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Revised ages of blueschist metamorphism and the
youngest pre-thrusting rocks in the San Juan
Islands, Washington

E.H. Brown, T.J. Lapen, R. Mark Leckie, Isabella Premoli Silva, Davide Verga,
and B.S. Singer

Abstract: New ages of rocks in the San Juan Islands, northwest Washington. significantly change our understanding of
the evolution of the San Juan Islands thrust system. Re-examination of foraminifera-bearing mudstones at Richardson
on Lopez Island indicates a late Aptian (112-115 Ma), not late Albian (100 Ma) age as currently presented in the literature.
The age brackets of thrusting, marked by these pre-thrusting mudstones and 84-Ma post-thrusting sedimentary rocks,
span a much longer period than previously thought, diminishing controls on rates of displacement in the thrust system
and the timing of regional deformation in western Washington. New “°Ar/*?Ar plateau ages of phengite in blueschist-facies
meta-volcanic rock, also at Richardson, are 124 = 0.7 Ma (20, late Barremian). These blueschist-facies volcanic rocks
are in fault contact with the fossiliferous mudstones. Therefore, the blueschist-facies metamorphism at Richardson,
previously inferred to be associated with the thrusting, now appears to have occurred prior to thrusting. Further, the Ar
ages demonstrate that blueschist-facies fabric formed earlier than the thrust event and is therefore not directly useful in
analyzing the thrusting kinematics. The Richardson *’Ar/*?Ar age is similar to isotopic ages found in the eastern San
Juan Islands and in the Shuksan blueschist terrane in the northwest Cascades, and thus fits into an emerging regional
age pattern of blueschist-facies metamorphism during Late Jurassic — Early Cretaceous (up to Barremian) but not late
Albian — Cenomanian. If this pattern is more broadly confirmed for the San Juan Islands, all the blueschist-facies
metamorphism can be regarded as having formed in subduction zones elsewhere along the continental margin rather
than in the anomalous setting of an on-land thrust system, as in the San Juan Islands.

Résumé : De nouveaux dges pour les roches des fles San Juan, dans le nord-ouest de I'état de Washington, changent
profondément notre compréhension de I'évolution du systeéme de chevauchement San Juan. Un réexamen des mudstones
foraminiféres, 4 Richardson, sur I'fle Lopez, indique un dge Aptien tardif (112-115 Ma) et non Albien tardif (100 Ma)
tel qu’indiqué actuellement dans la littérature. Les plages d’ages pour le chevauchement, marquées par ces mudstones
précédant le chevauchement et des roches sédimentaires 84 Ma postérieures au chevauchement, couvrent une période
beaucoup plus grande que stipulée antérieurement, diminuant les contréles sur les taux de déplacement dans le systeme
de chevauchement et le moment de la déformation régionale dans 1"ouest de I'état de Washington. De nouveaux dges
plateaux *’Ar/?Ar de la phengite dans des roches volcaniques au faciés des schistes bleus, aussi 2 Richardson, datent
de 124 + (.7 Ma (2¢. Barrémien tardif). Ces roches volcaniques au faciés des schistes bleus sont en contact de faille
avec les mudstones fossiliferes. Donc, & Richardson, le métamorphisme au faciés des schistes bleus, que I'on croyait
antérieurement étre associé au chevauchement, semble maintenant avoir eu lieu avant le chevauchement. De plus, les
dges Ar démontrent que la texture du faciés des schistes bleus s’est formé avant I'événement de chevauchement et n'est
donc pas directement utile pour analyser la cinématique du chevauchement. 1”age “Ar/*Ar Richardson est semblable aux
dges isotopiques trouvés dans les iles San Juan et dans le terrane de Shuksan au faciés des schistes bleus dans les
monts Cascades du nord-ouest et concorde ainsi avec un patron d’dge régional de métamorphisme au facies des schistes
bleus durant le Jurassique tardif — Crétacé précoce (jusqu’au Barrémien) mais non pas Albien tardif — Cénomanien. Si
ce patron est largement confirmé pour les iles San Juan, tout le métamorphisme au faciés des schistes bleus peut étre
pergu comme ayant €t€ formé dans des zones de subduction ailleurs le long de la bordure continentale plutét que dans
I’environnement anormal d’un systéme de chevauchement sur terre, tel que dans les iles San Juan.
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Introduction

The San Juan Islands thrust system in northwest Washington
(Fig. 1) remains an enigmatic structural component of the
western margin of the North American Cordillera. Although
many of the terranes comprising the San Juan Islands (SJI)
nappes can be matched with counterparts in the Coast Ranges
and Klamath Province in California and Oregon (e.g., Blake
and Engebretson 1994), their emplacement was more Complex
than that of the relatively simple accretion by underplating
understood for the Klamaths (e.g.. Hamilton 1969; Irwin
1981). A history of significant “structural reworking” (Brandon
et al. 1988) after initial accretion at the continental margin is
suggested for the San Juan Islands nappes by (1) a younger
and briefer accretionary event than in the Klamaths, (2) an
assemblage of rocks indicating a prolonged residence along
the continental margin prior to final emplacement in the San
Juan Islands, and (3) an approximately reversed thrust stacking
sequence from that found in the Klamaths. The SJT nappes
were emplaced onto the edge of the continent, in contrast to
underthrust accretion of the Klamath terranes. Another unusual
aspect of the SJI thrust system is the apparent production of
blueschist-facies assemblages in the hanging wall of an on-land
thrust system. which is at odds with conventional thought
that blueschists mark subducted materials (e.g., Ernst 1973;
Miyashiro 1994).

In this study, we re-examined age relations at Richardson
on Lopez Island. a critical locality for SJI tectonics. where
the youngest fossiliferous rocks in the SJI thrust system occur
and also where there are good metamorphic tectonite fabrics.
Our purpose was to confirm and add precision to previous
findings of the age of thrusting by re-analysis of foraminiferal
ages and by *’Ar/*°Ar dating of metamorphic white mica.
We found departures from the expected ages that required
significant modification of interpretation of SJI history: the
maximum possible age of thrusting is 12-15 million years
older than previously thought, and the blueschist metamorphism
predates and is unrelated to the thrusting.

Regional geology

Four regional tectonic elements (Fig. 1) provide a context
for development of the San Juan Islands thrust system:

(1) The Wrangellia terrane — lying northwest of the San
Juan Islands and part of the large, composite Insular
superterrane that extends along the coast to Alaska. This
terrane is a fragment of juvenile continental crust derived
from arc and oceanic rocks ranging from Proterozoic to
Mesozoic age (c.g., Monger et al. 1982). Connections to
the Intermontane terrane to the east began in the Middle
Jurassic, evidenced by sedimentary overlap deposits and
intrusions of the Coast Plutonic Complex (Nelson 1979;
van der Heyden 1992; McClelland et al. 1992).

(2) The Nanaimo Group — a Late Cretaceous marine sedi-
mentary assemblage formed in a basin on Wrangellia
(Pacht 1984; Mustard 1994). Eocene deformation thrust
the Nanaimo Group over the north edge of the San Juan
Islands, long after the San Juan Islands thrusts were ac-
tive (England and Calon 1991).

(3) The Coast Plutonic Complex — an Andean arc defined
by an assemblage of metamorphosed accreted terranes
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and voluminous plutons. Major orogeny spanned Middle
Jurassic to Eocene time (e.g., Woodsworth et al. 1991).
The Cascades core is a distinctive mid-Cretaceous to
Eocene component of the Coast Plutonic Complex that
is cut and offset up to 160-170 km from British Columbia
to Washington by the Eocene, dextral Straight Creek —
Fraser River fault (e.g., Umhoefer and Schiarizza 1996).

(4) The northwest Cascades thrust system (Misch 1966) —
lying east of the San Juan Islands and apparently co-
extensive with the San Juan Islands thrust system based
on correlation of terranes (Brown and Vance 1987). Com-
ponents of the northwest Cascades thrust system are
recognized in the central Cascades, including the Windy
Pass thrust (Fig. 1), where they have been displaced rel-
atively southward by the Straight Creek — Fraser River
fault (Miller et al. 1993).

The San Juan Islands thrust system consists of Paleozoic
to Cretaceous arc and oceanic rocks variably grouped by differ-
ent workers into terranes that were emplaced in the San
Juan Islands in the mid-Cretaceous, subsequent to their dis-
persal from primary accretionary settings (Vance 1975;
Whetten et al. 1978; Brandon et al. 1988: Burchfiel et al.
1992; Burmester et al. 2000). The rock units together with
major features of their tectonic history are given in Table 1,
and map relations are shown on Fig. 2. The age of emplace-
ment of SJI nappes is bracketed by the Lopez complex,
which is involved in the thrusting and bears microfossils
considered until now to be 100 Ma, and by the sedimentary
rocks of the Nanaimo Group, which contain detritus of the
SJI terranes and bear 84-Ma fossils (Whetten et al. 1978;
Brandon et al. 1988).

Much about the structural evolution of the San Juan Islands
remains obscure. Some of the thrust faults shown on Fig. 2
probably predate emplacement of the nappes in the San Juan
Islands (as discussed later in the text). A large part of the
major faults are underwater or covered by surficial sediment:
thus, the depth geometry is poorly known. Published cross
sections of the San Juan Islands and related northwest Cas-
cades vary but have in common a sequence of nappes gener-
ally decreasing in age upward through the structural stack
(Brandon et al. 1988; McGroder 1991; Cowan and Bruhn
1992; Brown and Dragovich 2003). Important additional tec-
tonic uncertaintics are the displacement direction and home-
land of the SJI nappes, which are addressed by many papers
(Brandon et al. 1988; Maekawa and Brown 1991: McGroder
1991; Brandon et al. 1993; Cowan and Brandon 1994; Mon-
ger and Journeay 1994; Bergh 2002).

Terranes of the San Juan Islands are variably metamor-
phosed and deformed (Table 1). An incipient blueschist-facies
metamorphism characterized primarily by aragonite and law-
sonite is widely, but not everywhere, developed (Vance 1968;
Glassley et al. 1976). Some terranes, but not all, bear a
pervasive metamorphic foliation defined by flatiened grains,
solution — mass-transfer residues, and alignment of meta-
morphic minerals. Various interpretations are given for the
relative timing among events of high-pressure (high-P) meta-
morphism, development of penetrative foliation, and em-
placement of the SJI nappes. Maekawa and Brown (1991)
and Bergh (2002) suggested that metamorphism, foliation,
and thrusting are broadly coeval. Cowan and Brandon (1994)
and Fechan and Brandon (1999) interpreted that metamor-
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Fig. 1. Regional geologic setting of the San Juan Islands. CH, Chilliwack Group; CPC, Coast Plutonic Complex; IC, Ingalls Complex;
INT, Intermontane terrane; MS, Mt. Stuart batholith: NA, Nanaimo Group: NK, Nooksack Formation; NWCS, northwest Cascades
thrust system; OP, Olympic Peninsula terranes; SC-FRF, Straight Creek — Fraser River fault; SH, Shuksan terrane: TS. Twin Sisters
Dunite; WPT, Windy Pass thrust; WR, Wrangellia terrane. The Cascades core is a distinctive part of the Coast Plutonic Complex,
marking offset along the SC-FRF. San Juan Islands detail is shown in Fig. 2.
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phism was caused by thrust burial, but largely post-dated
thrusting, and that foliation developed after the mineralogic
imprint of high-P metamorphism. Lamb (2000) concluded
that, for the area of the eastern San Juan Islands, high-P
metamorphism and fabric development were coeval, and that
they predate and are unrelated to San Juan Islands thrusting.

Linkages to the related northwest Cascades thrust system
help in understanding the San Juan Islands thrust system.
Radiometric ages of thrusting in the Cascades are given by
(1) K-Ar whole-rock ages of 87 Ma and 91 £ 3 Ma from
mylonitic diorite, with newly grown white mica, on the west
flank of the Twin Sisters Dunite in the northwest Cascades
(Brown 1987), and (2) brackets of 93-96 Ma provided by
U-Pb ages from plutonic components of the Mt. Stuart
batholith, which was involved in and crosscut the Windy
Pass thrust in the central Cascades (Miller and Paterson 1992).
These ages have been consistent with the previously inferred
100-84-Ma age brackets of thrusting that are based on fossils
in the San Juan Islands, although we now believe that the
maximum age bracket is 112-115 Ma.

The San Juan Islands and Cascades nappes were emplaced
onto the nascent continental margin, which was composed of
accreted terranes overprinted in part by an active Andean
arc. The Wrangellia component of this continental margin is
interpreted to underlie the San Juan Islands based on regional

dips of SJI nappe structures to the southeast, away [rom
nearby Wrangellia (Johnson et al. 1986). In the northwest
Cascades, the Nooksack Group lies at the base of the nappe
pile (Fig. 1) and was interpreted by Misch (1966) as auto-
chthonous footwall because it is less deformed than the over-
lying thrust sheets. The Nooksack Group is suggested to be
correlative with the Harrison Lake terrane which is embedded
in the Coast Plutonic Complex (Monger and Journeay 1994).
The Nooksack Group — Harrison Lake terrane correlation is
considered to be important because the Coast Plutonic Com-
plex is footwall to the thrust system in the central Cascades,
where the Windy Pass thrust placed the Ingalls Complex
over the plutonically active Cascades core (Fig. 1; Miller
and Paterson 1992).

Richardson locality

The only locality in the San Juan [slands where the reported
100-Ma microfossils occur that provide the maximum age
limit of thrusting is at Richardson on southern Lopez Island
(Whetten et al. 1978; Brandon et al. 1988). In the same out-
crop as the fossiliferous rocks, meta-volcanic rocks locally
contain relatively coarse, aligned metamorphic white mica.
We carried out “’Ar/*?Ar dating of the mica, with the expec-
tation that we would obtain a direct age of the metamorphic
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Table 1. Rock units of the San Juan Islands and vicinity.

Can. J. Earth Sci. Vol. 42, 2005

Pervasive

Unit Protolith age Protolith setting fabric? Metamorphism

Nanaimo Group Late Cretaceous Iipicontinental basin No Zeolite

Fidalgo Complex Late Jurassic Island arc No Prehnite—pumpellyite

Lummi assemblage Late Jurassic — Early Cretaceous Ocean floor and trench  Yes Aragonite-lawsonite

Lopez structural complex Late Jurassic — Middle Cretaceous  Ocean floor and trench  Yes Aragonite-lawsonite

Constitution Formation Late Jurassic - Early Cretaceous Trench No Aragonite—lawsonite

Garrison Schist Late Paleozoic Ocean floor Yes Amphibolite with
blueschist
overprint

Orcas Chert Triassic - Middle Jurassic Ocean floor No Aragonite—lawsonite

Deadman Bay Volcanics Permian Ocean floor No Aragonite-lawsonite

Turtleback Complex Early Paleozoic Arc roots No Greenschist and
amphibolite

East Sound Group Middle to late Paleozoic Arc sedimentary and No Aragonite-lawsonite

volcanic rocks
Haro Formation and Speiden Group Triassic — Early Cretaceous Arc sedimentary rocks  No Zeolite
Wrangellia Devonian—Jurassic Composite No Zeolite

Note: Table is complied from Danner 1966; Vance 1968, 1975; Glassley et al. 1976; Whetten et al. 1978; Brown et al. 1979; Brandon et al. 1988;
England and Calon 1991; and Burmester et al. 2000.

Fig. 2. Rock units of the San Juan Islands and location of the Richardson study site. CO, Constitution Formation; DB, Deadman Bay
Voleanics: IS, East Sound Group; FC, Fidalgo Complex; GA, Garrison Schist; HS, Haro Formation and Speiden Group: LM, Lummi
tectonic assemblage; LS, Lopez structural zone; NA, Nanaimo Group: OC, Orcas Chert; SH. Shuksan terrane; TB, Turtleback Complex.
References: Vance 1975; Whetten et al. 1978; Brandon et al. 1988; England and Calon 1991 and Burmester et al. 2000.
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Fig. 3. Map of the Richardson locality (plane table survey). The “Fault zone™ contains tectonic lenses (Fig. 5) and sheets of fossiliferous
mudstone-siltstone. “Ar samples” yield a 124-Ma phengite-blueschist-facies metamorphic age.
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fabric and therefore the age of the nappe emplacement event.
Following current knowledge, we expected the age to be
< 100 Ma. The results on two samples yield an average age
of 124.4 + (.7 Ma (sce later in the text). We were thus faced
with a metamorphic age that is ~24 million years older than
that reported for fossils in the same outcrop. To resolve this
discrepancy, we returned to Richardson to confirm the fossil
ages and to obtain further information on structural relations
between the fossiliferous rocks and Ar-dated rocks.
Layered meta-volcanic rocks dominate the Richardson out-
crop area (Fig. 3). The following occurs upward through the
layered section: right-way-up pillow lava, pillow breccia,
plagioclase-rich crystal tufl, more pillow breccias, and finally
more upright pillow lava. The pillow lava shows little effect
of deformation, but the breccias and tuff bear a well-developed

foliation defined by flattening of volcanic fragments and
alignment of metamorphic minerals, which is concordant
with regional foliation in the Lopez structural zone as
mapped by Bergh (2002). The pillow lavas are chemically
similar to ocean-island basalts (Brandon et al. 1988).

The Ar-dated white mica occurs in flattened pillow breccia,
where it is crystallized from glass in matrix material between
pillow fragments (Fig. 4A). The micas are phengitic in com-
position (Table 2) and are similar to micas from blueschist
terranes elsewhere (Ernst 1963). The mica is aligned in the
foliation. Other synkinematic metamorphic minerals in the
volcanic section are chlorite, pumpellyite, aragonite (x-ray
identification), albite, and quartz. Metamorphosed crystal tufts
in the volcanic section also contain all these mentioned min-
erals.
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Fig. 4. Photomicrographs. (A) Foliated meta-volcanic rock (sample R3) with 124-Ma phengite, mats of fine chlorite after volcanic glass,
and altered plagioclase phenocrysts. (B) Pellet-rich mudstone, characteristic of the unit in which the 112-115-Ma foramanifera are found;
note flattening foliation, S1 in Fig. 5.

Table 2. Chemical composition of mica.

Si Al Ti Fey” Fe,* Mn Mg Ca Na K Total

R3 Oxide 52.8 23.4 0.05 2.97 2.68 0.03 4.03 0.08 0.11 0.97 96.3
Cation” 7.03 3.67 0.005 0.298 0.298 0.003 0.800 0.011 0.028 1.69 13.8

RY Oxide 52.9 239 0.03 2.69 242 0.02 4.08 0.07 0.12 10.13 96.4
Cation” 7.01 3.74 0.003 0.268 0.268 0.002 0.806 0.010 0.030 1.71 13.9

“Fe arbitrarily split equally between ferrous and ferric ion.
"Based on 22 oxygens.

Distinctive fault-bound lenses of siltstone and mudstone
occur within the tuff (Fig. 3). This is the lithology from
which Danner (1966; personal communication, 2003) col-
lected foraminifera-bearing rock. We found microfossils in
one of 15 mudstone samples studied in thin section, a small
tectonic lens (Fig. 5). Thin-section study of 70 other samples
representing various volcanic and cherty rocks throughout
the Richardson area revealed no other fossils. The fossiliferous
rock is a brown, organic-rich mudstone dominated by fecal
pellets (Fig. 4B). Bedding is marked by trains of pyrite and
quartz-hematite laminations. A weak cleavage, at an angle
to bedding (Fig. 5), is defined by flattened pellets, solution —
mass-transfer residues, shear surfaces, and pull-apart struc-
tures in pyrites. Microfossils in the mudstone do not appear
to be significantly deformed. Predominant minerals in the
rock (identified in part by x-ray and refractive index) arc
chlorite and quartz. Feldspar and mica are sparse and show
minimal or no x-ray peaks. Clay minerals appear to be ab-
sent; thus, the rock is at least somewhat recrystallized from a
sedimentary parent that would likely have been rich in
kaolinite and montmorillonite (Pryor 1975). Aragonite and
pumpellyite or other significant metamorphic index minerals
have not been found. Thin sections and x-ray patterns from
the larger, unfossiliferous structural slices of siltstone and
mudstone reveal mineralogy and fabric generally similar to
that of the fossiliferous sample.

Faults that bound the mid-Cretaceous mudstone below the
road (Fig. 3) distinctly crosscut foliation in both the mud-

Fig. 5. Diagram of a microfossil-bearing lens showing that bedding
and cleavage are truncated by a tectonic rind against the host
meta-volcanic rock, as seen microscopically. Not all of this lens
was collected, thus the dotted line shows the full extent of the
tectonic fragment observed in the outcrop. The S, fabric is parallel
to the “Fault zone™ of Fig. 3.
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foliated rind
0| eS in

bedding _ S2

stone and in the toff, but at a low angle. The narrow fault
zones are marked by laminated quartz veins and slickensided
surfaces. The fossiliferous mudstone lens in the road cut is
wrapped by a thin selvedge of fine-grained chloritic material
that crosscuts bedding and cleavage within the lens (Fig. 5),
marking the structural contact of the mudstone with the host
tuff. Slaty foliation in the wif bends into the selvedge. At
this road-cut locality, metamorphic foliation and fault sur-
faces appear to be parallel, and thus the faulting apparently
reactivated the metamorphic foliation. The attitude of the
fault surface across the width of the Richardson outcrop is
approximately N55°W, 35°NE (Fig. 3). A N30°W trend and
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20°NW plunge is a representative attitude of the slickenlines
below the road cut. Steps on the slickensided surface indicate
hanging-wall movement to the northwest. These observa-
tions are important because they represent the best informa-
tion we have so far on fabric of a possible mid-Cretaceous
thrust in the San Juan Islands.

Planktonic foraminiferal chronostratigraphy

Foraminifera-bearing rocks from the Richardson road-cut
outcrop shown in Fig. 3 were identified as “Late Cretaceous
or younger” by Danner (1966, p. 80). More samples collected
from the same road cut by Danner in 1976 were studied by
E. Pessagno and interpreted as “mid-Cretaccous™ (reported
in Whetten et al. 1978). We were not successful in our
attempts to locate these previously collected samples for
further study. And although we did find fossiliferous rock in
the Richardson road cut, our sample does not bear age-
definitive material. However, four thin sections of sample
77-46, which was by collected by John Whetten from the
Richardson area in 1977 and studied by the late William
Sliter of the United States Geological Survey, were recovered
with Sliter’s notes by Mary McGann of the United States
Geological Survey and Sliter’s former assistant. A late Albian
age (~100 Ma) was determined by Sliter based on identifica-
tion of Planomalina buxtorfi and published in Brandon et al.
(1988), but no other detail was given. Sample 77-46 is the
principle source of current knowledge of the age of the
youngest rocks involved in San Juan Islands thrusting. The
collection site of sample 77-46 is not at the road-cut outcrop
(Fig. 3) where the other fossiliferous rocks were found, but
is from a nearby unspecified locality noted by Whetten
(Whetten et al. 1978, p. 122) as “probably same bed” as at
the road cut.

A thorough re-examination of the four thin sections of
sample 77-46 has resulted in a substantially older age deter-
mination. All slides contain common to abundant specimens
of planktonic foraminifera with few specimens of calcareous
and agglutinated benthic foraminifera. The planktonic fora-
minifera yield a late Aptian age of ~115-112 Ma, which is
based on the following observations. No keeled species of
planktonic foraminifera were observed in any of the four thin
sections, including Planomaling buxtorfi, Praeglobotruncana
delrioensis, or any species of the characteristic late Albian —
Cenomanian genus Rotfalipora. One interpretation for the
absence of keeled taxa could be attributed to relatively cool
waters. However, the absence of other age-diagnostic taxa
does not support such an interpretation. For example, no
specimens of the late Albian — Maastrichtian genera Heterohelix,
Schackoina, or Guembelitria were observed. If these mudrocks
accumulated in highly productive or relatively shallow envi-
ronments, representatives of these genera would be expected,
particularly Heterohelix (e.g., Leckie 1987; Leckie et al. 1998).
In addition, no medium- to thick-walled, six- to eight-chambered
specimens of the late early to late Albian genus Ticinella
(e.g., T. primula, 1. roberti) or late Albian Biticinella breggiensis
were observed.

What dominates the assemblages in all four thin sections
are tiny, thin-walled specimens of planktonic foraminifera,
nearly all of which are < 200 um in diameter. These morpho-
logical characteristics are typical of pre-Albian planktonic
foraminifera (Sliter 1989; Premoli Silva and Sliter 1999;
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Leckie et al. 2002). One interpretation for the ubiquitous
occurrence of tiny specimens is size sorting by currents or
redepositional processes. However, the presence of rare, but
distinctly larger, and thicker walled specimens of benthic
foraminifera argue against this interpretation. Alternatively,
small specimens are typically associated in highly productive
or less than optimal environmental conditions but, again, the
absence of Heterohelix suggests that, if this was the case,
these rocks are not likely to be late Albian or younger in
age. Rather, a low-diversity assemblage of relatively thin-
walled planktonic foraminifera characterizes the samples.
The assemblage is dominated by small, trochospirally coiled
taxa and the co-occurrence of Hedbergella gorbachikae,
H. hispanae, H. occulta, as well as rare specimens of the
H. praetrocoidea—trocoidea Group indicate a late Aptian
age. In addition, fragments or poorly preserved specimens of
relatively large Globigerinelloides ferreolensis, G. barri,
and Planomalina cheniourensis further support this age
assignment (Verga and Premoli Silva 2003a, 20035). The
absence of Leupoldina cabri, while representing negative
evidence, suggest that the rocks are confined to the latter
part of the Aptian. Taken together, the small-sized and thinly
walled specimens, the low diversity of the planktonic
foraminiferal assemblages, and the absence of any of the di-
agnostic Albian genera and species supports a late Aptian age
for these rocks.

YAr/?Ar geochronology

About 20 mg of optically fresh phengite crystals (~100 pm x
400 pm) were hand-picked from two coarse-crushed samples
of pillow breccia from the Richardson locality. Crystals were
cleaned ultrasonically in twice distilled H,O and then loaded
into 1.6-cm aluminum discs that were irradiated for 40 hours
(UW-14) at the Oregon State University Triga reactor. Roughly
2 mg (5 grains) of phengite from each of the two samples
were analyzed by CO, -laser incremental heating techniques
at the Rare Gas Geochronology Laboratory, University of
Wisconsin-Madison. Analytical and data reduction procedures
are outlined in Singer and Brown (2002).

Each sample yields a broad plateau at the high-temperature
end of the age spectrum (Fig. 6). Weighted mean plateau
ages for R3 and R9 are 124.8 = 0.9 Ma (four of five steps
used, 80.3% of total **Ar) and 124.1 + 0.9 Ma (four of six
steps used, 74.3% of total *°Ar), respectively, with a mean
age of the two samples at 124.4 + (0.7 (20). The age spectra
also indicate young ages for the lower temperature steps of
samples R3 and R9 (Fig. 6). The young-age steps may be
explained by three mechanisms. First, there is rough correla-
tion among K/Cl, laser power, and age of step (Table 3) that
suggests the lower temperature steps might represent a
component of Ar liberated from fluid inclusions (e.g., Villa
2001; Challandes et al. 2003), which were not closed to Ar
loss, or there are two generations of mica of different age
and Cl content (e.g., Challandes et al. 2003). Second, because
both samples show a lower temperature step at 92.7 = 1.9
and 92.4 + 1.4 Ma with a mean at 92.5 + 1.2 Ma, a geologic
disturbance (heating and (or) deformation?) may have caused
an interval of Ar loss at 92.5 Ma — a time which is consistent
with ages of thrusting determined elsewhere in the northwest
Cascades. Alternatively, the low-temperature steps at 92 Ma
may be an artifact of the laser step-heating experiment such
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Fig. 6. Age spectrum diagram of samples R3 and R9. Data used for calculation of the age of phengite-mica crystallization are represented
by the dashed lines. 80% and 74% of released *Ar was used for calculation of the mica age for R3 and RY. respectively. This age
(mean of both samples = 124.4 + 0.7 Ma) is inferred to represent blueschist metamorphism. The low-temperature age steps that are
younger than the platcau might represent a late episode of Ar loss. Latitude and longitude of R3 and R9 are 48°26.9'N and

122°53.5'W.
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that the age of these steps may not correlate to the age of Ar
loss. At present, we do not know which mechanism had the
most influence in causing the young ages.

The vast majority of Ar liberated from the micas is radio-
genic “’Ar (Table 3), and we are therefore unable to calcu-
late isochron ages for these samples. This poses a problem
in evaluating the effect of excess Ar because we cannot
determine the isotopic composition of Ar trapped in the
crystal lattice during crystallization. Although the possibility
that the weighted plateau ages were affected by excess Ar
cannot be ruled out, the step heating patterns (Fig. 6) and Ar
isotope data (Table 3) do not indicate any anomalies that
might suggest such a problem. We, therefore, interpret the
weighted plateau ages of 124.4 Ma as the time of phengite
crystallization.

Discussion

Accepting the validity of the new microfossil and mica
*Ar/*Ar ages at Richardson, one is led to the conclusion
that the blueschist-facies metamorphism and related fabric
development occurred > 10 Ma prior to juxtaposition of ter-
ranes. How well does this finding agree with other observa-
tions in the San Juan Islands and the Cascades? Most
significantly, the only other direct measurements of meta-
morphic age of blueschist-facies metamorphism in the San
Juan Islands and northwest Cascades are in agreement with
the Richardson ages. Numerous K—Ar and Rb—Sr ages of

minerals in the Shuksan terrane of the Cascades establish a
period of blueschist metamorphism of 120-164 Ma (Brown
et al. 1982; Armstrong and Misch 1987). The “Baker Lake
blueschist”™ of Brown et al. (1987) is a distinctive tectonic
fragment in the Cascades thrust system that yielded a K-Ar
whole rock age of 127 £ 5 Ma. From the eastern San Juan
Islands, Lamb (2000) obtained **Ar/*’Ar ages of 137 and
154 Ma for metamorphic white mica in semi-schists. The
possibility of an inherited detrital component to these ages
has somewhat clouded their significance, but they agree well
with the Shuksan ages and arc an important part of the
developing regional data set. We tentatively conclude that
blueschist metamorphism throughout to the San Juan Islands —
northwest Cascades thrust system is Barremian and older.

The evidence presented in support of a syn- to post-thrusting
age of metamorphism in the San Juan Islands (given by
Brandon et al. 1988; and accepted as valid by Maekawa and
Brown 1991) is (1) the development of high-P minerals in
veins across boundaries between fault matrix and exotic
tectonic blocks of Garrison Schist and Turtleback Complex,
and (2) the uniformity of metamorphic grade across terrane
boundaries. Addressing these points, we suggest that parts of
the SJII thrust system were assembled, metamorphosed, and
foliated prior to thrust emplacement in northwest Washington.
This is not a new idea. Vance (1975) identified clastic detritus
in the Constitution Formation as being derived from the Orcas
Chert, Garrison Schist, and Turtleback Complex, and he in-
terpreted the Constitution Formation to have been deposited
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over these older units. Similarly, Brandon et al. (1988) inter-
preted the East Sound Group to have been deposited on the
Turtleback Complex. The conclusion we draw is that some
of the SJI terranes were amalgamated prior to Late Jurassic
deposition of the Constitution Formation and also prior to
the 124-Ma blueschist metamorphism.

Metamorphic breaks can be identified in the San Juan
Islands — Northwest Cascades system. In the northwest Cas-
cades, the Shuksan terrane presents a definitive example of
blueschist metamorphism acquired prior to thrust emplacement
of the unit against lower grade nappes (Brown et al. 1981).
In the San Juan Islands, Burmester et al. (2000) identified
breaks in metamorphic grade among terranes based on dis-
tribution of high-P index minerals and development of folia-
tion (Table 1). These authors also demonstrate that the San
Juan Islands can be divided into zones of uniformly oriented
remanent magnetism, which was acquired during metamor-
phism. Zones of different orientation are considered to have
moved relative to one another since metamorphism.

The hypothesis that blueschist metamorphism in the SJI
nappes is the consequence of their being thrust onto the con-
tinental margin is anomalous with respect to the subduction-
zone setting interpreted for blueschists elsewhere on earth.
Viewing the metamorphism as occurring prior to San Juan
Islands thrusting allows a more sensible interpretation that a
subduction-related process affected the terranes outside of
their present setting. However, this interpretation creates
another problem: an Early Cretaceous metamorphic age that
long post-dates primary accretion of the older rocks of the
region. Thus, a Cretaceous blueschist metamorphism of the
Paleozoic East Sound and the Permian-Triassic Orcas Chert —
Deadman Bay terranes is not readily explained as a conse-
quence of simple accretionary subduction. Better understanding
of the cause of metamorphism of these units does not come
from age-equivalent accreted terranes in British Columbia,
Oregon, and California that do not bear a Cretaceous blueschist
imprint (e.g., Coleman et al. 1988).

A further consequence of the revised metamorphic history
is a simpler understanding of the regional boundary effects
of the emplacement of the SJT nappes. The lack of blueschist
metamorphism in the subjacent Haro-Speiden assemblage
and Wrangellia terrane (Fig. 1, Table 1) is more easily ex-
plained. The Haro fault, which juxtaposes blueschist terranes
against the Haro-Speiden assemblage (Fig. 2, Table I;
Brown and Dragovich 2003, Fig. 2), can be considered to be
one of the major structures related to emplacement of the
SJI terranes rather than a late-thrusting uplift structure (Brandon
et al. 1988).

The minimum age of San Juan Islands terranes, based on
Richardson microfossils, is extended from 100 to 112-115
Ma. This age revision diminishes our grasp on the age of
thrusting in the San Juan Islands — northwest Cascades sys-
tem. A 90-95-Ma age of thrusting based on isotope dating
(see earlier in the text) remains likely, but it is less well
substantiated. Also as a consequence of the revised
microfossil ages, the overall time frame of orogeny for SJI
nappes, from sediment accumulation to uplift after thrusting,
is considerably broadened from 16 to 28-31 Ma. Deforma-
tion rates and orogenic models based on this time frame
(Brandon et al. 1988; Fechan and Brandon 1999) require re-
VISI00n.
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The oceanic basalts at Richardson were originally consid-
ered to be ~100 Ma on the basis of their proximity to the
microfossils at the site and, in this sense, they were quite
anomalous in being some 40-50 Ma younger than all other
dated oceanic rocks in the San Juan Islands and the Cascades
(Whetten et al. 1978; Brown and Dragovich 2003). The Ar
ages of this study, together with observed structural features
at Richardson, indicate that the pillow lava is older than
124 Ma and is likely similar in age to other pillow lava in
the Lopez structural Complex, which is dated as Jurassic by
association with radiolarian chert (Whetten et al. 1978). A
revised older age of the pillow lava significantly increases
the minimum age of major accretion of oceanic rocks along
this part of the Mesozoic continental margin.

Future work

Additional isotopic dating of metamorphic minerals is needed
to confirm our interpretation that the blueschist metamor-
phism and related fabrics elsewhere in the San Juan Islands,
beyond Richardson, predate San Juan Islands thrusting. Pending
this further confirmation, we suggest that ongoing research
embraces a working hypothesis that the San Juan Islands
preserve structures recording a long history, including (at the
least) events of subduction, uplift, and thrusting onto the
continental margin. Further progress towards understanding
the evolution of the San Juan Islands will require distin-
guishing a number of generations of structures. Studies of
the blueschist-related fabric should be viewed as useful for
understanding the hypothesized earlier subduction-related
evolution and perhaps uplift of the terranes, but probably not
their ultimate emplacement in the San Juan Islands thrust
system.
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