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ABSTRACT

The presence of early Eocene near-
trench magmatism in western Washing-
ton and southern British Columbia has led 
to speculation that this area experienced 
ridge-trench interaction during that time. 
However, the effects of this process as they 
are preserved in other parts of the geologic 
record are poorly known. We present high-
precision U-Pb zircon geochronology from 
Paleogene nonmarine sedimentary and 
volcanic sequences in central and western 
Washington that preserve a record of tec-
tonic events between ca. 60 and 45 Ma. The 
data reveal that the Swauk, Chuckanut, and 
Manastash Formations formed a nonmarine 
sedimentary basin along the North Ameri-
can margin between ≤59.9 and 51.3 Ma. This 
basin experienced significant disruption that 
culminated in basinwide deformation, uplift, 
and partial erosion during accretion of the 
Siletzia terrane between 51.3 and 49.9 Ma. 
Immediately following accretion, dextral 
strike-slip faulting began, or accelerated, on 
the Darrington–Devil’s Mountain, Entiat, 
Leavenworth, Eagle Creek, and Straight 
Creek–Fraser fault zones between 50 and 
46 Ma. During this time, the Chumstick For-
mation was deposited in a strike-slip basin 
coeval with near-trench magmatism. Fault-
ing continued on the Entiat, Eagle Creek, 
and Leavenworth faults until a regional sedi-
mentary basin was reestablished ≤45.9 Ma, 
and may have continued on the Straight 
Creek–Fraser fault until 35–30 Ma. This 
record of basin disruption, volcanism, and 

strike-slip faulting is consistent with ridge-
trench interaction and supports the presence 
of an oceanic spreading ridge at this latitude 
along the North American margin during 
the early Eocene.

INTRODUCTION

Ridge-trench interaction is a fundamental 
tectonic process that can dramatically alter the 
geology of convergent margins. Such inter-
actions have occurred several times over the past 
60 m.y. in western North America as  oceanic 
plates were consumed in E-dipping subduction 
zones. Most recently (ca. 30 Ma–present), the 
intersection of the Pacific- Farallon Ridge with 
the continent has led to the fragmentation of the 
Farallon plate into multiple microplates (Stock 
and Lee, 1994), the development of the San 
Andreas fault ( Atwater, 1970), and the gen-
eration of geochemically anomalous magmas 
above slab windows and areas of slab breakoff 
(e.g., Johnson and O’Neil, 1984;  Benoit et al., 
2002). Plate reconstructions for the northern 
Pacific Basin also require subduction of the 
Kula-Farallon Ridge or Kula-Resurrection 
and Resurrection- Farallon Ridges along North 
America’s western margin during the early 
Cenozoic (Fig. 1A; Atwater, 1970; Grow and 
Atwater, 1970; Wells et al., 1984; Engebret-
son et al., 1985;  Haeussler et al., 2003; Mad-
sen et al., 2006). However, the precise timing 
and location(s) of this ridge-trench interaction 
remain uncertain, as the oceanic crust needed 
to constrain the position of these ridges is 
completely subducted. Instead, the location 
of past triple junctions, and consequently the 
geometry of past plate configurations, must 
be constrained through the careful identifica-

tion of the effects of ridge-trench interaction, 
as they are preserved in the North American 
geologic record.

Previous studies have identified two areas in 
the Pacific Northwest that may record Paleo-
gene ridge-trench interaction: the terranes that 
compose the southern Alaska margin (Fig. 1A) 
and the Paleogene forearc of southern British 
Columbia and western Washington. The recog-
nition of these areas has led to several potential 
plate reconstructions that place oceanic spreading 
centers intersecting North America along the 
southern Alaska margin, at the latitude of Wash-
ington, or simultaneously in both areas between 
ca. 60 Ma and 50 Ma (Fig. 1A; Wells et al., 
1984; Engebretson et al., 1985; Cowan, 2003; 
Haeussler et al., 2003; Madsen et al., 2006). 
Yet, while the effects of ridge-trench inter-
action are well documented in southern Alaska 
(Bradley et al., 2003, and references therein), 
evidence for ridge-trench interaction at the lati-
tude of Washington relies almost exclusively 
on the existence, and age, of geochemically 
anomalous near-trench and backarc magmatism 
(Breit sprecher et al., 2003; Groome et al., 2003; 
 Haeussler et al., 2003; Madsen et al., 2006; Ick-
ert et al., 2009). Ridge-trench interaction has 
also been invoked, at least in part, to explain 
the origin and accretion of the oceanic Siletzia 
terrane to this part of North America during 
the early Eocene (McCrory and Wilson, 2013; 
Wells et al., 2014). Nevertheless, few studies 
have considered other manifestation of Paleo-
gene ridge-trench interaction at this latitude.

In central and western Washington, a series 
of well-studied Paleogene nonmarine sedimen-
tary and volcanic sequences preserve a record 
of sedimentation, deformation, and volcanism 
that may be related to ridge-trench interaction 
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triple junction migration. However, the tec-
tonic significance of these rocks remains con-
troversial due to disagreements over whether 
they record sediment accumulation within 
regional or local basins. Precise geochronology 
could resolve this issue by temporally correlat-
ing these sequences and constraining the age, 
duration, and spatial extent of tectonic events, 
and we present 22 high-precision U-Pb zircon 
dates with this goal in mind. The data reveal an 
abrupt tectonic change at ca. 50 Ma marked by 
deformation, bimodal volcanism, and initiation, 
or significant acceleration, of dextral strike-slip 
faulting. This change coincides with near-trench 
magmatism along the Washington and British 
Columbian coasts (e.g., Madsen et al., 2006), as 
well as the accretion of the Siletzia terrane to 
North America (Wells et al., 2014), and we sug-
gest that all of these events are related to triple 
junction migration.

PALEOGENE NONMARINE 
SEDIMENTARY AND VOLCANIC 
SEQUENCES

Nonmarine sedimentary and volcanic rocks 
of Paleogene age are exposed as isolated 
sequences along and between the Straight 
Creek–Fraser, Darrington–Devil’s Mountain, 
Entiat, and Leavenworth fault zones in central 
and western Washington (Fig. 1B). They rest 
unconformably on pre-Tertiary metamorphic 
basement and are in turn unconformably over-
lain by Oligocene and younger (33 Ma–present) 
sedimentary and volcanic rocks. The Paleogene 
sequences are composed of sandstone, mud-
stone, and conglomerate deposited in fluvial 
and lacustrine environments near the Paleogene 
coastline and are divided into seven formations 
as well as several informal units. To the west, 
there are marine sedimentary rocks of approx-
imately the same age in the Puget Group and 
within the Siletzia terrane (Fig. 1B; Vine, 1969; 
Buckovic, 1979; Einarsen, 1987; Johnson and 
O’Connor, 1994), but the precise temporal and 
depositional relationship between these areas 
is unknown.

Postdepositional faulting has partly obscured 
the role that regional strike-slip faults played 
in the formation of the Paleogene sedimentary 
sequences discussed in this paper. This uncer-
tainty has resulted in disagreement as to whether 
they represent distinct basins formed by strike-
slip faulting (Johnson, 1985), erosional rem-
nants of a regional depositional system (Cheney, 
1994, 2003; Cheney and Hayman, 2009), or a 
regional system that was later partitioned into 
distinct strike-slip basins (Evans, 1994). These 
different models can be tested using a well-
constrained correlation scheme. However, while 

detailed stratigraphic, paleocurrent, and petro-
logic data are available for each sequence, exist-
ing geochronology is too imprecise to make 
accurate temporal correlations. Despite this dif-
ficulty, previous correlation efforts have used a 
variety of stratigraphic arguments, in addition 
to existing geochronology, to create regional 
histories for sedimentation (e.g., Tabor et al., 
1984; Cheney, 1994) and fault motion (Gresens 
et al., 1981; Tabor et al., 1984; Taylor et al., 
1988; Evans, 1994; Evans and Ristow, 1994; 
Cheney, 2003; Cheney and Hayman, 2009). 
We use our data to test and expand upon these 
 earlier studies.

U-Pb GEOCHRONOLOGY METHODS

We dated 22 samples of volcanic and sedi-
mentary rock from the Paleogene nonmarine 
sedimentary and volcanic sequences in central 
and western Washington using U-Pb zircon 
chemical abrasion–isotope dilution–thermal 
ionization mass spectrometry (CA-ID-TIMS) 
geochronology. U-Pb zircon dates represent the 
age of zircon crystallization and are interpreted 
as the age of eruption/deposition for volcanic 
rocks, emplacement for plutonic rocks, or as 
a maximum depositional age for the youngest 
detrital zircon grain in sedimentary samples. For 
detrital analyses, zircons were prescreened using 
laser-ablation–inductively coupled plasma–
mass spectrometry (LA-ICP-MS) at the Arizona 
LaserChron Center to identify the youngest 
grains for CA-ID-TIMS analyses. Methods for 
CA-ID-TIMS are modified from those outlined 
in Mattinson (2005) and are discussed in more 
detail in Appendix A. All isotopic ratios were 
measured on a VG Sector 54 or Isotopx X62 
thermal ionization mass spectrometer at Massa-
chusetts Institute of Technology, and the data 

are presented in Table DR1 and shown as con-
cordia plots in Figure DR1.1 Our preferred date 
for each sample is shown in Table 1.

All reported dates represent a weighted 
mean of 238U-206Pb zircon dates, or a single-
grain 238U-206Pb date for samples where taking 
a weighted mean is inappropriate. A correction 
for preferential exclusion of 230Th during zir-
con crystallization was made using a calculated 
Th/U for each zircon and an assumed magmatic 
Th/U ratio of 2.8 ± 1 (2σ), which encompasses 
the range of values seen in most felsic igneous 
liquids (Machlus et al., 2015). The first time 
that a date is presented, uncertainty is reported 
in the format ±X/Y/Z, where X is the analyti-
cal uncertainty, Y is the analytical uncertainty 
plus the uncertainty in the isotopic composition 
of the tracer solution, and Z also includes the 
uncertainty in the 238U decay constant. However, 
since all of the dates reported in this paper were 
produced using the same isotopic tracer and 
238U decay constant, only the analytical uncer-
tainty (2σ) is used in subsequent discussion. For 
samples where a weighted mean is used, the 
mean square of weighted deviates (MSWD) is 
reported, along with the number of grains (n) 
used in the calculation.

Complex zircon populations are common in 
volcanic rocks, and age dispersion beyond that 
expected from analytical uncertainty can arise 
from a variety of sources, including the incor-
poration of xenocrystic zircon during eruption 
or deposition and/or protracted zircon crystal-
lization prior to eruption. Some of our volcanic 
samples contain grains that are >1 m.y. older 

Figure 1 (on following page). (A) Map of the Pacific Northwest that shows possible locations 
for the Kula-Farallon spreading ridge during the early Paleogene, modified from Haeussler 
et al. (2003). If the terranes that compose southern Alaska are far-traveled from a more 
southerly location in the early Paleogene (e.g., Cowan, 2003), the range of possible posi-
tions would narrow along the Washington and British Columbia coasts. Alternatively, if the 
Chugach terrane was not far-traveled, the Resurrection oceanic plate may have existed and 
would have resulted in two or more ridges intersecting North America (Haeussler et al., 2003; 
Madsen et al., 2006). (B) Generalized geologic map of central and northwest Washington, 
including southern Vancouver Island, modified from Walsh et al. (1987), Stoffel et al. (1991), 
Schuster et al. (1997), Dragovich et al. (2002), and Massey et al. (2005). Paleogene-aged sedi-
mentary formations and regional strike-slip faults discussed in this paper are labeled, and 
abbreviations are: MH—Mount Higgins area, BP—Barlow Pass area, ECF—Eagle Creek 
fault, LFZ—Leavenworth fault zone, and DDMFZ—Darrington–Devil’s Mountain fault 
zone. Stars denote the locations of Paleogene-aged adakites, abbreviated: BH—Bremer-
ton Hills, MPV—Mount Persis volcanics, PT—Port Townsend, and peraluminous granites, 
abbreviated: WCI—Walker Creek intrusions, MPS—Mount Pilchuck suite (Tepper et al., 
2004; Madsen et al., 2006; MacDonald et al., 2013). The heavy dashed line marks the in-
ferred boundary between Siletzia and North America (Wells et al., 1998).

1GSA Data Repository item 2015323, including 
isotopic data and concordia plots for each dated sam-
ple, is available at http:// www .geosociety .org /pubs 
/ft2015 .htm or by request to editing@ geosociety .org.

http://www.geosociety.org/pubs/ft2015.htm
http://www.geosociety.org/pubs/ft2015.htm
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than the main population of zircon dates, and we 
exclude them from our age calculations. Disper-
sion of zircon dates at the <1 m.y. level is more 
difficult to evaluate, and we use the MSWD of 
weighted means to help determine whether this 
dispersion can be explained by analytical uncer-
tainty (MSWD ≈ 1) or whether it represents 
resolvable age differences (MSWD >> 1). The 
range of acceptable MSWD values for differ-
ent size zircon populations (n) can be calculated 
using the expected variability of the MSWD 
(Wendt and Carl, 1991), and we treat samples 
with MSWD values within the expected 2σ 
variability as a single population. Samples with 
age dispersion that cannot be explained by ana-

lytical uncertainty are discussed individually in 
the following sections.

Previous geochronology from these sedi-
mentary sequences was compiled and presented 
in Tabor et al. (1982, 1984, 1987, 1993, 2000, 
2002). These dates were produced using K-Ar 
or fission-track zircon methods and have asso-
ciated 2σ uncertainties at the 10%–1% level. 
Although these dates were invaluable to previ-
ous correlation efforts (e.g., Tabor et al., 1984) 
and largely agree with the U-Pb zircon CA-ID-
TIMS dates presented in this paper, their large 
uncertainties inhibit their use for constraining 
basin evolution at fine time scales, and they are 
not discussed further here.

RESULTS

Chuckanut Formation

The Chuckanut Formation is the farthest north 
of the sedimentary sequences discussed in this 
paper (Fig. 1B), and it consists of 4000–5000 m 
of fluvial sandstone, conglomerate, and very rare 
pyroclastic rock (Fig. 2). Johnson (1984) and 
Breedlovestrout (2011) described the forma-
tion’s stratigraphy in detail and provided thick-
ness estimates and sedimentologic data for each 
of its members. It is interpreted to represent 
deposits along SW-flowing streams, and John-
son (1984) suggested that it had a distal sediment 

TABLE 1. CHEMICAL ABRASION–ISOTOPE DILUTION–THERMAL IONIZATION MASS SPECTOMETRY (CA-ID-TIMS) U-Pb ZIRCON DATES

Sample
Lat.
(°N)

Long.
(°W) Lithology Formation, member, or unit

U-Pb zircon CA-ID-TIMS date
(Ma) Interpretation

Lower Swauk basin
NC-203 48.64150 122.48415 Silicic tuff Chuckanut Formation 56.835 ± 0.050/0.062/0.087

(n = 6, MSWD = 1.3)
Eruption age

NC-MPE-016 47.44661 121.05611 Sandstone Basal Swauk Formation 59.919 ± 0.098/0.10/0.12 MDA*

Upper Swauk basin
NC-190 47.32132 121.18959 Rhyolite Silver Pass volcanic member 51.364 ± 0.029/0.038/0.067

(n = 6, MSWD = 2.1)
Eruption age

NC-MPE-358B 47.33449 120.63271 Lapilli tuff Silver Pass volcanic member 51.515 ± 0.028/0.037/0.067
(n = 3, MSWD = 3.0)

Eruption age

NC-MPE-419B 47.06567 120.91241 Rhyolitic tuff Taneum Formation 51.309 ± 0.024/0.035/0.065
(n = 5, MSWD = 2.1)

Eruption age

Bimodal volcanics
NC-MPE-420B 48.36277 121.78906 Bentonite Barlow Pass volcanics 48.999 ± 0.029/0.036/0.063 MDA
NC-MPE-421 48.36696 121.78710 Silicic tuff Barlow Pass volcanics 49.933 ± 0.059/0.078/0.095

(n = 5, MSWD = 1.9)
Eruption age

NC-MPE-436 47.37613 121.39405 Rhyolite Naches Formation 49.711 ± 0.024/0.036/0.064
(n = 7, MSWD = 2.1)

Eruption age

NC-MPE-356 47.30607 120.76079 Rhyolite Teanaway Formation 49.341 ± 0.033/0.046/0.070
(n = 5, MSWD = 2.2)

Eruption age

Chumstick basin
ED072413-147 47.47495 120.43283 Silicic tuff Fairview Canyon tuff† 49.147 ± 0.041/0.051/0.073

(n = 6, MSWD = 0.9)
Eruption age

NC-MPE-359 47.52874 120.48180 Silicic tuff Yaxon Canyon #3 tuff† 48.959 ± 0.037/0.047/0.071
(n = 8, MSWD = 1.3)

Eruption age

ED062313-035 47.63974 120.55926 Silicic tuff Eagle Creek tuff† 48.522 ± 0.015/0.027/0.058
(n = 6, MSWD = 1.3)

Eruption age

NC-MPE-365B 47.67877 120.60127 Silicic tuff Clark Canyon #7 tuff† 48.290 ± 0.046/0.054/0.075 MDA

STC62-1 47.33763 120.42613 Silicic tuff Clark Canyon #4 tuff† 48.186 ± 0.026/0.036/0.063
(n = 5, MSWD = 0.2)

Eruption age

NMNC366-2 47.71413 120.63692 Silicic tuff Clark Canyon #2 tuff† 47.981 ± 0.019/0.029/0.059
(n = 6, MSWD = 1.1)

Eruption age

ED070113-063 47.62061 120.66200 Sandstone Clark Canyon Member, 
Chumstick Formation

47.847 ± 0.085/0.088/0.10 MDA

ED071613-127 47.65514 120.52099 Sandstone Nahahum Canyon Member, 
Chumstick Formation

46.902 ± 0.076/0.082/0.096 MDA

Roslyn basin
NC-MPE-015 47.27604 121.07018 Sandstone Lower Roslyn Formation 48.80 ± 0.11/0.12/0.13 MDA
NC-MPE-014 47.22681 120.98922 Sandstone Middle Roslyn Formation 47.580 ± 0.028/0.035/0.062 MDA
NC-MPE-020 47.38746 120.28250 Congl. clast Deadhorse Canyon Member, 

Chumstick Formation
45.910 ± 0.021/0.029/0.057

(n = 4, MSWD = 0.7)
MDA

Cascade arc magmatism
NC-MPE-417A 47.29772 120.82146 Felsic intrusion Unknown§ 25.611 ± 0.014/0.019/0.033

(n = 6, MSWD = 1.6)
Emplacement age

NC-MPE-418 47.33387 120.86729 Rhyolitic tuff Unknown§ 24.216 ± 0.011/0.016/0.030
(n = 3, MSWD = 1.7)

Eruption age

Note: MSWD—mean square of weighted deviates.
*MDA—Maximum depositional age.
†Informal names for tuffs in Clark Canyon Member of the Chumstick Formation established by McClincy (1986).
§These rhyolites were previously considered part of the Teanaway Formation (Clayton, 1973).
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source in eastern Washington or Idaho. However, 
the Governor’s Point and Maple Falls Members 
(Fig. 2) may have been derived from local topo-
graphic highs (Johnson, 1984). After deposition, 
the Chuckanut Formation was deformed into a 
NW-trending fold belt and eroded, resulting in 
an angular unconformity between the formation 
and the overlying Oligocene Huntingdon Forma-
tion (Miller and Misch, 1963; Johnson, 1984).

A date for a tuff (NC-203) collected from the 
lower Bellingham Bay Member (Fig. 2) pro-
vides a temporal constraint on the beginning 
of sediment accumulation in the Chuckanut 
Formation. Individual zircons from this sample 
have dates that span 870 k.y. and exceed the 
dispersion expected from analytical uncertainty 
(MSWD = 6.5 for all 16 grains). The date for 
the youngest zircon overlaps with the next five 
youngest grains within 2σ uncertainty, and a 
weighted mean of these grains gives our pre-
ferred eruption/depositional age of 56.835 ± 
0.050/0.062/0.087 Ma (n = 6, MSWD = 1.3), 
demonstrating that sediment accumulation 
began in the Chuckanut Formation prior to this 
date (Fig. 2). Other high-precision dates from 
this formation were reported in Breedlovestrout 
et al. (2013) and include a tuff that is interbed-
ded within the upper Slide Member (Fig. 2) and 
a rhyolitic dike that intrudes the lower Padden 
Member. Zircons from the tuff gave a weighted 
mean date of 53.676 ± 0.023/0.035/0.067 Ma 
and provide a constraint on the age of the mid-
dle Chuckanut Formation, whereas zircons from 
the dike gave a weighted mean date of 49.858 ± 
0.025/0.035/0.063 Ma. To our knowledge, this 
is the only dike reported within the Chuckanut 
Formation, and its significance in relation to 
regional magmatism remains uncertain. Never-
theless, its intrusive relationship with the Pad-
den Member requires the member to have been 
deposited prior to 49.858 ± 0.025 Ma.

Southeastern Chuckanut Formation

To the SE of the main outcrop belt of the 
Chuckanut Formation, there lie thick packages 
of sedimentary and volcanic rock that are cut by 
splays of the Darrington–Devil’s Mountain fault 
zone (Fig. 1B). Evans and Ristow (1994) called 
these rocks the SE Chuckanut Formation and 
described two detailed stratigraphic sections. 
The first is exposed in the area around Mount 
Higgins (Fig. 1B) and was informally split 
into the Coal Mountain and Higgins Mountain 
units based on a reversal in paleocurrent direc-
tion from SW to NE. The Coal Mountain unit 
records SW-directed paleoflow and consists of 
2250 m of sandstone with minor shale, coal, and 
conglomerate (Fig. 3). It is conformably over-
lain by the Higgins Mountain unit, which con-

Metamorphic Basement

Felsic Volcanics

Mafic Volcanics

Fluvial Sedimentary Rock

Lacustrine Sedimentary Rock

Volcanic U-Pb Date

Maximum Depositional Age
1000

0 m

2000

3000

4000

5000

Chuckanut Fm.

53.676 ± 0.023 Ma*

56.835 ± 0.050 Ma

234°
n=428

Be
ll. 

Ba
y M

br
.

Go
v. 

Po
int

 M
br

.
Sl

ide
 M

br
.

Pa
dd

en
 M

br
.M

ap
le 

Fa
lls

 M
br

.

217°
n=331

Sed. Acc. Rate
ca. 0.63 m

/k.y.

Figure 2. Generalized stratigraphic column of the Chuckanut Formation. 
Member thicknesses and paleocurrent data are from Breedlovestrout (2011) 
and Johnson (1985). All dates are U-Pb zircon chemical abrasion–isotope dilu-
tion–thermal ionization mass spectrometry (CA-ID-TIMS) dates reported in 
this  paper, with the exception of the date denoted with an asterisk, which was 
previously reported in Breedlovestrout et al. (2013). Sediment accumulation 
(Sed. Acc.) rates are assumed to be linear.

235°
n=111

45°
n=66

Co
al 

M
tn

. u
nit

 
M

t. 
Hi

gg
ins

 u
nit

 

Mt. Higgins Area

49.933 ± 0.059 Ma
48.999 ± 0.029 Ma

?????Ba
rlo

w 
Pa

ss
vo

lc.
SE

 C
hu

ck
an

ut
 F

m
.

48°
n=45

Sp
er

ry
 P

k. 
un

it

Barlow Pass Area

?????

Ba
rlo

w 
Pa

ss
vo

lc.
SE

 C
hu

ck
an

ut
 F

m
.

1000

0 m

2000

3000

4000

5000

6000

Figure 3. Generalized stratigraphic column of the SE Chuckanut Formation. 
Unit thicknesses and paleocurrent data are from Evans and Ristow (1994). All 
dates are U-Pb zircon chemical abrasion–isotope dilution–thermal ionization 
mass spectrometry (CA-ID-TIMS) dates reported in this paper, and the columns 
are hung so that correlative sedimentary units are adjacent to one another. Sym-
bols are the same as Figure 2.



Eddy et al.

430 Geological Society of America Bulletin, v. 128, no. 3/4

sists of 1700 m of sandstone, shale, and minor 
conglomerate that record NE-directed paleoflow 
(Fig. 3). Conglomerate clasts within the Higgins 
Mountain unit are dominantly quartz, phyllite, 
tuff, and chert (Evans and Ristow, 1994). These 
lithologies are common in the western and east-
ern mélange belts (Fig. 1B), and their presence 
within the Higgins Mountain unit, along with 
the unit’s NE-directed paleoflow, suggests that 
the mélange belts were uplifted and eroding 
during its deposition. Evans and Ristow (1994) 
described an unconformable contact between 
the Higgins Mountain unit and the overlying 
rhyolite and andesite flows of the Barlow Pass 
volcanics (Fig. 3). However, angular discor-
dance in this area is slight, and Tabor (1994) and 
Tabor et al. (1993, 2002) did not consider the 
unconformity to be significant.

Zircons separated from a rhyolitic tuff 
(NC-MPE-421) at the base of the Barlow Pass 
volcanics in the Higgins Mountain area (Fig. 3) 
have dates that span 460 k.y. and exceed the 
age dispersion expected from analytical uncer-
tainty. The youngest five grains overlap within 
2σ uncertainty and give a weighted mean date 
of 49.933 ± 0.059/0.078/0.095 Ma (n = 5, 
MSWD = 1.9). This date constrains the initia-
tion of Barlow Pass volcanism and demonstrates 
that both the Higgins Mountain and Coal Moun-
tain units are older than 49.933 ± 0.059 Ma. A 
bentonite (NC-MPE-420B) interbedded with a 
sequence of black shale was also collected from 
this area. Zircons from this sample do not form 
a single population of dates within analytical 
uncertainty, and therefore we treat the date of the 
youngest grain, 48.999 ± 0.029/0.036/0.063 Ma, 
as a maximum depositional age. Cruver (1981), 
Evans and Ristow (1994), and Dragovich et al. 
(2003) all considered this sequence to belong to 
Higgins Mountain unit. However, our maximum 
depositional age shows that they are younger 
than the basal Barlow Pass volcanics (Fig. 3). 
This date is consistent with mapping by Tabor 
et al. (2002) that showed that these rocks over-
lie the Barlow Pass volcanics, and we therefore 
consider this small sedimentary section to be 
distinct from the Higgins Mountain unit.

In the area around Barlow Pass, Evans and 
Ristow (1994) measured 1900 m of steeply 
dipping sedimentary rock that they informally 
named the Sperry Peak unit (Fig. 3). This unit 
unconformably overlies metamorphic bedrock 
and consists of sandstone and shale that record 
NE-directed paleoflow, as well as conglomerate 
with a high percentage of chert clasts. Like the 
Higgins Mountain unit, the NE paleoflow and 
high percentage of chert clasts in the Sperry 
Peak unit suggest a sediment source in the 
western and eastern mélange belts, and these 
features provide circumstantial evidence for 

the correlation of these two units (Evans and 
Ristow, 1994). Overlying the Sperry Peak unit, 
>1200 m of basalt and minor rhyolite form part 
of the Barlow Pass volcanics (Fig. 3). The vol-
canics dip gently to the east, and Vance (1957) 
and Evans and Ristow (1994) considered them 
to unconformably overlie the Sperry Peak unit 
based on their contrasting degree of deforma-
tion. However, the Barlow Pass volcanics and 
Sperry Peak unit are only seen in fault contact, 
and Tabor et al. (2002) suggested that this differ-
ence might represent proximity to active struc-
tures or a difference in mechanical properties 
rather than an angular unconformity.

None of our samples from the Barlow Pass 
area yielded zircon. Nevertheless, we follow 
Evans and Ristow (1994) and consider the 
Sperry Peak and Higgins Mountain units to be 
correlative based on their overall sedimento-
logical similarities. It is important to note that 
Tabor et al. (1993, 2002) considered the Coal 
Mountain, Higgins Mountain, and Sperry Peak 
units to be a sedimentary facies of the Barlow 
Pass volcanics. These authors emphasized the 
presence of abundant tuffs in the sedimentary 
rock near Mount Higgins (e.g., Cruver, 1981) 
and did not consider the unconformity between 
the SE Chuckanut Formation and the overlying 
vol canics to be significant. Our geochronologic 
data show that the tuff-bearing rocks described 
by Cruver (1981) are younger than the SE 
Chuckanut Formation as described by Evans 
and Ristow (1994), and, like these authors, we 
consider the SE Chuckanut Formation and the 
Barlow Pass volcanics to be distinct.

Naches Formation

The Naches Formation is a sequence of basalt 
and rhyolite flows interbedded with nonmarine 
sedimentary rock exposed near the presumed 
southern termination of the Straight Creek–
Fraser fault (Fig. 1B). An accurate thickness is 
difficult to obtain due to a lack of marker beds 
and complex folding and faulting, but Tabor 
et al. (1984) estimated a total thickness between 
1500 and 3000 m (Fig. 4). The nonmarine sedi-
mentary rocks that constitute the lower Naches 
Formation are named the Guye Member and are 
interbedded with rhyolite flows of the Mount 
Catherine rhyolite (Tabor et al., 1984). A sample 
collected from the Mount Catherine rhyolite 
near the top of the Guye Member gives a U-Pb 
zircon date of 49.711 ± 0.024/0.036/0.064 Ma 
(n = 7, MSWD = 2.1) and provides a minimum 
age for the underlying sedimentary rocks as well 
as a maximum age for the ~1500 m of basalt, 
andesite, and rhyolite that form the upper Naches 
Formation (Fig. 4). Interestingly, the sandstones 
and conglomerates in the Guye Member are 

rich in chert (Foster, 1960) and may represent 
the same period of W-derived sedimentation 
as the  Higgins Mountain and Sperry Peak units.

Manastash River Block

The Manastash River block of Tabor et al. 
(1984) consists of an ~1750–2250 m section of 
sedimentary and volcanic rock exposed between 
two splays of the southern Straight Creek–
Fraser fault (Fig. 1B). The oldest formation 
exposed in this sequence is the Manastash For-
mation, and it consists of 500–750 m of arkosic 
sandstone and minor shale, conglomerate, and 
coal unconformably deposited on pre-Tertiary 
bedrock (Fig. 5; Tabor et al., 1984, 2000). The 
Manastash Formation is in turn overlain by 
1000 m of andesitic to rhyolitic flows named the 
Taneum Formation (Fig. 5). A sample of a rhyo-
litic tuff (NC-MPE-419B) collected from the 
Taneum Formation yielded a youngest popula-
tion of five zircons that give a date of 51.309 ± 
0.024/0.035/0.065 Ma (n = 5, MSWD = 2.1), 
which places a minimum age constraint on the 
underlying Manastash Formation. Overlying the 
Taneum Formation with an ambiguous contact, 
there is the 250–500-m-thick Basalt of Frost 
Mountain (Fig. 5). Tabor et al. (1984) suggested 
that there was an unconformity between these 
two volcanic sequences. However, it is difficult 
to evaluate this relationship because there is 
little to no angular discordance between them.

Teanaway River Block

The Teanaway River block (Tabor et al., 1984) 
consists of three sedimentary and vol canic for-
mations of Paleogene age that lie between the 
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Figure 4. Generalized stratigraphic column 
of the Naches Formation. Thicknesses are 
based on Tabor et al. (1984, 2000). The date 
is a U-Pb zircon chemical abrasion–isotope 
dilution–thermal ionization mass spectrom-
etry (CA-ID-TIMS) date reported in this 
paper. Symbols are the same as Figure 2.
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Straight Creek–Fraser and Leavenworth fault 
zones (Fig. 1B). The Swauk Formation is the 
oldest formation in this sequence and is com-
posed of fluvial and lacustrine sedimentary 
rocks that unconformably overlie pre-Tertiary 
bedrock (Fig. 5). The total thickness of the for-
mation is difficult to determine due to a lack 
of marker beds, pervasive intrusion of basaltic 
dikes, and postdepositional shortening. How-
ever, Tabor et al. (2000) estimated that it could 
be as thick as 8000 m based on combined sec-
tions from the eastern and western parts of its 
outcrop area. The western part of the Swauk For-
mation remains poorly studied, whereas Taylor 
et al. (1988) described the upper 4000 m of the 
eastern part of the Swauk Formation in detail. 
The lower portion of their section is dominated 
by arkosic sandstones and rare tuff interpreted 
to have been deposited in a low-energy fluvial 
environment with paleoflow to the SSW, and the 
upper ~2000 m section is composed of conglom-
erate, shale, and sandstone that largely record 
paleoflow to the NE (Fig. 5). Taylor et al. (1988) 
correlated the tuffs in their study area to the 
 Silver Pass Member, which consists of 1800 m 
of andesitic and rhyolitic flows interbedded with 
the western part of the Swauk Formation. How-
ever, this correlation has never been tested using 
high-precision geochronology.

We produced three U-Pb zircon dates from the 
Swauk Formation. A detrital zircon from a sand-
stone (NC-MPE-016) collected <10 m above the 
base of the formation gives a maximum depo-
si tional age of 59.919 ± 0.098/0.10/0.12 Ma 
(Fig. 5). Two samples of the Silver Pass vol-
canic member were also dated (Fig. 5). The first 

is a rhyolite (NC-190) collected from the type 
area for the Silver Pass Member in the western 
Swauk Formation. It contains zircons that have 
ages that span 971 k.y. and greatly exceed the 
age dispersion expected from analytical uncer-
tainty (MSWD = 50 for all 11 grains). The 
youngest grain overlaps within 2σ uncertainty 
with the next five youngest grains, and they col-
lectively give a weighted mean date of 51.364 ± 
0.029/0.038/0.067 Ma (n = 6, MSWD = 2.1). 
A tuff (NC-MPE-358B) collected ~3000 m 
below the top of the formation in the eastern 
part of the Swauk Formation contains abun-

dant  detrital zircon ranging in age from 90 to 
52 Ma. Nevertheless, the three youngest zircons 
form a distinct population with a weighted mean 
date of 51.515 ± 0.028/0.037/0.067 Ma (n = 3, 
MSWD = 3.0), which we interpret as an erup-
tion/deposition age. The similarity between the 
ages of NC-MPE-358B and NC-190 confirms 
a temporal correlation between the tuffs in the 
eastern Swauk Formation and the Silver Pass 
volcanic member in the western Sauk Forma-
tion and therefore supports Tabor et al.’s (2000) 
thickness estimate of ~8000 m for the formation 
as a whole.
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Figure 5. Generalized stratigraphic col-
umn of sedimentary and volcanic rocks 
preserved in the Manastash River and Te-
anaway River blocks. Thicknesses are from 
Clayton (1973), Tabor et al. (1982, 1984, 
2000), and Taylor et al. (1988), and paleo-
current data are from Barnett (1985), John-
son (1985), and Taylor et al. (1988). The rose 
diagrams for the lower and upper Swauk 
Formation represent measurements from 
the sandstone of Swauk Pass (*) and shale 
facies of Tronson Ridge (†), respectively. All 
dates represent U-Pb zircon chemical abra-
sion–isotope dilution–thermal ionization 
mass spectrometry (CA-ID-TIMS) dates 
presented in this paper, and the columns are 
hung so that correlative sedimentary and 
volcanic formations are adjacent to one an-
other. Symbols are the same as Figure 2, and 
sediment accumulation (Sed. Acc.) rates are 
assumed to be linear.
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The Swauk Formation was shortened into 
a W-NW–trending fold belt (Doran, 2009), 
eroded, and unconformably overlain by 800–
1200 m of basaltic flows and tuffs, and minor 
rhyolites and fluvial sedimentary rocks named 
the Teanaway Formation (Fig. 5; Clayton, 
1973). The five youngest zircons from a rhyolite 
(NC-MPE-456) sampled ~200 m above the base 
of the Teanaway Formation give a weighted 
mean date of 49.341 ± 0.033/0.046/0.070 Ma 
(n = 5, MSWD = 2.2) and tightly constrain the 
period of shortening recorded by the Swauk 
Formation to between 51.364 ± 0.029 and 
49.341 ± 0.033 Ma (Fig. 5). This date also 
provides our best estimate for the age of a NE-
striking swarm of basaltic dikes that intrude the 
Swauk Formation and likely fed the overlying 
basalt flows in the Teanaway Formation (Clay-
ton, 1973; Doran, 2009). In an attempt to date 
the upper Teanaway Formation, two samples of 
rhyolite were collected from isolated outcrops 
with uncertain field relationships near the for-
mation’s contact with the overlying Roslyn 
Formation. Clayton (1973) considered these 
rhyolites to be part of the Teanaway Forma-
tion, but subsequent geochronology reported 
by Tabor et al. (1982) suggested that they might 
be considerably younger. Our dates of 25.611 ± 
0.014/0.019/0.033 Ma (n = 6, MSWD = 1.6) 
from a shallow rhyolite intrusion (NC-MPE-
417A) and 24.216 ± 0.011/0.016/0.030 Ma 
(n = 3, MSWD = 1.7) from a poorly exposed 
rhyolitic tuff (NC-MPE-418) confirm the geo-
chronology by Tabor et al. (1982) and demon-
strate that these rhyolites are much younger than 
the Paleogene sequences discussed in this paper.

Conformably overlying the Teanaway For-
mation, there is an ~2500 m section of nonma-
rine arkosic sandstone named the Roslyn For-
mation, which contains abundant coal seams 
and was deposited along W-flowing streams 
(Fig. 5; Walker, 1980; Tabor et al., 1984; Bar-
nett, 1985). Cheney and Hayman (2009) corre-
lated this formation to the Chumstick Formation 
based on their similar lithologies and paleocur-
rent direction, but this correlation remains con-
troversial and untested with high-precision geo-
chronology. Two maximum depositional ages of 
48.80 ± 0.11/0.12/0.13 Ma from the lower (NC-
MPE-015) and 47.580 ± 0.028/0.035/0.062 Ma 
from the upper (NC-MPE-014) Roslyn For-
mation will be used to further evaluate this 
correlation.

Chumstick Formation

The Chumstick Formation is exposed 
between the Leavenworth and Entiat fault zones 
(Fig. 1B), and the formation’s thickness, stra-
tigraphy, and relationship to these fault systems 

remain controversial. Johnson (1985, 1996) 
interpreted the formation as a strike-slip basin, 
while Evans (1994, 1996) concluded that only 
part of it was deposited during strike-slip fault-
ing. More recently, Cheney and Hayman (2009) 
correlated it to the Roslyn Formation across the 
Leavenworth fault zone and rejected syndepo-
sitional strike-slip faulting. Therefore, differ-
ent interpretations of this formation can result 
in dramatically different histories for regional 
strike-slip faulting. Given its importance, we 
produced nine U-Pb zircon dates that help to 
resolve these issues.

Gresens et al. (1981) and Evans (1994) pre-
sented the most detailed studies of the Chum-
stick Formation, recognized that the Eagle 
Creek fault (Fig. 1B) divides it into two sedi-
mentary sections, and established its most 
widely used stratigraphic nomenclature. The 
thickness of each section was given by Evans 
(1994) and is 12,800 m to the west and 4100 m 
to the east of the Eagle Creek fault. Both of 
these sections are extremely thick, and previous 
geochronology suggested rapid accumulation 
(Evans, 1994). However, Cheney and Hayman 
(2009) suggested that these thicknesses were 
overstated and gave a more conservative thick-
ness of ~5200 m for the Chumstick Formation 
based on their mapping.

The oldest member of the Chumstick Forma-
tion is named the Clark Canyon Member, and it 
consists of sandstone, mudstones, and conglom-
erate deposited by W-flowing streams (Fig. 6; 
Evans, 1994). It is currently exposed between 
the Eagle Creek and Leavenworth fault zones, 
but its original extent is debated (Evans, 1994; 
Johnson, 1996; Cheney and Hayman, 2009). 
McClincy (1986) and Evans (1994) used 18 
interbedded tuffs as marker beds and estimated a 
total thickness of 10,600 m for this member, but 
Cheney and Hayman (2009) disputed whether 
these tuffs were traceable over long distances 
and suggested that the member is substantially 
thinner. In order to check the validity of the stra-
tigraphy by McClincy (1986) and Evans (1994), 
we produced six dates from tuffs interbedded 
with the lower, middle, and upper parts of the 
Clark Canyon Member and one maximum 
depo si tional age from a sample of sandstone 
collected from the upper Clark Canyon Member

Zircons from the stratigraphically lowest 
sample (Fairview Canyon tuff; ED072413–147) 
give a date of 49.147 ± 0.041/0.051/0.073 Ma 
(n = 6, MSWD = 0.9) and constrain the age of 
initial sediment accumulation within the Chum-
stick Formation (Fig. 6). Five additional tuffs 
were dated from stratigraphic positions above 
the Fairview Canyon tuff, and the resulting dates 
are presented in Table 1 and shown on Figure 6. 
All of these samples, with the exception of the 

Clark Canyon #7 tuff, contained a single popu-
lation of zircon dates and are interpreted to rep-
resent the age of eruption/deposition. The Clark 
Canyon #7 tuff (NC-MPE-365B) contained a 
mixed population of zircon dates, and we take 
the conservative approach of using the youngest 
grain as a maximum depositional age. A sample 
of sandstone collected from ~300 m above the 
Clark Canyon #2 tuff (Fig. 6) contained a zircon 
with a date of 47.847 ± 0.085/0.088/0.10 Ma, 
and this provides a maximum depositional age 
for the uppermost part of Clark Canyon Mem-
ber. Notably, all of the dates agree with the 
stratigraphy proposed by McClincy (1986) and 
Evans (1994), support their thickness estimates, 
and confirm rapid sediment accumulation rates 
of ~6–7 m/k.y. within the lower and middle 
Clark Canyon Member, and ~2–3.3 m/k.y. in the 
upper Clark Canyon Member (Fig. 6).

The Tumwater Mountain Member of the 
Chumstick Formation is interbedded with 
the Clark Canyon Member along the Leaven-
worth fault zone and is composed of conglom-
erate, sandstone, and mudstones for which 
facies distribution, paleocurrent indicators, and 
distinctive clast lithologies suggest a proximal 
sediment source across the fault zone (Evans, 
1994). Evidence for syndepositional faulting 
on the Leavenworth fault zone comes from 
soft-sediment deformation that is compatible 
with paleoearthquake activity (Evans, 1994) 
and extremely coarse conglomerates (clasts 
>1 m in diameter) near the southern end of the 
member that are monolithologic and separated 
by >30 km along the Leavenworth fault zone 
from their distinctive source areas (Gresens 
et al., 1981; Evans, 1994). The precise age of 
this member is poorly constrained, but it is inter-
bedded with rocks of the Clark Canyon Member 
and therefore must have been deposited between 
ca. 49 and 47 Ma.

The Nahahum Canyon Member is the strati-
graphically lowest member of the Chumstick 
Formation exposed to the east of the Eagle 
Creek fault. Evans (1994) considered it to be 
younger than the Clark Canyon Member, since 
it lacks interbedded tuffs, it represents disrup-
tion of the W-directed drainage system that 
fed the Clark Canyon Member, and it contains 
distinctive lacustrine sequences. The member 
has a minimum thickness of 1900 m (Fig. 6), 
and Evans (1994) interpreted it as a strike-slip 
basin between the Eagle Creek and Entiat fault 
systems. There is abundant sedimentologic 
data to support this interpretation, including 
coarse-grained facies adjacent to the member’s 
bounding faults, basin-axial paleoflow, and soft-
sediment deformation compatible with syn depo-
si tional earthquake activity (Evans, 1994). A 
detrital zircon from sandstone (ED071613–127) 
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in the middle of the Nahahum Canyon Member 
gives a maximum depositional age of 46.902 ± 
0.076/0.082/0.096 Ma, and a minimum age for 
major displacement on the Eagle Creek fault 
is provided by a U-Pb zircon date of 44.447 ± 
0.027/0.035/0.059 Ma from a shallow rhyodacite 
intrusion that seals this structure (Gilmour, 2012).

The 2200-m-thick Deadhorse Canyon Mem-
ber was described by Evans (1994) and uncon-
formably overlies both the eastern and western 
sections of the Chumstick Formation (Fig. 6). 
This member records W-directed paleoflow and 
contains no evidence for a syndepositional rela-
tionship with adjacent fault zones. Indeed, small 
outcrops of this member are present on both 
sides of the Eagle Creek and Entiat fault zones 
and preclude major strike-slip motion on these 
structures after its deposition. Zircons from a 
clast of flow-banded rhyolite collected from the 
Deadhorse Canyon Member (NC-MPE-020) 
give a date of 45.910 ± 0.021/0.029/0.057 Ma 
(n = 4, MSWD = 0.7) and provide a maximum 
depositional age for this member.

Our nine new U-Pb dates from the Chum-
stick Formation directly bear on the correla-
tion of these rocks with the formations in the 
adjacent Teanaway River block. The 49.147 ± 
0.041 Ma date for the Fairview Canyon tuff 
near the base of the Clark Canyon Member 
demonstrates that sediment accumulation in the 
Chumstick Formation initiated during eruption 
of the lower Teanaway Formation and that it is 
younger than the adjacent Swauk Formation. 
Our maximum depositional ages of 48.80 ± 
0.11 Ma and 47.580 ± 0.028 Ma for the lower 
and middle Roslyn Formation make it pos-
sible that this formation is, in part, correlative 
with the Chumstick Formation (Cheney, 2003; 
Cheney and Hayman, 2009). However, we think 
that the Roslyn Formation is distinctly younger 
than most of the Chumstick Formation because 
(1) the Roslyn Formation does not contain 
abundant tuffs, (2) there is substantial evidence 
for uplift along the Leavenworth fault preserved 
in the Tumwater Mountain Member of the 
Chumstick Formation, precluding a continuous 
depositional system across this structure until 
after ca. 47 Ma, and (3) the Roslyn Formation 
contains no evidence for syndepositional strike-
slip faulting. Instead, we consider the Clark 
Canyon, Tumwater Mountain, and Nahahum 
Canyon Members of the Chumstick Formation 
to represent a distinct sedimentary package that 
was deposited during strike-slip faulting start-
ing slightly before 49.147 ± 0.041 Ma and end-
ing prior to 44.447 ± 0.027 Ma (Table 2), and 
we interpret the Deadhorse Canyon Member 
and Roslyn Formation to represent a continu-
ous depositional system that is younger than 
45.910 ± 0.021 Ma (Table 2).
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Figure 6. Generalized stratigraphic column from the Chumstick Formation. The 
Tumwater Mountain Member is not shown, but it is interbedded with the Clark 
Canyon Member along the Leavenworth fault zone. Thicknesses and paleocur-
rent data are from Evans (1994), and all dates represent U-Pb zircon chemical 
abrasion–isotope dilution–thermal ionization mass spectrometry (CA-ID-TIMS) 
dates presented in this paper, with the exception of the date denoted with an as-
terisk, which was previously reported by Gilmour (2012). Columns are hung so 
that correlative members are adjacent to one another. Symbols are the same as 
Figure 2, and sediment accumulation rates are assumed to be linear.



Eddy et al.

434 Geological Society of America Bulletin, v. 128, no. 3/4

STRATIGRAPHIC CORRELATIONS 
AND BASIN EVOLUTION

Swauk Basin

Restoration of 100–150 km of dextral 
motion on the Straight Creek–Fraser fault (e.g., 
Umhoefer and Miller, 1996) places the Chucka-
nut and Swauk Formations adjacent to one 
another (Fig. 7) and has long led to speculation 
that they accumulated within a single deposi-
tional system (e.g., Frizzell, 1979). The U-Pb 

zircon geochronology presented in this paper 
confirms that both of these formations, along 
with the Manastash Formation, were deposited 
during the same period of time between ≤59.9 
and >49.9 Ma (Fig. 8). Paleocurrent indicators 
suggest that sediment accumulation occurred 
along W- or SW-flowing streams between ≤59.9 
and 51.3 Ma, followed by a reversal in paleoflow 
direction to the NE between 51.3 and >49.9 Ma 
(Fig. 7). Sediment accumulation ended before 
49.9 Ma (Fig. 8) and was marked by NNE-
SSW–directed shortening and basin inversion. 

Given that these formations record similar 
patterns of paleoflow, were deposited over the 
same period of time, and restore adjacent to 
one another across the Straight Creek–Fraser 
fault, we believe that they represent erosional 
remnants of a single depositional system that 
we call the Swauk basin. Our preferred correla-
tion scheme for rocks within the Swauk basin is 
shown in Table 2. Most of these correlations are 
not new and have been previously discussed at 
both the local and regional levels (e.g., Frizzell, 
1979; Tabor et al., 1984; Cheney, 1994, 2003; 
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Figure 7. Map showing the rela-
tive positions of the formations 
that compose the Swauk basin 
with restoration of 125 km of 
dextral offset on the Straight 
Creek–Fraser fault. The posi-
tions of the Northwest Cas-
cades thrust system (NWCTS), 
western and eastern mélange 
belts (WEMB), Leech River 
Schist (LRS), and Siletzia are 
also shown. DDMFZ—Dar-
rington–Devil’s Mountain fault 
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TABLE 2. REGIONAL CORRELATIONS 
Unit name Age Included sedimentary sequences Description
Renewed regional depositional system
Roslyn basin ≤45.9 Ma Deadhorse Canyon Member of the Chumstick 

Formation, Roslyn Formation
Sandstones, mudstones, and coal that overtop major 

structures and record sedimentation along meandering 
rivers that flowed east to west.

Sedimentation during strike-slip faulting
Chumstick basin 49 to ca. 46 Ma Clark Canyon Member, Nahahum Canyon Member, 

and Tumwater Canyon Member of the Chumstick 
Formation

Sandstones, conglomerates, and mudstones that record 
extremely high sediment accumulation rates (up to 7 
m/k.y.), and have evidence for syndepositional faulting.

Bimodal volcanism
No regional name 49.9 Ma to ??? Upper Naches Formation, Barlow Pass volcanics, 

Basalt of Frost Mountain, Teanaway Formation
Dominantly basaltic flows with interbedded rhyolites and 

fluvial sedimentary rock. 

Swauk basin
Upper Swauk basin 51.3 to >49.9 Ma Higgins Mountain unit of the SE Chuckanut Formation, 

Sperry Peak unit of the SE Chuckanut Formation, 
Swauk Formation above Silver Pass Member, 
possibly the Guye Member of the Naches Formation

Sandstones, conglomerates, and mudstones that 
dominantly record E- or NE-directed paleoflow and 
contain conglomerate clasts likely sourced from the 
western and eastern mélange belts. 

Silver Pass volcanics ca. 51.5–51 Ma Taneum Formation, Silver Pass volcanic member Andesitic to rhyolitic volcanic rocks of unknown tectonic 
setting. 

Lower Swauk basin ≤59.9 to 51.3 Ma Swauk Formation below Silver Pass Member, 
Manastash Formation, Coal Mountain unit of the 
SE Chuckanut Formation, Chuckanut Formation

Sandstones, conglomerates, and mudstones deposited 
along SW-flowing rivers.
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Evans, 1994; Evans and Ristow, 1994; Cheney 
and Hayman, 2009). However, they have never 
been presented collectively, nor have geochrono-
logic data been able to confirm their temporal 
relationships.

We define the lower Swauk basin as those 
rocks that record W- or SW-directed paleoflow 
between ≤59.9 and 51.3 Ma in the Chuckanut, 
Manastash, and Swauk Formations. Sediment 
accumulation rates for this part of the basin are 
difficult to determine because of poor exposure 
and sparse isotopic dates, but rates of ~0.63 
m/k.y. for the Chuckanut Formation (Fig. 2) 
and ~0.60 m/k.y. for the lower Swauk Forma-
tion (Fig. 5) are in good agreement and suggest 
moderately high sediment accumulation during 
this period. The tectonic setting of the lower 
Swauk basin remains uncertain. Geophysical 
data suggest that the boundary between Siletzia 
and North America represents a Paleogene sub-

duction zone (e.g., Clowes et al., 1987; Hynd-
man et al., 1990; Gao et al., 2011; Schmandt 
and Humphreys, 2011), and since the Swauk 
basin is immediately adjacent to this boundary 
(Fig. 7), it may represent a forearc basin (Fig. 
9A). However, this interpretation is complicated 
by the absence of arc magmatism in central and 
western Washington from ca. 60 to 51 Ma (e.g., 
Miller et al., 2009). This apparent contradiction 
could be explained by low-angle or flat slab sub-
duction (e.g., Humphreys, 2009), which may 
also explain the prolonged presence of thick 
(>30 km), partially molten crust in Washington 
and British Columbia during much of the Paleo-
cene and early Eocene (Gordon et al., 2008, 
2010; Krukenburg et al., 2008). Nevertheless, 
forearc basins are typically inverted during flat 
slab subduction (e.g., Finzel et al., 2011), and 
the steady subsidence of the lower Swauk basin 
would be anomalous for this setting.

Accretion of Siletzia and 
Bimodal Volcanism

The upper Swauk basin records a major 
change in tectonic setting marked by a reversal 
of paleoflow direction from SSW to NE (Fig. 7), 
a dramatic increase in sediment accumulation 
rate to >1.61 m/k.y. (Fig. 5), and, in places, 
abundant conglomerate clasts likely sourced 
from rocks in the western and eastern mélange 
belts (Fig. 1B) between 51.3 and 49.9 Ma 
(Fig. 8). We infer this change to mark the devel-
opment of near-trench topography during accre-
tion of Siletzia, and we propose that the upper 
Swauk basin acted as a foreland basin during 
this collision (Fig. 9B). Regionally extensive, 
W-verging fold-and-thrust belts of Eocene age 
are associated with the accretion of Siletzia on 
Vancouver Island (Johnston and Acton, 2003) 
and in Oregon (Wells et al., 2014), but one has 
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Figure 8. Temporal evolution of the sedimentary sequences discussed in this paper compared to available geochronology 
from northern Siletzia and near-trench magmatism in western Washington and southern Vancouver Island. All geochronol-
ogy is shown with 2σ uncertainties, with the exception of the chemical abrasion–isotope dilution–thermal ionization mass 
spectrometry (CA-ID-TIMS) data from the nonmarine sedimentary basins, which have uncertainties smaller than the 
symbols. Geochronology is from Metchosin complex (Massey, 1986), Bremerton complex (Haeussler and Clark, 2000), Blue 
Mountain unit at base of the ~16-km-thick Crescent Formation (Wells et al., 2014), upper Crescent Formation (Babcock 
et al., 2006), Clayoquot intrusions and Flores volcanics (Irving and Brandon, 1990; Madsen et al., 2006), Walker Creek in-
trusions (Groome et al., 2003), Mount Pilchuck stock (Yeats and Engels, 1971), and adakite dikes from western Washington 
(WA; Tepper et al., 2004). All other dates are reported in this paper, with the exception of the date denoted with an asterisk, 
which was previously reported by Breedlovestrout et al. (2013). MDA—maximum depositional age.
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not been described from western Washing-
ton. Nevertheless, the lack of a well-described 
Eocene fold-and-thrust belt in this area need 
not preclude its existence, because bedrock of 
Eocene-age or older is largely covered by rocks 
related to the modern Cascade arc or Quaternary 
deposits to the SW of the Swauk basin (Fig. 1B). 
Interestingly, the exhumed midcrustal rocks of 
the Skagit gneiss complex (Fig. 1B) also record 
NE-SW–directed shortening between ca. 51 and 
>46 Ma (Wintzer, 2012), suggesting that the 
accretion of Siletzia may have led to shortening 
in both the upper and middle crust.

Most bathymetric features on the ocean floor 
subduct easily, leaving little or no geologic 
record. Two exceptions are thick (>30 km) or 
young (<10 m.y.) oceanic lithosphere, which is 
buoyant enough to resist subduction and cause 
uplift and deformation in the upper plate of a 
subduction zone (e.g., Cloos, 1993). Siletzia 
may have represented lithosphere with both of 
these features. The exposed portion of north-
ern Siletzia is much thicker (10–20 km) than 
typical oceanic crust (Wells et al., 2014), and 
existing geochronology suggests that northern 
Siletzia was formed after 52 Ma (Fig. 8). Inter-
estingly, detrital zircons from the base of the 
Crescent Formation, which forms the thick-
est part (~16 km) of northern Siletzia, overlap 
in age with ca. 51.5–50.5 Ma 40Ar/39Ar dates 
from the top of the formation (Fig. 8) and 
imply that this sequence was erupted imme-
diately prior to, or concurrent with, accretion. 
Nevertheless, Wells et al. (2014) reported a 
date of 46 Ma for one detrital zircon from the 
base of the Crescent Formation, and if this 
analysis is accurate, it would require a com-
plex magmatic history for this part of Siletzia 
that includes voluminous pre-, syn-, and post-
accretion magmatism.

Following accretion of Siletzia, thick 
sequences of basalt with minor rhyolite were 
emplaced throughout much of the former Swauk 
basin and are preserved as the Teanaway Forma-
tion, Basalt of Frost Mountain, Naches Forma-
tion, and Barlow Pass volcanics. The initiation 
of this volcanic episode is dated in three loca-
tions and occurred between 49.933 ± 0.059 Ma 
and 49.341 ± 0.033 Ma, but its termination is 
poorly constrained (Fig. 8).

Strike-Slip Faulting

As described already, abundant evidence 
exists for syndepositional strike-slip fault-
ing on the Entiat and Eagle Creek faults dur-
ing deposition of the ≤46.902 ± 0.076 Ma to 
>44.447 ± 0.027 Ma Nahahum Canyon Mem-
ber of the Chumstick Formation and on the 
Leavenworth fault zone during deposition of 
the ca. 49–47 Ma Tumwater Mountain Mem-
ber of the Chumstick Formation. It is unclear 
whether the Entiat fault was active prior to 
ca. 47 Ma. However, the ca. 49–47 Ma Clark 
Canyon Member of the Chumstick Forma-
tion records westerly paleoflow, high sediment 
accumulation rates (2–7 m/k.y.), and rapid lat-
eral movement of depocenters (Evans, 1994; 
Johnson, 1996). These features are consistent 
with deposition in a strike-slip basin, and we 
suggest that both the Entiat and Leavenworth 
fault zones were active during deposition of the 
Clark Canyon Member

Two other high-angle fault systems in west-
ern Washington record dextral displacements 
during the early to middle Eocene. The Straight 
Creek–Fraser fault displaces the Swauk basin 
and pre-Cenozoic rocks 100–150 km, requir-
ing this displacement to have occurred after ca. 
50 Ma and before the structure was sealed by 

35–30 Ma granite intrusions (Tabor et al., 2003). 
To the north of our field area, the Straight Creek–
Fraser fault cuts the Yalakom fault and offsets it 
~100 km from its likely southern continuation 
as the Ross Lake fault. Deformed granites along 
the Yalakom fault are as young as 48–46 Ma, 
indicating that ~100 km of dextral displacement 
occurred on the Straight Creek–Fraser fault after 
46 Ma in this area (Coleman and Parrish, 1991). 
Motion on the Darrington–Devil’s Mountain 
fault zone (Fig. 1B) is also constrained to after 
ca. 50 Ma, because this structure cuts the SE 
Chuckanut Formation and displaces blocks of 
the Manastash Formation along dextral faults 
(Tabor, 1994).

Return to Regional Depositional System

The Deadhorse Canyon Member of the 
Chumstick Formation shows no evidence for 
syndepositional faulting, has paleocurrent indi-
cators that suggest W to SW paleoflow, and is 
deposited on both sides of the Entiat and Eagle 
Creek fault zones (Evans, 1994). Therefore, 
major motion on these structures ceased prior 
to its deposition. We follow Evans (1994) and 
correlate these rocks with the Roslyn Forma-
tion, which also records W-directed paleoflow, 
lacks tuffs, and lacks evidence for syndepo-
sitional faulting (Walker, 1980; Tabor et al., 
1984; Barnett, 1985). Collectively, we refer to 
the Deadhorse Canyon Member of the Chum-
stick Formation and the Roslyn Formation as 
the Roslyn basin (Table 2) and consider it to 
represent the return of a regional depositional 
system along this part of the North American 
margin ≤45.910 ± 0.021 Ma, with a possible 
western continuation in the Puget Group (Fig. 
1B; Vine, 1969, Buckovic, 1979). However, the 
connection between these two areas remains 

≤ 59.9 to 51.3 Ma 51.3 to ca. 50 Ma ca. 50 to 46 Ma

N. America

Upper
Swauk Basin

Highly Oblique
Plate Motion

Kula-Farallon or
Resurrection-Farallon Ridge

Lower
Swauk Basin

Flat Slab
Subduction?

N. America

Thick (>30 km)

Continental Crust

N. AmericaSCF

EF

LFZ

DDMFZ Chumstick
Basin

Highly Oblique
Plate Motion

Siletzia

SW Paleoflow

NE Paleoflow

SiletziaYakutat
terrane (?)

Figure 9. Cartoon maps showing our proposed tectonic evolution of Washington and surrounding area (dashed line denotes 
modern coastline) ca. 60–45 Ma as described in the text. Abbreviations: DDMFZ—Darrington–Devil’s Mountain fault 
zone, EF—Entiat fault, LFZ—Leavenworth fault zone, and SCF—Straight Creek–Fraser fault. Stars denote the location 
of Paleogene adakites, peraluminous granites, bimodal volcanism, and other near-trench magmatism. The basaltic Yakutat 
terrane is shown emplaced adjacent to Siletzia (e.g., Wells et al., 2014), prior to its northward transport and modern colli-
sion with southern Alaska.
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uncertain, because the Straight Creek–Fraser 
fault may have been active during this time 
(e.g., Coleman and Parrish, 1990; Umhoefer 
and Miller, 1996).

RELATIONSHIP TO TRIPLE 
JUNCTION MIGRATION

Plate reconstructions require the subduction 
of the Kula-Farallon or both the Kula-Resur-
rection and Resurrection-Farallon Ridges along 
the North American margin during the Paleo-
gene (e.g., Atwater, 1970; Wells et al., 1984; 
Engebretson et al., 1985; Haeussler et al., 2003; 
Madsen et al., 2006). Eocene near-trench mag-
matism (Cowan, 2003; Groome et al., 2003; 
Haeussler et al., 2003; Madsen et al., 2006) and 
geochemically anomalous backarc magmatism 
(Breitsprecher et al., 2003; Ickert et al., 2009) 
in southern British Columbia and Washington 
have been linked to this tectonic setting. The 
sedimentary, volcanic, and structural history 
of the Swauk, Chumstick, and Roslyn basins 
is also consistent with triple junction migra-
tion, and we discuss their evolution within this 
framework.

Near-trench magmatism is typically associ-
ated with areas of ridge-trench interaction (e.g., 
Marshak and Karig, 1977) and can result from 
a variety of processes. In areas where triple 
junction geometry results in the formation of a 
slab window, near-trench magmatism can arise 
from decompression melting as asthenospheric 
 mantle rises through slab gaps and crustal melt-
ing as metasedimentary rocks in the forearc 
are heated (DeLong et al., 1979; Groome and 
Thorkelson, 2009). Geochemically anomalous 
magmas are expected in this setting and include 
crustal melts (e.g., Hill et al., 1981; Barker 
et al., 1992) and adakites (Thorkelson and Breit-
sprecher, 2005). Alternatively, the formation and 
capture of oceanic microplates can also occur 
during ridge-trench interaction (e.g., Stock and 
Lee, 1994) and is sometimes associated with 
slab breakoff, which can lead to similar magma-
tism (Ferrari, 2004; Pallares et al., 2007).

Early Eocene near-trench magmatism on 
southern Vancouver Island and in western 
Washington includes peraluminous gran-
ites that represent melts derived from forearc 
metasedimentary rocks and dacitic rocks with 
adakitic geochemistry that may represent melts 
derived from subducted basalt or underplated 
mafic crust. Dated near-trench magmatism 
includes the ca. 51 Ma, peraluminous Walker 
Creek intrusions (Fig. 1B; Groome et al., 
2003), the ca. 49 Ma, peraluminous Mount 
Pilchuck intrusive suite (Fig. 1B; Wiebe, 1963; 
Yeats and Engels, 1971), ca. 48–47 Ma dacitic 
dikes with adakitic compositions that intrude 

northern Siletzia in the Bremerton Hills (Fig. 
1B; Tepper et al., 2004), and the ca. 51–49 Ma 
Flores volcanics and Clayoquot intrusions on 
Vancouver Island (Irving and Brandon, 1990; 
Madsen et al., 2006). Undated adakite locali-
ties include block-and-ash-flow deposits near 
Port Townsend (Fig. 1B; Tepper et al., 2004) 
and dacite in the ca. 47–36 Ma Mount Persis 
volcanics (Fig. 1B; Macdonald et al., 2013). All 
of this near-trench magmatism occurred over a 
short interval between ca. 51 and 47 Ma (Fig. 8) 
and has similar compositional diversity to near-
trench magmatic suites in areas where ridge-
trench interaction is well documented, includ-
ing the southern Alaska margin (Hill et al., 
1981; Barker et al., 1992; Harris et al., 1996) 
and Taitao Peninsula in Chile (Forsythe et al., 
1986; Kaeding et al., 1990; Guivel et al., 1999). 
These similarities have led Cowan (2003), 
Groome et al. (2003), Haeussler et al. (2003), 
and Madsen et al. (2006) to suggest that the 
near-trench magmatism in western Washington 
and on Vancouver Island occurred at a ridge-
trench-trench triple junction, and we follow 
these authors by placing either the Kula–Faral-
lon–North America or Resurrection–Farallon–
North America triple junction on Vancouver 
Island between 51 and 49 Ma (Fig. 9B). Dates 
for near-trench magmatism in Washington 
are slightly younger than those on Vancouver 
Island (Fig. 8), albeit still within uncertainty, 
and may indicate that the triple junction was 
migrating southward at this time.

Initial disruption of the Swauk basin coin-
cided with the earliest forearc magmatism on 
Vancouver Island at ca. 51 Ma (Figs. 8 and 9) 
and was likely caused by accretion of both 
young (<2 Ma) and thick (10–20 km) oceanic 
crust belonging to Siletzia. The tectonic set-
ting required to generate such thickened crust 
remains enigmatic. However, the projected 
position of the Yellowstone hotspot during the 
Paleogene is in western Oregon (Johnston and 
Thorkelson, 2000), and northern Siletzia may 
represent oceanic crust developed at a spread-
ing ridge influenced by the presence of a mantle 
plume (e.g., McCrory and Wilson, 2013; Wells 
et al., 2014). The attempted subduction of 
northern Siletzia culminated in the development 
of a WNW-trending fold-and-thrust belt in the 
Swauk basin between 51.3 and 49.9 Ma (Fig. 
9B) and was followed by bimodal volcanism.

Uplift and the development of unconformi-
ties have been documented in other forearc 
basins during ridge-trench interaction (e.g., 
Gulick et al., 2002; Trop et al., 2003), indicat-
ing that it might be a common effect of this 
process. The driving force behind uplift may be 
shortening related to the subduction of young, 
buoyant crust (e.g., Cloos, 1993), development 

of dynamic topography above slab windows 
(e.g., Groome and Thorkelson, 2009; Guillaume 
et al., 2010), or some combination of the two 
processes. In the Swauk basin, shortening is 
linked to the accretion of Siletzia, which likely 
represented young, thick, and buoyant oceanic 
crust. The attempted subduction of such anoma-
lous crust may explain why shortening occurred 
from Vancouver Island to southern Oregon 
(Johnston and Acton, 2003; Wells et al., 2014), 
compared to the less pronounced shortening 
described from the Matanuska Valley–Talkeetna 
Mountains basin during Paleogene ridge-trench 
interaction (Trop et al., 2003) or the more local-
ized uplift and shortening associated with the 
modern Mendocino triple junction (McCrory, 
2000; Gulick et al., 2002).

Dextral strike-slip faulting began, or acceler-
ated, on the Entiat, Leavenworth, Darrington–
Devil’s Mountain, Eagle Creek, and Straight 
Creek–Fraser fault zones in western Washington 
immediately following the accretion of Siletzia 
at 51.3–49.9 Ma and lasted 5–15 m.y. Precise 
estimates for the offset on most of these faults 
are not available. However, we interpret the 
100–150 km of post–ca. 50 Ma displacement 
on the Straight Creek-Fraser fault as well as the 
initiation, or acceleration, of dextral motion on 
the other fault systems described in this paper to 
be indicative of a change to significant dextral 
motion along this part of the North American 
plate boundary. These faults form the south-
ern portion of series of major strike-slip faults 
that run through the northern Cordillera, each 
of which records large dextral displacements 
(>100 km) during the Late Cretaceous and early 
Cenozoic (Lanphere, 1978; Gabrielse, 1985; 
Wyld et al., 2006; Pavlis and Roeske, 2007). 
The driving force for this faulting was oblique 
motion between the Kula, and possibly the 
Resur rec tion, plate(s) and North America, and 
we infer that the initiation, or acceleration, of 
strike-slip motion in central and western Wash-
ington marks the southward migration, or jump, 
of the Kula–Farallon–North America or Resur-
rection–Farallon–North America triple junction 
following accretion of Siletzia (Fig. 9C).

Near-trench magmatism to the south of our 
field area that may mark the location of the triple 
junction after the events discussed in this paper 
includes a regional series of gabbroic sills that 
are found from western Washington to southern 
Oregon constrained to between 46 and 42 Ma 
in age and the 42–34 Ma bimodal Tillamook, 
Yachats, Cascade Head, and Grays River vol-
canics (Chan et al., 2012; Wells et al., 2014). 
However, the tectonic setting for this magma-
tism is controversial, and it may represent near-
trench magmatism related to ridge-trench inter-
action (Wells et al., 1984; Madsen et al., 2006), 
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magmatism related to the Yellowstone hotspot 
(Wells et al., 2014), or a combination of the two 
settings (Chan et al., 2012).

CONCLUSIONS

The relationship between structurally isolated 
Paleogene nonmarine sedimentary sequences 
in central and western Washington has been 
a long-standing problem. The high-precision 
U-Pb zircon geochronology presented in this 
paper allows their temporal correlation and 
reveals a semicontinuous and self-consistent 
stratigraphy from ca. 60 to 45 Ma. Restoration 
of 100–150 km of dextral motion on the Straight 
Creek–Fraser fault places the Chuckanut, 
Manas tash, and Swauk Formations adjacent to 
one another, and, on the basis of sedimentologi-
cal and temporal similarities, we consider these 
formations to have formed a single sedimentary 
basin from ≤59.9 to >49.9 Ma, which we call the 
Swauk basin. This basin was deposited along 
westward-flowing streams from ≤59.9 Ma to 
51.3 Ma, but it experienced significant disrup-
tion between 51.3 Ma and >49.9 Ma, starting 
with a reversal in paleoflow direction and cul-
minating in basin inversion and the development 
of a WNW-trending fold belt that we attribute 
to the attempted subduction of young, thick, 
and buoyant oceanic crust belonging to Siletzia. 
Following the accretion of Siletzia, the Swauk 
basin was dismembered by dextral strike-slip 
faults, and the Chumstick strike-slip basin 
formed between the Entiat and Leavenworth 
faults. Sedimentary rocks belonging to the Ros-
lyn basin are ≤45.9 Ma and span the Entiat, 
Eagle Creek, and Leavenworth fault zones, 
precluding significant strike-slip faulting on 
these structures during its deposition. However, 
strike-slip faulting may have continued on the 
Straight Creek–Fraser fault until 35–30 Ma. The 
record of Paleogene sediment accumulation, 
volcanism, and strike-slip faulting described in 
this paper can be linked to events along the plate 
margin, and we consider the initiation, or accel-
eration, of dextral strike-slip faulting in central 
and western Washington to mark the southward 
migration of the Kula-Farallon or Resurrection-
Farallon Ridge along the North American mar-
gin. This interpretation is consistent with the 
timing of near-trench and geochemically anom-
alous backarc magmatism at this latitude, and 
it provides further support for the presence of 
one of these ridges along this part of the Pacific 
Northwest during the early Eocene.

APPENDIX A

Zircons were separated from each sample using 
standard crushing and density separation techniques. 
Rocks were first sledged to <1 cm3 pieces and then 

subjected to repeated short-duration runs (<5 s) in 
a Spex Shatterbox in an effort to liberate individual 
mineral grains. This material was then sieved through 
a 500 µm mesh, and the resulting <500 µm fraction 
was washed by hand for an initial, crude density 
separation. The remaining sample was run through a 
Frantz magnetic separator at 0.6 A/20°. A final den-
sity separation was done using methyl iodide (MeI) 
on the nonmagnetic fraction, and a pure zircon sepa-
rate was obtained by handpicking under a binocular 
microscope.

Individual zircons selected for CA-ID-TIMS 
analysis were annealed at 900 °C for 60 h and then 
partially digested in 29 M HF in a Parr vessel held 
at 215 °C for 12 h. The partially digested grains 
were rinsed in ultrapure H2O, fluxed on a hot plate 
(~80 °C) in 6.2 N HCl, re-rinsed in ultrapure H2O, 
and loaded into individual Teflon microcapsules. The 
capsules were spiked with the EARTHTIME 205Pb-
233U-235U isotopic tracer (Condon et al., 2015), and 
the partially digested grains were completely dis-
solved in 29 M HF in a Parr vessel held at 215 °C 
for 48 h. The resulting solutions were dried down, 
dissolved in 6.2 N HCl, and held at 180 °C for ~12 h. 
Samples were then converted to 3 N HCl, and U and 
Pb were separated on anion exchange columns fol-
lowing the procedure of Krogh (1973). The samples 
were then dried down to a chloride salt, redissolved 
in silica gel, and loaded onto outgassed, zone-refined 
Re filaments for TIMS analysis.

All isotopic measurements were made on either 
the VG Sector 54 or Isotopx X62 TIMS at the Massa-
chusetts Institute of Technology. Pb isotopes were 
measured by peak hopping on a Daly detector and 
corrected for fractionation based on repeat analyses 
of the NBS 981 Pb isotopic standard. U was mea-
sured statically on Faraday cups and corrected for 
fractionation using the 233U-235U double spike. We 
assumed that zircon grains incorporated no initial 
Pb during crystallization and that all measured 204Pb 
came from the laboratory blank (Pbc). The mass of 
Pbc measured in all the analyses in this paper is in-
distinguishable from the range of Pbc seen in total 
procedural blanks and provides strong support for 
the assumption. We corrected all Pb isotopic ratios 
for laboratory blank using 206Pb/204Pb = 17.910828 ± 
0.371937, 207Pb/204Pb = 15.204620 ± 0.261366, and 
208Pb/204Pb = 36.841963 ± 0.726065 (1σ, absolute) 
based on 53 total procedural blanks measured be-
tween August 2013 and January 2015. All analyses 
were corrected for exclusion of 230Th during zircon 
crystallization. The 230Th isotope is a long-lived 
(half-life [t1/2] = 75.380 k.y.) daughter product of 
238U, and its preferential exclusion from zircon can 
result in a 238U/206Pb date that is too young by as 
much as ~100 k.y. We corrected for this initial 230Th 
deficiency using a calculated Th/U for the zircon and 
an assumed Th/U ratio of 2.8 ± 1 (2σ) for the magma 
(Machlus et al., 2015). Data reduction was done us-
ing the U-Pb_Redux software package (Bowring 
et al., 2011) and used the decay constants for 238U 
and 235U presented in Jaffey et al. (1971). All isotopic 
data are reported in Table DR1 and shown on con-
cordia plots in Figure DR1 (see footnote 1). Only the 
youngest population of zircon dates for each sample 
is shown in Figure DR1 (see footnote 1). For dates of 
zircon grains that we interpret as detrital, please refer 
to Table DR1 (see  footnote 1).

Dates for four of the samples presented in this 
 paper were previously reported in McLean (2011) and 
differ by up to ~20 k.y. This difference arises from 
addi tional zircon analyses and the application of a new 
laboratory blank isotopic composition.
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TABLE DR1: CA-IDTIMS U-Pb ZIRCON GEOCHRONOLOGY RESULTS 
 Dates Composition Isotopic Ratios 

Frac. 
206Pb/ 
238U* 

2σ 
abs. 

207Pb/ 
235U† 

2σ 
abs. 

207Pb/ 
206Pb† 

2σ 
abs. % Disc.§ Corr. 

Coef. 
Th/ 
U# 

Pbc 
(pg)** 

Pb*/ 
Pbc

†† 

206Pb/ 
204Pb§§ 

208Pb/ 
206Pb## 

206Pb/ 
238U*,## 

2σ 
% 

207Pb/ 
235U## 

2σ 
% 

207Pb/ 
206Pb*,## 

2σ 
% 

 
NC-203 
z1 57.23 0.32 57.7 4.7 83 190 31.09 0.312 0.43 0.25 2 157 0.138 0.008917 0.57 0.0585 8.3 0.047615 8.1 
z2 57.083 0.060 57.15 0.67 63 28 9.69 0.445 0.74 0.20 20 1100 0.238 0.008894 0.11 0.05789 1.2 0.047230 1.2 
z3 56.98 0.10 55.4 1.4 -9 59 700.88 0.387 0.38 0.22 8 517 0.121 0.008878 0.18 0.0560 2.5 0.045810 2.5 
z4 57.03 0.17 56.9 2.3 54 98 -5.96 0.293 0.47 0.33 5 301 0.150 0.008885 0.30 0.0576 4.2 0.047035 4.1 
z5 56.86 0.16 56.3 2.1 34 89 -64.59 0.381 0.50 0.29 5 341 0.161 0.008860 0.28 0.0570 3.8 0.046659 3.7 
zl 56.70 0.12 56.8 1.2 64 47 12.00 0.482 0.45 0.31 11 646 0.146 0.008835 0.21 0.0575 2.1 0.047244 2.0 
zm 57.10 0.10 55.6 1.4 -6 60 1099.13 0.473 0.34 0.38 10 610 0.109 0.008896 0.18 0.0563 2.6 0.045880 2.5 
zn 56.973 0.049 56.92 0.48 58 20 2.63 0.308 0.59 0.30 26 1514 0.188 0.008877 0.086 0.05766 0.87 0.047132 0.85 
zo 56.855 0.069 56.82 0.57 59 23 4.22 0.545 0.35 0.44 22 1385 0.112 0.008859 0.12 0.05755 1.0 0.047140 0.98 
zp 57.073 0.074 57.13 0.81 63 34 10.13 0.383 0.46 0.60 14 829 0.148 0.008893 0.13 0.05788 1.5 0.047226 1.4 
zq 57.15 0.21 59.3 2.9 149 120 61.70 0.320 0.58 0.91 4 240 0.186 0.008905 0.37 0.0601 5.1 0.048972 5.0 
zu 57.57 0.22 58.4 3.1 97 120 40.95 0.329 0.59 1.13 4 229 0.189 0.008971 0.38 0.0592 5.4 0.047911 5.3 
zv 56.92 0.16 57.5 2.2 84 92 32.08 0.351 0.36 0.57 5 309 0.114 0.008869 0.29 0.0582 4.0 0.047627 3.9 
zw 57.023 0.083 57.69 0.97 89 40 36.12 0.367 0.49 0.49 11 681 0.157 0.008885 0.15 0.0585 1.7 0.047741 1.7 
zy 56.88 0.40 56.1 5.6 28 240 -106.45 0.405 0.30 0.32 2 138 0.098 0.008862 0.71 0.0568 10 0.046517 10 
zz 56.85 0.18 57.1 2.5 71 100 20.29 0.392 0.46 0.41 5 288 0.147 0.008858 0.32 0.0578 4.5 0.047381 4.3 
 
NC-MPE-016 
z5-1 67.894 0.038 67.94 0.13 73.1 4.1 7.23 0.538 0.31 0.42 150 9341 0.098 0.010588 0.056 0.06920 0.20 0.047427 0.17 
z71-1 59.919 0.098 60.7 1.3 94 52 36.46 0.316 0.40 1.03 8 518 0.127 0.009338 0.16 0.0616 2.2 0.047843 2.2 
z81-1 69.14 0.16 67.3 2.2 7 78 -845.14 0.264 0.27 0.51 6 404 0.087 0.010784 0.24 0.0686 3.3 0.046141 3.3 
 
NC-190 
z1       51.313 0.073 51.24 0.79 52 37 2.42 0.370 0.34 0.57 12 750 0.108 0.007992 0.14 0.05176 1.6 0.046998 1.5 
z3       51.40 0.14 52.1 1.6 88 74 41.82 0.248 0.44 0.68 6 389 0.141 0.008006 0.27 0.0526 3.2 0.047712 3.1 
z4       52.262 0.082 54.22 0.84 146 36 64.28 0.380 0.35 0.40 12 760 0.113 0.00814 0.16 0.05485 1.6 0.048895 1.5 
z5       51.291 0.08 51.71 0.79 75 37 31.94 0.239 0.48 0.97 13 784 0.155 0.007988 0.16 0.05224 1.6 0.047454 1.5 
z6       51.78 0.13 52.6 1.5 95 67 45.67 0.396 0.33 0.96 7 438 0.105 0.008065 0.26 0.0532 2.9 0.047849 2.8 
z7       51.63 0.13 52.1 1.8 76 82 32.27 0.371 0.27 0.65 5 352 0.087 0.008041 0.26 0.0526 3.5 0.047464 3.5 
z8       51.364 0.047 51.65 0.51 70 24 26.26 0.281 0.31 0.68 18 1130 0.099 0.008 0.092 0.05219 1.0 0.047334 1.0 
z9       51.46 0.14 50.9 1.9 28 91 -83.94 0.331 0.22 0.58 5 324 0.072 0.008015 0.28 0.0514 3.9 0.046514 3.8 
z13      51.414 0.061 51.41 0.66 55 31 7.49 0.214 0.32 0.47 15 925 0.102 0.008008 0.12 0.05193 1.3 0.047056 1.3 
z14      51.482 0.082 52.15 0.92 87 42 41.15 0.390 0.26 0.38 11 706 0.084 0.008018 0.16 0.05270 1.8 0.047688 1.8 
z15      51.84 0.11 52.5 1.4 89 62 41.96 0.350 0.27 0.39 7 451 0.087 0.008074 0.21 0.0531 2.7 0.047726 2.6 
 
NC-MPE-358B 
z1       76.09 0.11 75.5 1.3 61 41 -24.04 0.379 0.37 0.55 11 700 0.118 0.011874 0.14 0.0772 1.8 0.047201 1.7 
z2       52.95 0.33 52.6 5.0 42 230 -26.02 0.331 0.88 0.27 2 142 0.282 0.008248 0.63 0.0532 9.8 0.046813 9.6 
z3       51.548 0.042 51.51 0.40 54 18 5.39 0.383 0.28 0.41 25 1593 0.089 0.008028 0.081 0.05204 0.80 0.047033 0.77 
z4       89.951 0.093 89.82 0.93 89 25 -1.13 0.305 0.26 0.24 19 1198 0.083 0.014051 0.1 0.0925 1.1 0.047759 1.1 
z5       90.97 0.18 89.8 1.8 62 50 -46.68 0.328 0.29 0.29 10 655 0.091 0.014211 0.2 0.0925 2.1 0.047222 2.1 
z6       90.156 0.060 90.36 0.28 98.4 6.8 8.52 0.608 0.13 0.35 72 4719 0.042 0.014084 0.067 0.09307 0.32 0.047950 0.29 
z7       92.52 0.14 92.2 1.6 87 42 -5.86 0.53 0.27 0.37 11 738 0.087 0.014456 0.15 0.0951 1.9 0.047729 1.8 
z8       51.43 0.11 52.1 1.5 88 66 41.99 0.324 0.21 0.66 6 421 0.069 0.008010 0.21 0.0527 2.9 0.047710 2.8 
z9       89.71 0.20 89.8 2.6 95 70 5.31 0.291 0.25 0.33 6 411 0.080 0.014014 0.22 0.0925 3 0.047875 3.0 
z10      89.312 0.092 89.4 1.0 95 28 6.35 0.339 0.17 0.57 15 975 0.054 0.013951 0.1 0.0921 1.2 0.047886 1.2 
z11      89.87 0.47 89.5 6.3 83 170 -7.64 0.33 0.30 0.23 3 184 0.096 0.014039 0.52 0.0922 7.3 0.047650 7.1 
z13      93.03 0.37 103.9 4.6 363 100 74.38 0.362 0.15 0.21 4 247 0.047 0.014537 0.4 0.1077 4.7 0.053765 4.5 
z14      51.496 0.039 51.16 0.33 40 15 -27.89 0.418 0.18 0.23 31 1998 0.056 0.008020 0.076 0.05168 0.66 0.046751 0.63 
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NC-MPE-419B 
z1       51.397 0.091 51.5 1.2 61 56 15.93 0.324 0.43 0.49 8 492 0.138 0.008005 0.18 0.0520 2.4 0.047170 2.4 
z3       51.287 0.070 51.45 0.87 63 40 19.36 0.395 0.39 0.31 12 732 0.125 0.007988 0.14 0.05198 1.7 0.047217 1.7 
z4       51.315 0.089 50.60 0.87 21 40 -142.13 0.468 0.34 0.44 14 877 0.109 0.007992 0.17 0.05109 1.8 0.046387 1.7 
z6       51.277 0.039 50.93 0.36 39 17 -30.31 0.3 0.32 0.25 29 1840 0.103 0.007986 0.076 0.05144 0.72 0.046738 0.70 
z7       51.332 0.041 51.35 0.30 57 14 9.49 0.431 0.31 0.25 33 2054 0.101 0.007995 0.079 0.05187 0.60 0.047078 0.57 
z9       51.833 0.092 50.5 1.6 -8 79 725.23 0.393 0.36 0.32 7 468 0.115 0.008073 0.18 0.0510 3.3 0.045825 3.3 
 
NC-MPE-420B 
z1       49.178 0.035 49.23  0.29 56 14 12.61 0.301 0.53 0.20 39  2278   0.168 0.007658 0.072 0.04968  0.61 0.047074 0.59 
z3       48.999 0.029 49.044 0.081 55.9 3.7 12.57 0.451 0.31 0.22 164 10241   0.100 0.007630 0.059 0.049486 0.17 0.047060 0.15 
z5       49.040 0.035 49.07  0.25 55 12 11.00 0.329 0.50 0.20 39  2328   0.160 0.007636 0.072 0.04952  0.53 0.047049 0.51 
 
NC-MPE-421 
z1       50.07 0.24 52.4 3.4 166 150 69.82 0.298 0.38 0.91 3 179 0.123 0.007798 0.48 0.0530 6.7 0.049304 6.5 
z2       50.21 0.45 52.6 6.6 167 300 70.06 0.309 0.51 0.76 1 103 0.162 0.007819 0.90 0.0532 13 0.049346 13 
z3       50.30 0.61 54.2 9.0 236 390 78.74 0.328 0.47 1.14 1 84 0.151 0.007833 1.2 0.0549 17 0.050827 17 
z4       49.99 0.26 51.8 3.7 139 170 64.03 0.301 0.45 1.50 2 166 0.144 0.007784 0.52 0.0523 7.4 0.048743 7.3 
z5       49.85 0.12 47.2 1.6 -81 85 161.08 0.388 0.34 0.22 6 395 0.110 0.007764 0.24 0.0476 3.5 0.044462 3.5 
z7       49.84 0.13 48.6 1.7 -9 83 651.78 0.435 0.43 0.24 6 389 0.138 0.007761 0.26 0.0490 3.5 0.045810 3.4 
z9       50.14 0.11 51.0 1.5 94 69 46.71 0.471 0.39 0.19 7 459 0.124 0.007809 0.23 0.0515 3.0 0.047824 2.9 
z10      50.001 0.09 50.7 1.2 88 58 43.04 0.324 0.38 0.25 8 479 0.122 0.007787 0.18 0.0512 2.5 0.047696 2.4 
 
NC-MPE-436 
z1       49.716 0.051  49.47 0.38 42 18 -17.59 0.340 0.31 0.30 28  1784   0.099 0.007742 0.10 0.04993 0.78 0.046792 0.75 
z2       49.82  0.12  49.9  1.7 60 81 17.09 0.301 0.41 0.83 5   348   0.132 0.007759 0.24 0.0504  3.5 0.047146 3.4 
z3       49.62  0.15  49.8  2.1 65 100 23.82 0.293 0.52 0.89 4   274   0.166 0.007728 0.30 0.0503  4.4 0.047249 4.3 
z7       49.677 0.048  49.43 0.47 42 23 -17.91 0.167 0.25 0.25 20  1306   0.081 0.007736 0.098 0.04988 0.97 0.046787 0.96 
z9       49.756 0.075  49.60 0.89 46 42 -8.20 0.443 0.68 0.22 13   748   0.218 0.007748 0.15 0.05006 1.8 0.046878 1.8 
z11      49.746 0.053  49.93 0.34 63 16 21.67 0.445 0.25 0.21 32  2054   0.080 0.007747 0.11 0.05040 0.70 0.047207 0.66 
z12      49.661 0.064  49.21 0.50 32 23 -54.62 0.508 0.20 0.28 25  1603   0.065 0.007733 0.13 0.04966 1.0 0.046590 0.98 
 
NC-MPE-356 
z5       49.395 0.063 49.48 0.83 58 40 15.26 0.241 0.47 0.40 11 695 0.151 0.007692 0.13 0.04994 1.7 0.047112 1.7 
z7       49.55 0.11 49.8 1.6 66 75 24.77 0.343 0.42 0.52 6 383 0.135 0.007716 0.22 0.0503 3.2 0.047260 3.2 
z8       49.372 0.077 49.9 1.0 81 48 38.85 0.381 0.41 0.34 10 594 0.132 0.007688 0.16 0.0504 2.1 0.047555 2.0 
z9       49.35 0.16 49.0 2.2 35 110 -40.03 0.344 0.51 0.32 4 275 0.162 0.007685 0.32 0.0494 4.6 0.046661 4.5 
z10      49.285 0.052 48.77 0.65 28 32 -76.31 0.343 0.49 0.30 16 953 0.155 0.007675 0.11 0.04920 1.4 0.046519 1.3 
z11      49.38 0.13 48.5 1.7 12 85 -311.81 0.347 0.44 0.36 6 356 0.139 0.007689 0.26 0.0490 3.6 0.046210 3.5 
 
ED072413-147 
z1       49.24  0.17  50.7  2.4 123 110 59.91 0.306 0.46 0.90 4   243   0.148 0.007667 0.34 0.0511  4.9 0.048409 4.8 
z2       49.17  0.14  49.8  2.0 83 94 41.11 0.308 0.38 1.11 5   296   0.120 0.007656 0.28 0.0502  4.0 0.047608 4.0 
z3       49.147 0.058  49.64 0.80 78 39 37.24 0.258 0.41 0.44 12   713   0.131 0.007653 0.12 0.05011 1.7 0.047506 1.6 
z4       85.3   1.0  91    14 243 360 64.95 0.303 0.46 1.12 1    84   0.148 0.013326 1.2 0.094   16 0.051021 16 
z5       49.08  0.13  49.9  1.9 92 92 46.94 0.306 0.31 0.63 5   310   0.099 0.007642 0.28 0.0503  3.9 0.047786 3.9 
z6       49.32  0.24  51.2  3.5 143 160 65.54 0.295 0.47 0.62 3   176   0.151 0.007680 0.49 0.0517  6.9 0.048828 6.8 
z7       49.119 0.089  49.5  1.2 70 58 30.14 0.347 0.55 0.51 8   491   0.175 0.007649 0.18 0.0499  2.5 0.047352 2.4 
z8       51.42  0.77  60    11 429 420 88.04 0.327 0.45 0.95 1    69   0.143 0.008008 1.5 0.061   19 0.055347 19 
 
NC-MPE-359 
z1       48.987 0.091 48.9 1.3 50 62 3.08 0.351 0.49 0.44 8 466 0.156 0.007628 0.19 0.0494 2.6 0.046959 2.6 
z2       48.95 0.24 49.7 3.5 88 170 44.70 0.301 0.41 0.63 3 175 0.133 0.007622 0.49 0.0501 7.1 0.047710 7 
z3       66.34 0.87 75 12 359 380 81.53 0.281 0.39 5.65 1 75 0.123 0.010345 1.3 0.076 17 0.053652 17 
z4       49.13 0.74 54 11 270 470 81.85 0.312 0.61 1.88 1 68 0.196 0.007651 1.5 0.054 21 0.051590 20 
z5       49.18 0.24 51.2 3.5 149 160 67.16 0.307 0.33 1.55 3 173 0.104 0.007658 0.50 0.0517 7.1 0.048960 6.9 
z6       49.13 0.22 50.3 3.2 110 150 55.41 0.332 0.49 0.24 3 206 0.156 0.007651 0.44 0.0508 6.4 0.048152 6.3 
z7       49.10 0.29 50.0 4.1 97 190 49.30 0.439 0.40 0.36 2 168 0.129 0.007645 0.59 0.0504 8.4 0.047878 8.2 



NC-MPE-359 (Cont’d) 
z9 48.95 0.1 48.8 1.4 47 70 -4.96 0.322 0.53 0.51 7 407 0.169 0.007623 0.21 0.0493 3 0.046884 2.9 
z10      48.931 0.048 48.85 0.54 50 26 1.37 0.385 0.38 0.39 18 1090 0.123 0.007619 0.099 0.04929 1.1 0.046937 1.1 
 
ED062313-035 
z1       48.548 0.034  48.57 0.22 54 11 10.56 0.295 0.36 0.61 45  2784   0.115 0.007559 0.071 0.04899 0.46 0.047027 0.44 
z2       48.76  0.21  50.1  3.1 118 140 58.64 0.303 0.35 1.58 3   195   0.113 0.007592 0.44 0.0505  6.3 0.048302 6.1 
z3       48.79  0.26  49.8  3.7 104 180 53.30 0.363 0.35 0.35 2   171   0.112 0.007597 0.54 0.0503  7.6 0.048029 7.5 
z4       48.494 0.034  48.33 0.34 45 17 -7.88 0.203 0.45 0.66 31  1855   0.145 0.007551 0.070 0.04875 0.72 0.046847 0.70 
z5       48.662 0.044  48.77 0.50 59 25 17.62 0.333 0.38 0.52 18  1130   0.122 0.007577 0.092 0.04921 1.1 0.047122 1.0 
z6       48.525 0.032  48.65 0.14 59.5 6.6 18.58 0.349 0.37 0.43 74  4529   0.117 0.007556 0.067 0.04908 0.29 0.047132 0.28 
z7       48.510 0.032  48.46 0.34 51 17 4.93 0.208 0.36 0.36 30  1839   0.116 0.007553 0.066 0.04889 0.71 0.046963 0.70 
z8       48.541 0.051  48.44 0.62 48 30 -0.71 0.360 0.38 0.47 15   953   0.123 0.007558 0.10 0.04886 1.3 0.046908 1.3 
z9       48.531 0.061  48.58 0.79 56 39 12.88 0.330 0.36 0.40 11   723   0.115 0.007557 0.13 0.04901 1.7 0.047055 1.6 
 
NC-MPE-365B 
z1       48.290 0.046 48.45 0.45 61 22 20.36 0.432 0.56 0.19 24 1392 0.180 0.007519 0.095 0.04887 0.94 0.047159 0.91 
z2       48.376 0.036 48.53 0.21 60.7 9.9 20.49 0.351 0.49 0.19 55 3277 0.155 0.007533 0.075 0.04896 0.43 0.047161 0.41 
z3       48.41 0.48 49.0 6.9 83 340 42.03 0.321 0.46 0.67 1 97 0.147 0.007538 1.0 0.0495 14 0.047611 14 
z4       163.00 0.87 160 11 115 170 -41.18 0.299 0.53 0.52 3 173 0.170 0.025608 0.54 0.171 7.4 0.048325 7.3 
z5       68.72 0.39 69.6 5.2 104 180 33.96 0.375 0.51 0.37 3 168 0.163 0.010717 0.57 0.0710 7.8 0.048054 7.6 
z6       67.28 0.19 69.0 2.6 132 88 49.15 0.321 0.67 0.44 5 314 0.214 0.010492 0.28 0.0703 3.8 0.048636 3.7 
z7       67.82 0.58 70.0 8 148 270 54.12 0.361 0.57 0.30 2 118 0.181 0.010576 0.86 0.0714 12 0.048955 12 
 
STC62-1 
z2       48.191 0.048  48.35 0.38 61 19 20.56 0.180 0.59 0.41 28  1656   0.190 0.007504 0.10 0.04877 0.80 0.047161 0.79 
z3       48.172 0.062  48.06 0.72 47 35 -2.19 0.425 0.38 0.34 13   830   0.120 0.007501 0.13 0.04847 1.5 0.046886 1.5 
z4       48.176 0.048  48.06 0.60 47 30 -3.25 0.128 0.49 0.38 16   969   0.155 0.007501 0.10 0.04847 1.3 0.046881 1.3 
z6       68.397 0.057  68.28 0.37 68 13 -1.19 0.433 0.40 0.59 39  2361   0.126 0.010667 0.083 0.06956 0.56 0.047318 0.53 
z7       48.201 0.059  48.37 0.82 61 41 21.76 0.254 0.43 0.58 11   703   0.138 0.007505 0.12 0.04879 1.7 0.047173 1.7 
z8       48.22  0.12  48.6  1.7 72 83 32.91 0.335 0.56 0.67 6   339   0.179 0.007508 0.26 0.0490  3.6 0.047382 3.5 
 
NMNC366-2 
z1       47.967 0.048 48.07 0.52 58 26 17.33 0.375 0.47 0.88 18 1108 0.150 0.007469 0.1 0.04848 1.1 0.047104 1.1 
z2       47.994 0.092 48.1 1.3 57 63 16.06 0.362 0.49 0.98 7 460 0.156 0.007473 0.19 0.0485 2.7 0.047088 2.6 
z7       47.984 0.064 48.39 0.77 73 38 34.24 0.375 0.49 0.55 12 756 0.156 0.007471 0.13 0.04881 1.6 0.047400 1.6 
z10      47.995 0.038 48.01 0.36 53 17 9.77 0.376 0.52 0.56 27 1619 0.166 0.007473 0.08 0.04842 0.76 0.047010 0.73 
z11      48.012 0.043 48.16 0.37 60 18 20.45 0.289 0.43 0.35 25 1514 0.137 0.007476 0.089 0.04858 0.78 0.047148 0.76 
z12      47.952 0.036 48.03 0.25 56 12 14.95 0.323 0.60 0.52 40 2288 0.193 0.007466 0.075 0.04844 0.54 0.047076 0.52 
 
ED070113-063 
z39      47.879 0.040 48.05 0.14 61.4 7 22.13 0.170 0.43 0.38 98 5892 0.136 0.007455 0.083 0.04846 0.30 0.04717 0.29 
z69      47.847 0.085 47.1 1.1 16 54 -192.31 0.411 0.46 0.55 10 637 0.146 0.007450 0.18 0.04750 2.3 0.046292 2.2 
 
ED071613-127 
z08      47.364 0.074 47.06 0.70 36 34 -30.04 0.647 0.48 0.30 15 929 0.152 0.007374 0.16 0.04744 1.5 0.046679 1.4 
z99      46.902 0.076 44.29 0.81 -90 44 151.91 0.377 0.31 0.32 10 655 0.099 0.007302 0.16 0.04458 1.9 0.044297 1.8 
 
NC-MPE-015 
z4-5     48.875 0.065 48.90 0.11 55.0 3.9 11.34 0.687 0.28 0.50 161 10136 0.088 0.007611 0.13 0.04934 0.22 0.047041 0.16 
z6-8     49.513 0.029 49.496 0.080 52.4 3.4 5.69 0.578 0.82 0.25 325 17675 0.263 0.007710 0.059 0.049954 0.17 0.047011 0.14 
z7-8a    49.18 0.91 58 14 447 530 89.01 0.398 0.45 0.45 1 62 0.145 0.007658 1.9 0.059 24 0.055782 24 
z7-8b    48.80 0.11 48.0 1.6 14 79 -241.13 0.317 0.31 0.35 6 370 0.100 0.007600 0.23 0.0484 3.4 0.046249 3.3 
 
NC-MPE-014 
z3-1     49.010 0.029 49.019 0.089 54.1 3.8 9.64 0.578 0.33 0.36 142 8783 0.107 0.007632 0.059 0.049460 0.19 0.047026 0.16 
z13-1    50.132 0.040 50.20 0.31 57 15 11.63 0.248 0.93 0.34 45 2393 0.298 0.007807 0.080 0.05068 0.62 0.047099 0.61 
z88-1    47.580 0.028 47.74 0.14 59.8 6.6 20.60 0.359 0.70 0.29 99 5576 0.223 0.007408 0.060 0.04814 0.29 0.047149 0.27 



NC-MPE-014 (Cont’d) 
z93-1    49.258 0.047 49.59 0.60 69 29 29.20 0.278 0.66 0.72 17 996 0.213 0.007670 0.095 0.05005 1.2 0.047342 1.2 
 
NC-MPE-020 
z3       45.889 0.045 45.85 0.49 48 25 5.31 0.307 0.53 0.86 18 1089 0.170 0.007144 0.099 0.04619 1.1 0.046914 1.1 
z4       45.911 0.063 46.28 0.61 70 31 34.95 0.238 0.37 0.98 14 879 0.117 0.007147 0.14 0.04664 1.3 0.047344 1.3 
z5       45.932 0.043 45.82 0.38 45 20 -2.95 0.293 0.55 1.03 23 1376 0.175 0.007151 0.094 0.04616 0.86 0.046839 0.83 
z6       45.907 0.032 46.09 0.21 60 11 24.07 0.248 0.58 0.39 44 2566 0.186 0.007147 0.070 0.04644 0.47 0.047152 0.46 
 
NC-MPE-417A 
z1       25.613 0.023  25.58 0.13 32 12 20.69 0.284 0.24 0.91 37  2363   0.078 0.003981 0.090 0.02552 0.53 0.046506 0.51 
z2       25.625 0.037  25.95 0.50 66 45 61.15 0.340 0.20 0.82 9   606   0.063 0.003983 0.14 0.02589 2.0 0.047160 1.9 
z3       25.662 0.083  26.1  1.2 74 110 65.29 0.300 0.47 1.25 4   253   0.151 0.003989 0.32 0.0260  4.8 0.047338 4.7 
z4       25.587 0.027  25.45 0.36 21 33 -22.19 0.318 0.47 0.94 14   867   0.152 0.003977 0.11 0.02538 1.4 0.046303 1.4 
z5       25.685 0.094  26.6  1.4 116 120 77.90 0.299 0.39 0.75 3   225   0.126 0.003992 0.37 0.0265  5.3 0.048183 5.2 
z6       25.616 0.039  25.91 0.53 62 49 59.15 0.329 0.19 0.91 8   564   0.060 0.003982 0.15 0.02584 2.1 0.047095 2.0 
 
NC-MPE-418 
z1       24.234 0.025  24.22 0.22 31 22 23.33 0.280 0.45 0.22 30  1793   0.145 0.003766 0.10 0.02414 0.93 0.046498 0.90 
z2       24.206 0.018  24.19 0.14 32 14 25.35 0.242 0.36 0.17 39  2392   0.117 0.003762 0.073 0.02411 0.58 0.046507 0.56 
z3       24.217 0.015  24.31 0.12 43 11 43.82 0.391 0.35 0.27 41  2527   0.112 0.003764 0.064 0.02423 0.49 0.046713 0.47 
* Corrected for initial Th/U disequilibrium using radiogenic 208Pb and Th/U[Magma]=2.8±0.5. 
† Isotopic dates calculated using the decay constants λ238 = 1.55125E-10 and λ235 = 9.8485E-10 (Jaffey et al. 1971).  
§ % discordance = 100 - (100 * (206Pb/238U date) / (207Pb/206Pb date)) 
# Th contents calculated from radiogenic 208Pb and the 207Pb/206Pb date of the sample, assuming concordance between U-Th and Pb systems. 
**  Total mass of common Pb. 
†† Ratio of radiogenic Pb (including 208Pb) to common Pb. 
§§ Measured ratio corrected for fractionation and spike contribution only. 
## Measured ratios corrected for fractionation, tracer and blank. 
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FIGURE DR1: CA-IDTIMS U-Pb zircon geochronology results presented as traditional concordia diagrams.
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