (2010). SF 
ocean crust age estimated from young detrital zircon populations in chert overlying metabasite and SF subduction age from Ar–Ar metamorphic age (Dumitru et al. 2010). YB subduction age from analysis of previously published metamorphic ages and young detrital zircon populations 
(Dumitru et al. 2010). MH and NR subduction age upper limit from fossil age of clastic sedimentary rocks (Blake et al. 1984) and lower limit by regional analysis of geochronologic data (Dumitru et al. 2015). BH subduction age estimate from estimate of depositional age of clastic 
sedimentary rocks from this study (Section 4.5). Subduction age of P upper limit from youngest pelagic sediments (Sliter 1984; Sliter and McGann 1992) and lower limit from plate model of Tarduno et al. (1985). Subduction age for CBP estimated from age of clastic sedimentary rocks 
from Dumitru et al. (2013, 2015). Determination of OIB geochemistry of NR and P from Ghatak et al. (2012), whereas CBP inferred by general relationship of limestone section overlying basaltic rocks. MORB geochemistry of SF and MH from Wakabayashi et al. (2010) and Ghatak et al. 
(2012). MORB is inferred for YB and BH on the basis of chert (and no associated limestone) overlying basaltic rocks. The subducted ocean plate age after BH is poorly constrained and has been adjusted to be older than CBP at the time of CBP subduction on the basis of the off-axis 
interpretation of CBP.



area (Figure 6). More details will be given on the subject of
mélange proportions in Section 5.

The structural thickness of blueschist and higher-grade
metamorphic rocks also varies considerably along strike,
with greater thicknesses in the northern Coast Ranges
(Figure 3, Column A) and Diablo Range (Figure 3,
Columns C and D, and Figure 6) than the San Francisco
Bay area (Figure 3, Columns F and G, and Figure 5). Some
blueschist facies rocks in the Diablo Range are accretionary
age equivalents of prehnite–pumpellyite facies rocks in the
San Francisco Bay area and northern Coast Ranges (see
also Section 4.5). The Diablo Range–San Francisco Bay
area relationship is not entirely along strike, because unslip-
ping post-Franciscan faults of the San Andreas fault system

restores some of the northern San Francisco Bay area rocks
west of the southern Diablo Range (Wakabayashi 1999b).
This raises the possibility of across-strike (downdip) corre-
lations (see latter part of Section 4.5). Some along-strike
variation in level of exposure is not shown in Figure 3 but
is schematically shown on the northern part of Figure 1.
Aalto (2014) reports northernmost California/southern
Oregon prehnite–pumpellyite facies units that appear to be
along-strike equivalents of blueschist facies rocks in the
northern Coast Ranges.

Identification of the primary nappe contacts in a region
is difficult, because all areas feature out-of-sequence low--
angle faults (Figures 4–6). Choosing of the primary nappe
contacts is closely tied to the defining of Franciscan rock

Figure 3. Structural stacking order of Franciscan thrust nappes with proposed palaeomegathrust horizons marked in red. Colour scheme
for metamorphic grade (for coherent units and mélange matrix) is the same as in Figure 1. Data sources (lithologies, fossil ages, and
structural stacking order): Column A – Blake et al. (1992, 2000b); Worrall (1981); Dumitru et al. (2010, 2015); Maxwell (1974); Gucwa
(1975); Kramer (1976); Bachman (1978). Column B – McLaughlin and Ohlin (1984). Column C – Cotton (1972); Cowan (1974);
Crawford (1976); Raymond (1973), Ernst (1993). Column D – Ernst (1965), Wakabayashi and Dumitru (2007), this study. Column E –
Blake et al. (1971, 2002), Erickson (2011), Wakabayashi and Dumitru (2007), this study. Column F – Wakabayashi (1992, 2013).
Column G – Wakabayashi (1992, 1999b); Brabb and Pampeyan (1983); McLaughlin et al. (2002). Column H – McLaughlin et al. (1996);
Wakabayashi (1999b). Column I – Ernst (1980), Korsch (1982), Vedder et al. (1989), Seiders (1982), this study. Geochronologic
information (for entire diagram): Detrital zircon geochronology from Joesten et al. (2004), Ernst et al. (2009); Snow et al. (2010),
Dumitru et al. (2010, 2013, 2015), Unruh et al. (2007), Prohoroff et al. (2012), Dumitru (personal communication 2013), Chapman et al.
(2013). Fossil data summaries from Bailey et al. (1964), Sliter (1984), Blake et al. (1984, 1988), Elder and Miller (1993), as well as
column-specific sources. K–Ar, Ar–Ar dates from Dumitru et al. (2010; includes reassessment of earlier whole rock K–Ar and Ar–Ar
dates from Suppe and Armstrong 1972; Lanphere et al. 1978; and McDowell et al. 1984); Wakabayashi and Dumitru (2007), Ross and
Sharp (1986, 1988), Shervais et al. (2011). Lu–Hf dates from Anczkiewicz et al. (2004), Cooper et al. (2011); Mulcahy et al. (2009,
2014a). Palaeolatitude-plate transport estimates of accretion age: Alvarez et al. (1980) and Tarduno et al. (1990) for Laytonville limestone
in Column A, Tarduno et al. (1985) for Calera Limestone of the Permanente Terrane in Columns G and H. Synthesis age estimate from
Section 4.5 of this study. Exhumation age range from Tagami and Dumitru (1996).
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Structure columns: Note that highest structural level is pretty consistently the oldest.  
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samples and Dumitru et al. (2013) used detrital zircon
U-Pb age data from 6 of these samples to reconstruct
Eocene sediment source areas and transport pathways. In
this new article, we present zircon data from 20 additional
samples (Figure 2), with interpreted depositional ages
between ca. 118 and 15 Ma, and employ these data to
constrain the depositional ages and sediment provenance
of Franciscan clastic rocks in the area.

Franciscan geology of northwestern California

Franciscan rocks are chiefly strongly deformed mudstones
and sandstones sourced from the continent, with lesser
amounts of oceanic basalt and pelagic sedimentary rocks,
all subjected to very low to moderate grades of meta-
morphism (Figure 3). In most Franciscan sedimentary
rocks, megafossils are very rare or absent and microfossils
have been underutilized, so knowledge of depositional

Figure 2. Generalized geology of the Cape Mendocino, part of the Garberville, and part of the Covelo 1:100,000 quadrangles,
simplified after Jayko et al. (1989) and McLaughlin et al. (2000) (see also Blake et al. 1988). Major terrane boundaries are chiefly
interpreted as gently E-dipping thrust faults. Locations of 21 detrital zircon samples are indicated; symbols distinguish the 5 zircon age
distribution patterns (‘Types’) exhibited by different samples, as discussed later (e.g. Figure 6J–N). Also shown are locations of six
previous detrital zircon fission track samples in the Westport–Laytonville area (Tagami and Dumitru 1996). Fission track data are much
less precise, so, for these samples, it is not possible to distinguish type A1 from A2 or type C from D zircon age distributions.
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NW California shows in map view the progression from east to west with younger deposits.
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samples and Dumitru et al. (2013) used detrital zircon
U-Pb age data from 6 of these samples to reconstruct
Eocene sediment source areas and transport pathways. In
this new article, we present zircon data from 20 additional
samples (Figure 2), with interpreted depositional ages
between ca. 118 and 15 Ma, and employ these data to
constrain the depositional ages and sediment provenance
of Franciscan clastic rocks in the area.

Franciscan geology of northwestern California

Franciscan rocks are chiefly strongly deformed mudstones
and sandstones sourced from the continent, with lesser
amounts of oceanic basalt and pelagic sedimentary rocks,
all subjected to very low to moderate grades of meta-
morphism (Figure 3). In most Franciscan sedimentary
rocks, megafossils are very rare or absent and microfossils
have been underutilized, so knowledge of depositional

Figure 2. Generalized geology of the Cape Mendocino, part of the Garberville, and part of the Covelo 1:100,000 quadrangles,
simplified after Jayko et al. (1989) and McLaughlin et al. (2000) (see also Blake et al. 1988). Major terrane boundaries are chiefly
interpreted as gently E-dipping thrust faults. Locations of 21 detrital zircon samples are indicated; symbols distinguish the 5 zircon age
distribution patterns (‘Types’) exhibited by different samples, as discussed later (e.g. Figure 6J–N). Also shown are locations of six
previous detrital zircon fission track samples in the Westport–Laytonville area (Tagami and Dumitru 1996). Fission track data are much
less precise, so, for these samples, it is not possible to distinguish type A1 from A2 or type C from D zircon age distributions.
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ages is generally quite incomplete (e.g. Evitt and Pierce
1975; Blake et al. 1988; Murchey and Blake 1993;
McLaughlin et al. 1994, 2000; Lucas-Clark 2007). The
oceanic basalts in the Franciscan cannot be dated using
current isotopic methods. Intrusive rocks are very rare
within the Franciscan and only four small intrusions
have been dated (Meyer and Naeser 1970; Mattinson and
Echeverria 1980; Mertz et al. 2001).

In northern California, the Franciscan Complex has
been subdivided into three major, fault-bounded belts,
the Eastern, Central, and Coastal Belts (Figure 1; Irwin
1960; Bailey et al. 1964; Berkland et al. 1972). In the Red
Bluff to Cape Mendocino area (Figure 2), the Eastern Belt
was subsequently divided into two terranes and the
Coastal Belt into four terranes (e.g. Blake et al. 1985b,
1988, 1999; Jayko et al. 1989; McLaughlin et al. 1994,
2000). The Central Belt has been subdivided into terranes
in some parts of California, but Central Belt terranes are

not formally recognized in our study area (McLaughlin
et al. 2000). Therefore, in our study area, we assume that
the Franciscan Complex consists of seven major tectonos-
tratigraphic units, six terranes plus the Central Belt. This
article presents zircon data from five of these units, omit-
ting the Pickett Peak terrane on the far east (see Dumitru
et al. 2010) and the small False Cape terrane on the far
west. To the northeast, the Klamath Mountains–Franciscan
boundary is an E-rooting thrust fault, as are tectonic con-
tacts juxtaposing the belts and terranes within the
Franciscan Complex itself. Each mega-allochthon appears
to have been assembled as an imbricate stack of indis-
tinctly defined thrust sheets (Ernst and McLaughlin 2012)
that are interpreted as roof thrusts in a series of eastwardly
underthrust structural wedges (McLaughlin et al. 2000,
sheet 6). Petrofacies analyses and bulk-rock geochemistry
indicate that Franciscan sedimentary rocks were derived
chiefly from landward volcanic-plutonic arc(s) (Dickinson
et al. 1982; Seiders 1983; Underwood and Bachman 1986;
Ghatak et al. 2013), similar to the sources of the coeval
strata of the directly inboard Great Valley forearc basin
(Ingersoll 1979, 1983; Linn et al. 1992; Surpless 2015).
The simple interpretation that Franciscan sedimentary
rocks were derived from nearby Sierra Nevada–Klamath
arc rocks was questioned and re-interpreted to reflect far-
travelled, northward translation for some Franciscan units
(e.g. Blake et al. 1984; Jayko and Blake 1984; Hagstrum
and Murchey 1993). Both interpretations may be partially
correct, inasmuch as former magmatic arc sources
extended for a considerable distance further south along
the North American margin than the realm of the Sierra
Nevada arc.

In a simple progressive accretion model for the long-
term growth of accretionary prisms (Seeley et al. 1974;
Ernst 1975; Cowan and Silling 1978), packets of rocks
generally young seaward (away from the arc) and structu-
rally downward, as successively younger trench sediments
underthrust older sediments previously incorporated into
the wedge. Below, we briefly introduce the seven
Franciscan units in the study area from east to west,
presumably equivalent to older to younger and structurally
higher to structurally lower. Here, we include only a brief
synopsis of previous age information obtained from fossils
and detrital zircons, then add details after presenting our
new zircon data.

Blake et al. (1988, 1999) subdivided the Eastern Belt
into two packages, the Pickett Peak and the Yolla Bolly
terranes. Pickett Peak rocks were probably subducted,
accreted, and metamorphosed to blueschist facies at
about 123–117 Ma (Lanphere et al. 1978; Dumitru
et al. 2010). The structurally lower Yolla Bolly terrane,
which crops out over about 6000 km2, has yielded mega-
fossils from roughly 20 localities with ages from
Tithonian to Cenomanian (ca. 151–94 Ma; e.g. Blake
et al. 1988; Jayko et al. 1989; Ohlin et al. 2010).

Figure 3. Petrogenetic grid for Franciscan metasandstones of
the Cape Mendocino–Garberville–Covelo area, from Ernst and
McLaughlin (2012). Prograde metamorphic P-T paths for the
Central and Coastal Belts are modified from those of
Terabayashi and Maruyama (1998, Figure 7b). The Central Belt
P-T trajectory is depicted as a broad swath to account for arago-
nite ± lawsonite-bearing rocks as well as rocks devoid of such
indicator phases. The P-T path for the western part of the Eastern
Belt is comparable to that for the Pacheco Pass area in the Diablo
Range (Ernst 1993). Eastern Belt Pickett Peak rocks of the north-
ern Coast Ranges bordering the Klamath Mountains were sub-
jected to higher-T/lower-P conditions than shown here (e.g.
Blake et al. 1988; Dumitru et al. 2010, Figure 4).
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In addition to age progression, older stuff generally had a higher pressure history.
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review, see Raymond 2015). The current study includes
three Yolla Bolly samples from two areas. Two samples
from a western outlier of the Yolla Bolly near Zenia have
YZP of ca. 108 and 110 Ma. McLaughlin et al. (2000)
tentatively identified the Zenia outlier as a fragment of the
Taliaferro metamorphic complex, a subunit of the Yolla
Bolly notable for a slightly higher metamorphic grade than
the remainder of the terrane (Suppe 1973; see also Ernst
and McLaughlin 2012). We recently determined a preli-
minary YZP of ca. 112 Ma from one sample from the
main Taliaferro outcrop area (Buck Rock Creek), so this
relationship is reasonable. One sample (‘Clear Lake’ in
Figure 1) is from the Yolla Bolly terrane (Table DR2) near
Clear Lake and has a YZP of 118 Ma. McLaughlin and
Ohlin (1984) reported pelagic radiolarian chert ages of five
samples 4 to 17 km away as Tithonian (n = 1), Tithonian–

Valanginian (n = 3), and Aptian–Albian(?) (n = 1). The
YZP confirms that Aptian or younger sandstones are pre-
sent. We are currently working on additional samples from
the Yolla Bolly terrane for a future paper.

In summary, the depositional age of the bulk of Yolla
Bolly clastic rocks is apparently much younger than tradi-
tionally thought. There are several constraints on its age
range (Figure 9): (1) near North Yolla Bolly peak, some
rocks yield ca. 111 Ma YZP, whereas rocks several
kilometres away yield ca. 110 Ma average whole-rock
total-gas argon ages, which have been interpreted as dating
post-depositional metamorphic recrystallization (Lanphere
et al. 1978; Dumitru et al. 2010). This suggests that some
Yolla Bolly rocks were deposited ca. 111 Ma in the trench,
then immediately subducted and metamorphosed, a
sequence of events that should be common in a subduction

Figure 9. Age data for Franciscan tectonostratigraphic units in the Cape Mendocino–Garberville Covelo–Red Bluff–Willows area of
northern California, plus selected data from other parts of California. Solid red lines are our preferred interpreted depositional ages for the
bulk of clastic rocks in a given unit; dashed red lines are possible but not preferred. The preferred age range for the Central Belt is not
well constrained and should be considered a tentative working hypothesis. See the text for detailed discussion.
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samples and Dumitru et al. (2013) used detrital zircon
U-Pb age data from 6 of these samples to reconstruct
Eocene sediment source areas and transport pathways. In
this new article, we present zircon data from 20 additional
samples (Figure 2), with interpreted depositional ages
between ca. 118 and 15 Ma, and employ these data to
constrain the depositional ages and sediment provenance
of Franciscan clastic rocks in the area.

Franciscan geology of northwestern California

Franciscan rocks are chiefly strongly deformed mudstones
and sandstones sourced from the continent, with lesser
amounts of oceanic basalt and pelagic sedimentary rocks,
all subjected to very low to moderate grades of meta-
morphism (Figure 3). In most Franciscan sedimentary
rocks, megafossils are very rare or absent and microfossils
have been underutilized, so knowledge of depositional

Figure 2. Generalized geology of the Cape Mendocino, part of the Garberville, and part of the Covelo 1:100,000 quadrangles,
simplified after Jayko et al. (1989) and McLaughlin et al. (2000) (see also Blake et al. 1988). Major terrane boundaries are chiefly
interpreted as gently E-dipping thrust faults. Locations of 21 detrital zircon samples are indicated; symbols distinguish the 5 zircon age
distribution patterns (‘Types’) exhibited by different samples, as discussed later (e.g. Figure 6J–N). Also shown are locations of six
previous detrital zircon fission track samples in the Westport–Laytonville area (Tagami and Dumitru 1996). Fission track data are much
less precise, so, for these samples, it is not possible to distinguish type A1 from A2 or type C from D zircon age distributions.
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NW California shows in map view the progression from east to west with younger deposits.
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Figure 26. Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The
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Figure 26. Cross-sectional cartoons showing the progressive evolution of the Franciscan. The Tohoku subduction zone insets are adapted from Tsuji et al. (2011). The
colour scheme for Franciscan units follows the metamorphic grade scheme of Figures 1–3 . Note that for simplicity the frames combine events that took place at slightly
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Figure 6. Comparison of zircon age distributions in potential sediment source areas (A–C), in our Franciscan samples (J–N), and in
other basins in the western USA (D-I). Colours highlight interpreted major source areas for zircons of various ages. Note 10× change in
the age scale at 300 Ma.
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other basins in the western USA (D-I). Colours highlight interpreted major source areas for zircons of various ages. Note 10× change in
the age scale at 300 Ma.
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Result suggests Franciscan is local and not far-travelled, but that major river breached the immediate basin c 50 Ma to bring in debris from Idaho (this showed up on the 
earlier forearc DZ plots). Note other divides shown here


