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We present new whole-rock geochemical data from the Brooks Range ophiolite (BRO) together with new mineral chemistry data
from the BRO, South Sandwich forearc, Izu-Bonin forearc, and Hess Deep. The analyses reveal that the Brooks Range ophiolite
(BRO) was most likely created in a forearc setting. We show that this tectonic classification requires the Brookian orogeny to
begin at ~163-169 Ma. The middle-Jurassic BRO contains abundant gabbros and other intrusive rocks that are geochemically
similar to lithologies found in other forearc settings. Based on major, minor, and trace element geochemistry, we conclude that
the BRO has clear signals of a subduction-related origin. High-precision olivine data from the BRO have a forearc signature,
with possible geochemical input from a nearby arc. The Koyukuk terrane lies to the south of the Brooks Range; previous studies
have concluded that the BRO is the forearc remnant of this arc-related terrane. These studies also conclude that collision
between the Koyukuk Arc and the Arctic Alaska continental margin marks the beginning of the Brookian orogeny. Since the
BRO is a forearc ophiolite, the collision between the Koyukuk Arc and the continental margin must have coincided with
obduction of the BRO. Previously determined *°Ar/*’Ar ages from the BRO’s metamorphic sole yield an obduction age of
163-169 Ma. Since the same collisional event that obducts the BRO also is responsible for the Brookian orogeny, we

conclude that the BRO’s obduction age of ~163-169 Ma marks the beginning of this orogenic event.

1. Introduction

Subduction is one of the defining processes that allows plate
tectonics to operate and thereby determines the whole
character of our planet. It is now well established that the
majority of ophiolites are produced via subduction-related
processes [1]. Although our understanding of suprasub-
duction zone (SSZ) ophiolites has advanced greatly over
the last 30 years—due in part to ocean-drilling campaigns
(e.g., [2, 3])—many aspects of these ophiolites are still
poorly understood. This is especially true when it comes
to processes occurring below the extrusive layer.

In the North American Cordillera, most ophiolites have
experienced complex syn- and postemplacement deforma-
tion and alteration [4]. This greatly complicates their geo-
chemical characterization, which is required to identify the
tectonic setting in which they are generated [5]. Previous
studies of in situ forearcs, arcs, and back-arcs have mostly
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focused on the extrusive layer (pillow basalts and sheeted
dikes), as the extrusive section is readily sampled by seafloor
drilling and features characteristic rock types such as boni-
nites and forearc basalts (e.g., [6]). It therefore follows that
most tectonochemical indicators for ophiolites and seafloor
basalts have been developed with the extrusive layer in
mind [5].

In this study, we present novel geochemical data from the
Brooks Range ophiolite, South Sandwich forearc, Izu-Bonin
forearc, and Hess Deep. With these data, we show that the
intrusive section of the Brooks Range ophiolite (BRO)
(Figure 1) in northern Alaska preserves a forearc geochemi-
cal signature. We then use the forearc model of the BRO to
resolve several outstanding issues regarding the Mesozoic
tectonic history of northern Alaska. Notably, the tectonic
history of the BRO requires that the Brookian orogeny begin
at ~163-169 Ma, when the BRO is obducted onto the Arctic
Alaska margin.


https://orcid.org/0000-0003-1196-7877
https://orcid.org/0000-0001-6025-8925
https://orcid.org/0000-0001-5179-9877
https://doi.org/10.2113/2020/7866789

——__~— Contact
—)——> Basin axis

== Cenozoic fault
Hinterland basin (Cretaceous) ~———y=1 Mesozoic fault

Surficial deposits (Quaternary)

Foreland basin (Cretaceous)

[

[ ]

[ ]

- Koyukuk arc (Jurassic-Cretaceous) O’Brien et al. (2018)
- Brooks Range ophiolite (Jurassic) Study area
|:| Accreted terranes of Angayucham ocean (Dev.-Early Cret.)
|:| Low-grade thrust sheets (Devonian to Early Cretaceous)

[ ]
[ ]

Other, Arctic Alaska (Proterozoic-Mesozoic)

Other, North America (Proterozoic-Mesozoic)
|:| Semischists, phyllites (Proterozoic-Paleozoic)
- Penetratively deformed schists, gneisses (Prot.-Paleozoic)
|:| Accreted continental terranes (Proterozoic-Paleozoic)

[ Brooks Range ophiolite
[ Angayucham terrane

CO] V111e b, as;
'n

- EEEEDEEw
- .'~

Avan

‘ \. ey,
S kt k
Mlsheguk %t
Mayumerak
2 Bro‘)ks
Raﬂge
-----'---..h -
&
~, °

Kotzebue S o

i Sound Yukon-Koyukuk basin

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/2020/1/1/5207117/7866789.pdf

bv auest

Lithosphere

FIGURE 1: (a) Overview map showing major areas discussed in the text. Lightly modified from [42]. Abbreviations: AM—Angayucham
terrane; BRO—Brooks Range ophiolite; KB—Yukon-Koyukuk basin; KY—Koyukuk Arc; FW—Farewell terrane; RT—Ruby terrane;
YTT—Yukon-Tanana terrane. (b) Map of the western Brooks Range showing exposures of the Brooks Range ophiolite (green) and
Angayucham terrane (purple). The dashed lines mark the approximate boundaries of the Brooks Range. Based on maps by Wilson et al.
[66] and Harris [7].
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2. Geological Background

2.1. Brooks Range Ophiolite (BRO). The Brooks Range ophio-
lite (BRO) lies in northwestern Alaska (Figure 1), and is likely
middle-Jurassic in age [7]. As it is currently (and conserva-
tively) mapped, the BRO covers 1800km?. It is composed
of six klippe-like massifs. Most studies have focused on three
of these massifs (Misheguk, Avan, and Siniktanneyak) [7].
Complete ophiolitic sections (from metamorphic sole to pil-
low basalts/chert) can be found in these three massifs. Glacial
erosion of the ophiolite bodies provides nearly 100% expo-
sure in many places.

Only a handful of papers have been published on the
BRO, and most studies were published pre-2000. Early
reconnaissance-level studies of the western Brooks Range
produced various models for the tectonic evolution of
the BRO [8-18]. The most recent and thorough work on
the BRO was done in the late 1980s and 1990s and
focused mostly on the Siniktanneyak and Misheguk massifs
[7, 19-22]. This work mainly involved structural mapping,
petrology, and age analysis. Some major and trace element
geochemical data were also reported. Hornblende *°Ar/>°Ar
plateau ages were reported for gabbro and metamorphic sole
rocks from the Avan, Asik, Misheguk, and Siniktanneyak
massifs. The conclusions most relevant to this study are as
follows:

(1) The Brooks Range ophiolite contains a complete sec-
tion of oceanic lithosphere composed, from bottom
to top, of a metamorphic sole with partial melts,
dunitic and harzburgitic peridotite (serpentinized
near the sole but otherwise pristine), transitional
ultramafic cumulates (petrologic Moho), thick sec-
tions (~4km) of layered gabbro, massive gabbro,
intermediate intrusives, ultramafic/mafic late-stage
intrusives, sheeted dikes, pillow basalts, and sedimen-
tary deposits [7]

(2) The geochemistry of the BRO is most consistent with
formation in an SSZ setting, followed by obduction
during arc-continent collision and incorporation into
the Brooks Range fold-and-thrust belt [20]

(3) The metamorphic sole beneath the BRO is composed
mostly of Angayucham (Copter Peak) basalt and
intercalated sedimentary rocks. The geochemistry
and age of these basalts precludes any genetic rela-
tions between them and the BRO [21]

(4) The BRO is at the structurally highest position in the
Brooks Range, and strain was localized in the serpen-
tinized structural base of the ophiolite and its meta-
morphic sole during emplacement. Due to these
factors, the BRO has remained mostly intact and
was subjected only to typical seafloor deformation
and alteration [21]

Previous studies suggest that the BRO is comprised of
suprasubduction zone (SSZ) lithosphere associated with early
development of the Koyukuk Arc, a fossil arc terrane situated
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today south of the Brooks Range (Figure 1) (e.g., [7, 21]).
Arc-continent collision between the Koyukuk Arc and the
Arctic Alaska continental margin probably led to obduction
of the BRO [19, 21, 23].

*9Ar/*° Ar plateau ages are interpreted to give overlapping
cooling ages of 163 — 169 + 5Ma for both the BRO and its
metamorphic sole [7, 24, 25]. Such overlap is a common
characteristic among SSZ ophiolites with a metamorphic sole
[19]. U-Pb zircon data from late-stage BRO melts yield an
age of 170 + 3 Ma [26]. This age is within error of OAr/Ar
ages from BRO gabbro and the metamorphic sole [7]. These
geochronological constraints indicate that the BRO was
obducted onto the Angayucham terrane shortly after forma-
tion. The BRO’s quick obduction, combined with its struc-
turally highest position in the Brooks Range, has allowed
the ophiolite to remain only lightly serpentinized and avoid
overprinting by postobduction events that commonly affect
other Cordilleran ophiolites.

2.2. Other Oceanic Rocks. Typically, all Mesozoic oceanic
rocks within the Brooks Range are referred to as the
Angayucham terrane [27]. This terrane grouping, however,
is somewhat misleading. The BRO has a suprasubduction
zone origin [20], while the structurally underlying basalts
have an oceanic plateau/MORB afhinity [17, 19, 28, 29]. Some
authors (e.g., [23]) have therefore divided the Angayucham
terrane into the Misheguk Mountain Allochthon and the
structurally underlying Copter Peak Allochthon. However,
differences in age and geochemistry preclude any shared geo-
logic history between these units prior to emplacement [21].
Further complicating the issue, many oceanic rocks in inte-
rior Alaska are also referred to as the Angayucham terrane
(Figure 1) [30]. Ideally, the Angayucham terrane would be
split into an arc-related terrane and a MORB-related terrane
to reflect this. However, most areas of the Angayucham ter-
rane lack sufficient geochemical and geochronological data
for such a split to be viable, especially in the Alaskan interior.

For the purposes of this study, the Jurassic BRO and the
rest of the Angayucham terrane are not the same, and there-
fore, we will always refer to the green areas in Figure 1(b) as
“Brooks Range ophiolite (BRO)” and the structurally lower
purple areas as “Angayucham.” This distinction will be par-
ticularly relevant later in this paper.

Most of the initial mapping in the area was done via heli-
copter/aerial photography, and it is likely that large swaths of
the BRO are incorrectly mapped as Angayucham, as discov-
ered in the Siniktanneyak massif [7]. The Angayucham ter-
rane structurally underlies the BRO but consists of similar
lithologies (gabbro, pillow basalt, and chert). It locally makes
up the BRO’s metamorphic sole [19, 21] and was emplaced
synchronously with the BRO. In our estimation, the BRO
could currently cover as much as 3600 km?. This makes it
one of the largest, best exposed, and most complete ophiolites
in the Western Hemisphere, yet relatively understudied.

2.3. Tectonics of Northern Alaska. The tectonic evolution of
northern Alaska remains controversial, and a full review is
beyond the scope of this work. A number of recent review
papers cover the subject in detail (e.g., [31-35]). In brief,



since the breakup of Pangea, the Arctic region has experi-
enced a poorly constrained series of tectonic shifts, rotations,
and subduction events. The end result is that the area is now
surrounded by blocks of continental crust with similar
pre-Mesozoic histories, but divergent Mesozoic-Cenozoic
histories [31, 36, 37].

One of these lithospheric blocks contains the Brooks
Range (Figure 1). After initial mineral exploration in the
1960s and 1970s, little mapping has been done in the range
and it remains among the least studied areas in North Amer-
ica. This situation is primarily due to its remote location and
short summers. The range has experienced a revival in
research interest in the last 10 years or so. The Brooks Range
itself is composed of several accreted terranes [27, 38, 39],
and is bordered by the Koyukuk terrane to the south and
the North Slope subterrane (Colville basin) to the north
(Figure 1). Many of these terranes have experienced multiple
metamorphic and deformational events, but it is clear that in
the early Jurassic the Brooks Range did not yet exist [23].
Instead, northern Alaska was a south-facing (in present-day
coordinates) passive continental margin (referred to as
“Arctic Alaska”), which transitioned into the Angayucham
oceanic basin [19].

It is thought that an oceanic arc (likely the Koyukuk Arc)
collided with the passive continental margin to initiate the
Brookian orogeny along a south dipping subduction zone
[19, 23, 35, 39, 40]. This model is similar to the presently
active collision of the Banda Arc with the passive continental
margin of northern Australia [19, 41]. In this model, the arc
is not related to the continental margin in any way before col-
lision. Other interpretations suggest the Koyukuk Arc was
formed by northward subduction and was separated from
Arctic Alaska by a (likely narrow) back-arc sea [11, 16, 42,
43]. The narrow sea or back-arc model for the BRO purports
that sometime in the Jurassic or Cretaceous the back-arc
basin closed as the Koyukuk Arc collided with Arctic Alaska.

Collision between the continental margin and the Koyu-
kuk Arc marked the beginning of the Brookian orogeny [39,
44]. This collision must have occurred sometime in the Early
Cretaceous or Late Jurassic, based on geochronological stud-
ies of metamorphism in the Brooks Range [35]. Precisely dat-
ing the onset of Brookian orogenesis has been an elusive goal
for decades. Metamorphic rocks associated with this event
have been difficult to date due to extensive Cretaceous
greenschist-facies overprinting of the original blueschist-
facies metamorphism [35, 45]. This metamorphic overprint
is not unique to the Brooks Range. Many collisional belts
yield metamorphic ages much younger than the early phases
of associated ophiolite emplacement (e.g., Oman [46]).

A foreland basin (Colville, Figure 1) developed adjacent
to the Brooks Range during orogenesis. Its lowest units con-
sist of mélange with blocks of Angayucham terrane and Late
Jurassic intermediate volcanics [47]. Overlying the mélange
are synorogenic deposits containing Jurassic detrital zircons
[23, 48] that likely originated from the BRO and underlying
Angayucham terrane mafic rocks. This led Moore et al. [23]
to conclude that the BRO and portions of the underlying
Angayucham terrane were emplaced within the Colville
basin watershed during Late Jurassic arc-continent collision.
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The Yukon-Koyukuk basin (YKB) (Figure 1(b)) currently
does not expose any deposits older than Albian (i.e., latest
Early Cretaceous). These units contain mafic lithic fragments
and detrital zircons from 160 to 260 Ma. Clasts from these
units have variable island-arc affinities, and have led
researchers to recently conclude that a Late Triassic-Early
Jurassic island arc was present in the area before the Albian
[49]. It is possible that these clasts are derived from pre-
BRO arc terranes, which may not have been near the conti-
nental margin at the time they formed. It is clear that the low-
ermost clasts from Jurassic Brookian foreland strata were
derived from a different source than the Albian sediments
accumulated in the YKB [49].

Geochronological data from the Koyukuk Arc is sparse.
The Koyukuk Arc itself is dated via invertebrate fossils and
the K-Ar method. On the basis of these fossil and isotopic
ages, Box and Patton in 1989 divided the history of the Koy-
ukuk Arc into four stages. The oldest lithologies (Stage 1)
consist of late Paleozoic-early Mesozoic pillow basalt, chert,
serpentinite, and limestone. Stage 2 consists of middle-
Jurassic plutonic rocks (intermediate-felsic). Stages 3 and 4
consist of intermediate-felsic volcanic rocks, volcaniclastic
sedimentary rocks, and shallow-deep marine sedimentary
rocks. Stages 3 and 4 sedimentary rocks are early Cretaceous
in age (<145 Ma) [15, 50]. Recent zircon ages from Koyukuk
Arc plutonic rocks confirm that the arc was active during the
Cretaceous [45].

This study presents evidence that the BRO was created in
a forearc setting, which is a refinement of its earlier classifica-
tion as an SSZ ophiolite [7, 20]. We will use this finding to
determine the age of onset of Brookian orogenesis and
develop a coherent tectonic model of the orogeny (see
Discussion).

3. Methods

3.1. Fieldwork. Most samples used in this study were collected
by R. A. Harris in 1986 and 1989 at Misheguk Massif
(Figure 1(b)). Field descriptions of all units, geologic maps
of several massifs, and detailed cross sections can be found
in Ref. [7] and will not be reiterated here. The most relevant
field observations for this study are that sheeted dikes and
pillow basalts associated with the BRO are relatively rare.
Most of the ophiolite is composed of intrusive and mantle
lithologies. The intrusive lithologies include layered gabbro,
massive gabbro, and high-level intermediate intrusives. The
mantle lithologies consist mostly of dunite with abundant
chromite and blebs or screens of harzburgite. Out-of-
sequence mafic/ultramafic intrusives and plagiogranites can
be found in any part of the ophiolitic section.

Three samples were collected by Lyle Nelson and Betsy
Friedlander of Teck Resources in 2017. These samples are
all mantle rocks from the Iyokrok massif, which is a small
and poorly exposed klippe of the BRO. The entire Iyokrok
massif consists of mantle lithologies and appears to be folded
in a similar fashion to other BRO massifs [7].

3.2. Whole-Rock Geochemistry. New major oxide and minor
element abundances were determined for 15 samples.
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Samples with minimal petrographic evidence of metamor-
phism or serpentinization and only minor seafloor alteration
were chosen, representing the common rock types within the
BRO. All samples were analyzed using a Panalytical Zetium
XRF system at the California Institute of Technology. Major
and minor elements were analyzed using fused-glass beads.
Following LOI determined at 1050°C, samples were mixed
with 9 times their weight in 66.67% Li,B,0,-32.83% LiBO,-
0.50% Lil flux and fused at 1200°C.

We also determined rare-earth element (REE) concentra-
tions in 15 samples using an Agilent Technologies 8800 triple
quadrupole ICP-MS. Chips (~25mg) of the beads used for
XRF analysis were dissolved in 50 mL polypropylene con-
tainers in 2 mL of hot (99°C) 3: 1 nitric and hydrofluoric acid
for 8 hours and diluted to 30 mL total volume with distilled
water. To control for quality, four USGS standards (AGV-2,
BCR-2, RGM-2, and DTS-2b) were included as unknowns.
Whole-rock geochemical data (including detection limits
and standards run as unknowns) are available in the Supple-
mental Information (Table S2).

3.3. Mineral Chemistry. Mineralogy and mineral chemistry
were characterized for 33 polished sections. These sections
were selected using the same criteria as the whole-rock sam-
ples. We employed a combination of Scanning Electron
Microscopy (SEM) with Energy Dispersive X-ray Spectros-
copy (EDS) and Electron Microprobe (EMP) analysis. Com-
positional maps were generated using SEM/EDS (Zeiss 1550
VP SEM operated at 15kV, Oxford X-MAX Si-drift detector,
Oxford AZtec software) to determine sample mineralogy,
degree of serpentinization, and degree of metamorphism.
EMP analyses (JEOL 8200 five-spectrometer instrument
operated at 15kV and 25nA; synthetic and natural mineral
and oxide standards; CITZAF data reduction) were used to
determine the major-element chemistry of individual phases
in each sample. High-precision analyses of olivine grains
(JEOL 8200 five-spectrometer instrument operated at 20kV
and 300 nA; synthetic mineral and oxide standards; CITZAF
data reduction, method of Sobolev et al. [51]) were also per-
formed. During high-precision analysis, a San Carlos olivine
crystal was analyzed before and after every sample and used
as a drift correction standard. Mineral chemistry data is pro-
vided in the Supplemental Information (Tables S3, S4, S5,
and S6).

4. Results

4.1. Samples and Context. We performed new analyses on 12
whole-rock samples collected by R. Harris at Misheguk mas-
sif (Figure 1(b)). Note that the samples were chosen to repre-
sent the wide array of rock types found in the BRO, and this
translates to a wide array of compositions. Only one sample
(a sheeted dike) was taken from the extrusive layer. The
remaining sample set is from the intrusive section of the
BRO. Misheguk is the largest massif in the BRO. The mantle
section contains dunite, peridotite, transitional ultramafics,
and late-stage ultramafic intrusions. The large crustal section
contains layered gabbro (4 km stratigraphic thickness), mas-
sive gabbro, and high-level intermediate intrusives. See Ref.
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[7] for more detailed descriptions. We also analyzed 3 new
ultramafic samples (whole-rock and thick-section) from the
Iyokrok massif (Figure 1(b)). Whole-rock analyses of sam-
ples previously published from Siniktanneyak, Misheguk,
and Avan massifs are also used in the study [20, 22]. In addi-
tion, 22 thin sections from Harris’ 1986 and 1989 sample sets
and 3 thick sections from Iyokrok were analyzed for mineral
chemistry. Finally, 8 thin sections from the IBM forearc,
South Sandwich forearc, and Hess Deep were analyzed using
the high-precision olivine protocol described in Section 3.3.
All mineral chemistry presented in this study is new.

4.2. Major, Minor, and Trace Elements. All new whole-rock
oxide and elemental abundance data are reported in
Table S2. The majority of discrimination diagrams typically
used to assign the tectonic environment of igneous samples
were developed for extrusive rocks. However, Baziotis et al.
[52] showed that many of the relative trace element
abundance characteristics of extrusive rocks are inherited
from their parent liquids faithfully enough to apply
tectonic discrimination diagrams, even though absolute
concentrations of incompatible elements are lower in
samples containing some cumulate component. Figure 2
shows new whole-rock data alongside published analyses
by Harris [20] and Bickerstaff [22] in selected tectonic
discrimination diagrams.

Samples from the crustal section of the BRO are shown in
Figures 2(a) and 2(b). Samples that are clearly cumulates
(layered gabbro, anorthosite, etc.) are excluded from these
plots but reported in Table S2. Figure 2(a) makes use of two
immobile elements for tectonic discrimination. All samples
in this plot contain <55% SiO, to avoid evolved/cumulate
samples. Many samples from Bickerstaff [22] do not have
SiO, data and are not plotted here. Results show a range
from boninitic to MORB affinity. Figure 2(b) also makes
use of immobile elements and shows some boninitic
samples in the dataset. The majority of crustal samples are
not boninitic. Figures 2(c) and 2(d) show whole-rock
geochemical results from the mantle section of the BRO.
Figure 2(c) shows that these samples can be divided into
two groups: cpx poor (harzburgite, dunite) and cpx bearing
(wehrlite, pyroxenite, etc.). Finally, most harzburgites and
dunites plot within the forearc peridotite field in
Figure 2(d), though some samples may have a different
tectonic affinity.

4.3. Rare-Earth Elements. New whole-rock trace element data
are reported in Table S2. We analyzed a wide range of rock
types from the BRO and so a wide range of trace element
patterns are reported (Figure 3). Note that many ultramafic
samples do not have sufficient trace element concentrations
to be detected and therefore are not plotted here. Most
samples have lower REE concentrations than N-MORB,
regardless of rock type. Samples shown in Figure 3(a) have
LREE/HREE >1 or strong Eu anomalies. Samples in
Figure 3(b) have LREE/HREE =1 or less. REE data from
Harris [20] are also reported. Any gaps in the data indicate
an element that was below the detection limit or not
measured.
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Samples in Figure 3(a) generally show negative REE
slopes after N-MORB normalization. These consist mostly
of plagioclase-bearing rocks. Samples with strong depletion
of HREEs and positive Eu anomalies are probably plagioclase
cumulates. This is certainly the case for sample 114 (anortho-
site). The remaining samples in Figure 3(a) show smooth and
monotonic REE patterns without prominent Eu anomalies.
The three samples with LREE and LREE/HREE higher than
MORB are plausibly liquid or near-liquid compositions
derived from a source more enriched than the MORB source
or by smaller degrees of melting than average N-MORB. The
two hornblende gabbros with overall REE lower than MORB
but LREE/HREE higher than MORB may be derived from
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similar liquids but likely contain abundant cumulate clino-
pyroxene that dilutes their overall REE concentrations.

Samples in Figure 3(b) show concave-down MORB-
normalized REE patterns, with flat MREEs and small to sig-
nificant depletion in LREE relative to N-MORB. The only
volcanic sample of the series (117, sheeted dike) is part of this
group, although it differs from the others in having
MREE/HREE lower than MORB, whereas all the others have
MREE/HREE greater than MORB. Note that the sheeted dike
sample has similar REE concentrations to cumulates in the
sample suite (pyroxenite, wehrlite, etc.), despite being a fro-
zen liquid. The sheeted dike sample must be from a depleted
source, a high degree of melting, or both.
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Figure 3(c) shows additional N-MORB-normalized trace
element abundances. Concentrations determined by ICP-MS
are shown for all elements except for XRF determinations of
K, P, and Ti. Notable features of the dataset include clear neg-
ative Nb-Ta anomalies, positive Pb anomalies, and highly
variable Ba and Sr concentrations. A number of samples have
negative Zr-Hf anomalies. The patterns clearly indicate a
subduction influence in all of these samples [53], though
the strength of the subduction signal varies.

Sample 117, the sheeted dike, shows positive anomalies in
Ba, K, Pb, and Sr; strong negative Nb-Ta anomaly; and
MORB-normalized levels of Pr, Ce, and P similar to the
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HREEs. These signatures have all been associated with a sub-
duction influence derived from a slab at relatively shallow
levels (see Figure 4 in Pearce and Stern [53]). In contrast,
sample 116 (gabbro) shows weaker subduction-input signals,
despite being more enriched overall. This sample also shows
higher levels of Pr, Ce, and P, compared to HREEs, suggest-
ing a mostly deep subduction component [53]. Its high con-
centrations of incompatible elements and smooth overall
pattern indicates that 116 can be interpreted as a frozen liq-
uid. The extended trace element pattern of sample 114 (anor-
thosite), with elevated Ba, confirms plagioclase accumulation
in this sample. Other samples (106a, 104e, 118, and 139)
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show negative Ba anomalies; these are olivine-clinopyroxene
cumulates that left Ba in the residual liquid. Finally, two likely
cumulate samples, 108b and 123c, presumably reflect a com-
bination of plagioclase and mafic mineral accumulation.

Trace element data and petrography therefore indicate
that two samples (sheeted dike 117 and gabbro 116) are likely
frozen liquids whereas most other samples are (at least par-
tially) cumulates. Of the frozen liquids, 117 shows evidence
of a high extent of melting and a significant shallow subduc-
tion signal, while 116 shows evidence of a small degree of
melting or enriched source and some deep subduction input.
All remaining samples show some subduction signatures as
well but are more difficult to interpret due to crystal accumu-
lation. Finally, based on overlapping REE patterns, it is likely
that the Harris [20] samples also include a mixture of frozen
liquids and cumulates. Harris [20] did not report extended
trace element data so this cannot be confirmed.

4.4. Mineral Chemistry. SEM/EDS compositional mapping
shows that mantle rocks of the BRO contain olivine, chro-
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mite, clinopyroxene, orthopyroxene, and (in some samples)
minor plagioclase. Large chromitite layers that include eco-
nomically viable abundances of platinum group elements
can be found in the mantle section of the BRO [54]. In the
gabbro and crustal rocks, plagioclase, clinopyroxene, minor
orthopyroxene, minor amphibole, and minor olivine are
present. Minor amounts of euhedral apatite are also present
in some of the gabbro samples. See Table SI for a partial
list of the observed phases in each sample.

Mineral data collected via EMP are shown in Figures 4, 5,
6, and 7. Clinopyroxene data from BRO mantle samples are
shown in Figure 4. There is considerable scatter in the data,
probably due to a combination of fractional crystallization,
partial melting, and other processes. This likely explains
why several samples fall outside the fields of Pagé et al.
[55]. Regardless, the data generally shows a mixture of fore-
arc and abyssal affinities.

Spinel data from a variety of peridotites representing var-
ious tectonic settings are shown in Figure 5. BRO spinel com-
positions vary widely, whereas most tectonic localities show
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more tightly clustered spinel compositions; only peridotite
from oceanic arc settings show such a large range in a single
locality (Figure 5(b); Aleutians, Lesser Antilles). Neverthe-
less, the overlap in spinel composition between the BRO
and other settings (midocean ridges, forearcs, and back-arcs)
makes it difficult to exclude any of these settings based on
spinel compositions alone.

Combined spinel-olivine data is shown in Figure 6. BRO
samples with high spinel Cr# are similar to samples from
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forearc and arc settings (Figures 6(a) and 6(b)). Midocean
ridge data also overlaps with some of the BRO data. BRO
samples with low spinel Cr# do not significantly overlap with
any of the tectonic settings presented here. These samples
plot within the passive margin/abyssal peridotite field of
Pearce et al. [56]. Some BRO samples plot outside the
olivine-spinel mantle array, likely indicating that melt-rock
reaction, fractional crystallization, or low-temperature ree-
quilibration may have lowered the Mg# of olivine and spinel



Lithosphere

Ca (ppm)

Cr (ppm)

84 86 88 90 92 94
Mg/(Mg+Fe2+)
(©)

This study:

© Bismarck forearc X BRO
¢ IBM forearcleg 125 ¢ Hess Deep F-MOR
A S. Sand. forearc

O BRO dunite
O BRO wehrlite

¢ BRO harzburgite

11

1.6

1.2 1

0.8 1

100*Ni/Mg

0.4

0.0 T T T T
84 86 88 90 92 94

Mg/(Mg+Fe2+)

(b)
350 X

300 %

X
%
X
°

250
200 A X X

150

Al (ppm)

84 86 88 90 92 94
Mg/(Mg+Fe2*)
(d)
Other studies :
©® Kamchatka © Fossil ultraslow ridge
¢ JRI Backarc

Ficure 7: High-precision olivine analyses from BRO mantle lithologies (Table S4) and a compilation of data from various tectonic settings.
Grey symbols are median values for BRO samples. Analyses with no detectable signal are plotted on the x-axis. Data from the BRO, IBM
forearc Leg 125, S. Sandwich forearc, and Hess Deep are from this study. Other analyses are from Gregoire et al. [72], Ionov [73],
Altunkaynak et al. [79], and Sanfilippo et al. [81]. Leg 125 samples are harzburgites from Conical and Torishima Seamounts in the IBM
forearc. Hess Deep samples are harzburgites from ODP Leg 147 (site 895). Scotia samples are harbzurgites from the South Sandwich
forearc. d.l. = detection limit. See Dare et al. [82] and Pearce et al. [56] for more sample details. See text for discussion.

in these samples [57]. One dunite outlier has particularly low
Cr# spinel. This sample is very spinel-rich and has a more
complex origin than can be adequately captured by the plot.

High-current olivine data are presented in Figure 7.
These analyses make use of high EMP beam currents and
long counting times to lower detection limits of trace ele-
ments (Al, Co, and Cr) and improve precision of minor ele-
ments (Ca, Mn, and Ni) in olivine. Fewer data from the
literature are available due to the relative rarity of high-
precision olivine analyses. Data for olivine from the BRO,
Izu-Bonin forearc (Leg 125), South Sandwich forearc, and
Hess Deep were gathered in this study. Other data in
Figure 7 are compiled from the literature (see figure caption).
The four plots in Figure 7 were chosen because, among
chemical signatures in olivine, these elements offer the best
discrimination among tectonic settings. Figures 7(a) and
7(b) show that olivine in the BRO harzburgite samples and
in one dunite overlaps with arc/forearc data. Olivine from
the BRO wehrlite sample and the other two dunite samples
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differs in at least one of the plotted elements from olivine in
peridotites from any other tectonic setting. These samples
evidently have anomalous histories of fractionation or melt-
rock reaction that make them inappropriate for comparison
to residual peridotites. BRO olivine, especially from the harz-
burgite and the “normal” dunite, has notably low Cr and Al
(Table S4). This distinct feature is shared by other forearc
samples in this study (Figures 7(c) and 7(d)) and is, based
on the available data, a feature uniquely associated with
forearc peridotite. All other samples, including Hess Deep
samples analyzed in this study, show higher levels of Cr
and Al This may be explained by high degrees of melt
extraction and the persistent presence of residual
chromium-spinel. High Cr# spinel is a prominent accessory
phase in mantle rocks of the BRO, IBM forearc, S.
Sandwich forearc, and Bismarck forearc [56, 58, 59]. Low
Ca-contents might be best explained by elevated magmatic
water in the subduction-influenced system compared to the
MORB system; water activity acts to decrease the partition
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coefficient for Ca in olivine and promote efficient Ca
extraction from these residual rocks [60].

5. Discussion

5.1. Tectonic Setting. Previous studies of the BRO have con-
cluded that it was created in an SSZ environment [7, 20].
The data presented above clearly supports this conclusion.
Other tectonic environments such as midocean ridges can
be immediately ruled out based on the arc-like trace element
patterns (Figure 3), whole-rock data from both the crust and
mantle sections of the BRO (Figures 2(a) and 2(d)), and the
high-precision olivine data (Figures 7(c) and 7(d)). The
assignment of the BRO to an SSZ setting has very high
confidence.

Distinguishing between different SSZ settings is more dif-
ficult. Arc, forearc, and back-arc geochemical signatures
often overlap. Notably, arc settings with complex tectonic
histories can have signatures of multiple SSZ environments
in cotemporal rocks (e.g., [61]). This is likely due to inheri-
tance of geochemical signals from previous tectonic settings
in the same area.

Nevertheless, the available geochemical data suggests that
the BRO was created in a forearc setting. High-precision oliv-
ine analyses from the BRO uniquely overlap with forearc
peridotites (Figure 7). Whole-rock data from the mantle sec-
tion of the BRO also show a predominantly forearc signature
(Figure 2(d)). Much of the spinel and olivine chemistry
(Figures 5 and 6) also agrees with a forearc setting. However,
some whole-rock and mineral compositions lie outside the
known range of forearc samples (Figures 2(d), 4, 6(b), and
7). These data are from complex plutonic rocks with possible
histories of crystal accumulation, melt-rock reaction, or late
reequilibration. They do not consistently match residual or
volcanic samples from any other tectonic setting either.
These samples reveal the hazards of working with intrusive
crustal samples and atypical mantle samples; they would
likely have been excluded from a study of a more accessible
and better-sampled locality. Given the small total number
of samples available from the BRO, we analyzed these sam-
ples anyway and it is remarkable that the tectonic setting is
evident in our overall dataset despite the complexity of these
rocks. Given the strong subduction signals in the trace ele-
ment data (Figure 3), we cannot rule out a history of arc or
back-arc influence on the mantle samples that later become
incorporated in the BRO. Another possibility is that the fore-
arc setting of the BRO gradually evolved into an oceanic arc
setting prior to obduction of the ophiolite.

5.2. Possible Subduction Initiation. The only extrusive sample
in the new dataset, 117 (sheeted dike), has a boninitic compo-
sition (Figure 2(d), Table S2a). In the Phanerozoic, boninites
are found predominantly in subduction-initiation (SI)
settings, but have been found in intraplate settings as well
[62]. As outlined by previous authors [4, 63], an SI setting
can be identified by a temporal evolution from initially
MORB-like lavas to boninites to arc-like lavas. The BRO
lacks a sufficiently thick and stratigraphically coherent
extrusive section to make this identification. The trace
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element composition of the sheeted dike (117) has a
signature of a shallow subduction component (Figure 3(c)).
This is a characteristic feature of trench-proximal magmas,
while deeper subduction signals are found in magmas
farther from the trench (arc and back-arc) [53]. The
combination of a boninitic composition and a shallow
subduction component make it difficult to argue for any
tectonic origin for 117 other than subduction initiation.
Other samples have boninitic compositions, but we do not
have accompanying trace element data for these samples.
However, a small number of boninitic samples are not
diagnostic of the entire ophiolite, and more samples are
needed to make a definitive case for subduction initiation.
Another sample, 116 (gabbro), is likely a frozen liquid that
preserves both deep and shallow subduction signatures.
This is not unusual, given the mix of forearc and other arc
signals seen in the mineral and whole-rock chemistry of the
BRO. Conceivably, sample 116 represents a later stage than
sample 117 in the evolution of the subduction system.

Based on the geochemical data presented here, we con-
clude that the BRO was created in a forearc setting. Although
there is some suggestion from the data that the BRO pre-
serves a subduction-initiation event, we cannot definitively
rule out other formation scenarios such as slab rollback.
Other geologic evidence that has already been collected on
the BRO is consistent with either origin for these rocks and
does not greatly affect the subsequent tectonic history (see
below).

5.3. Genesis of the BRO

5.3.1. Existing Tectonic Constraints. The new data presented
here suggest that the BRO formed in a forearc setting. This
interpretation is in agreement with previous work that classi-
fied the BRO as a suprasubduction zone ophiolite [7, 20]. The
earlier classification was not precise enough to delineate
between different suprasubduction zone settings for the
BRO. Its new classification as a forearc ophiolite allows us
to tie in the BRO’s genesis with specific tectonic events.

The tectonic history of northern/interior Alaska is poorly
constrained. This is partly due to difficult access and lack of
exposure. Any tectonic history will inevitably involve simpli-
fications of existing constraints. For the tectonic history of
the BRO, the following are the most important constraints
from various studies:

(1) This study yields several lines of geochemical evi-
dence documenting that the BRO formed in a forearc
setting. A zircon age of 170 + 3 Ma was determined
from a late-stage plagiogranite in the BRO [26] and
likely represents a minimum age for the BRO. Over-
lapping “’Ar/*’Ar ages from BRO gabbro and the
metamorphic sole [7], together with documented
amphibolite facies metamorphism and partial melt-
ing of the sole [21], suggest that the BRO was still
young and hot during emplacement at ~165 Ma

(2) Sparse geochronological data exists for the Koyukuk
Arc (currently to the south of the BRO). On the basis
of invertebrate fossils and K-Ar ages [15] from
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igneous samples, the arc was active in the early-
middle Jurassic. Voluminous felsic magmatism
began around 150 Ma in the arc [15, 45]; the timing
and extent of magmatism prior to this is not well
constrained

(3) The lowermost units of the Brookian foreland (Col-
ville) basin contain abundant BRO-age clasts and
detrital zircons, suggesting that these units were par-
tially sourced from the BRO [23].

(4) The lowermost exposed units of the Yukon-Koyukuk
basin (YKB) contain comparatively few BRO-age
detrital zircons. Instead, they contain abundant mafic
clasts that mostly predate the BRO (early Jurassic to
Triassic). This is interpreted as evidence for an arc
terrane in this area during this time [49].

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/2020/1/1/5207117/7866789.pdf
bv auest

5.3.2. Mafic Detritus, Relation to the BRO. A recent detrital
zircon study of 112 Ma and younger units in the NW corner
of the Yukon-Koyukuk basin (YKB, Figure 1) found abun-
dant mafic detritus and cobbles in the lowermost exposed
sedimentary units (Type 1 of O’Brien et al. [49]). These sed-
iments have an arc-like signature and a prominent popula-
tion of 160-240 Ma detrital zircons with juvenile eHf
signatures. In addition, the sediments have abundant detrital
Cr-spinel, some of which shows a forearc signature. This led
O’Brien et al. [49] to conclude that a Triassic-Jurassic juve-
nile arc terrane must have supplied this mafic-ultramafic
material to the YKB. They further conclude that the
Angayucham terrane (including the BRO) is the modern
remnant of this arc. Finally, they exclude the Koyukuk Arc
as a possible source of these sediments, due to a lack of
exposed lithologies of the appropriate age.
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While this interpretation is consistent with their data, it is
not consistent with other geologic evidence from the BRO
and Angayucham terrane. The eroding BRO was cut off from
the YKB by a drainage divide at >113 Ma, and instead eroded
into the Colville basin [23, 49]. Although the BRO’s mini-
mum age of 165-170 Ma is within the range of detrital zircons
found by O’Brien et al. [49], the ophiolite was still young and
hot during emplacement [7]. Therefore, the ophiolite cannot
account for most of the detrital zircon ages within the 160-
240 Ma population of interest. The structurally underlying
Angayucham terrane is not an arc either. Basalts from this
terrane (where it is exposed in the Brooks Range) primarily
have an oceanic plateau/MORB affinity [17, 21, 28, 29].
Given the >50m.y. gap between the depositional age of the
unit samples by O’Brien et al. [49] and the age of the 160-
240 Ma detrital zircons, it is very difficult to determine where
the zircons originally crystallized. It is possible that mafic
detritus in the YKB was derived locally from somewhere in
interior Alaska. For example, there is relatively little geo-
chemical or geochronological data on areas mapped as
Angayucham terrane outside of the Brooks Range (in interior
Alaska); some of these may preserve an early Mesozoic arc. It
is possible that, with more geochronological data from the
BRO, material suitable to be the source of YKB sediments
could be found. At the moment, however, more data are
needed from possible source areas to determine the prove-
nance of these sediments.

5.3.3. Onset of Brookian Orogenesis. Our model of genesis
and emplacement of the BRO is illustrated in Figure 8. In
the middle Jurassic, the only arc-related terranes in this area
were the BRO and the Koyukuk Arc [7, 35]. Given the BRO’s
forearc setting, it is most likely the preserved remnant of the
Koyukuk forearc. This puts the BRO in-between the Koyu-
kuk Arc and the Arctic Alaska continental margin
(Figure 8(b)). The first part of the distal continental margin
to encounter the BRO is the Angayucham terrane. The lithol-
ogies within the BRO metamorphic sole and underlying
unmetamorphosed units match those in the Angayucham
terrane and distal parts of the Etivluk group of the Arctic
Alaska passive margin [21]. The youngest passive margin
units overlap in age (~163-169 Ma, [7]) with ophiolite cool-
ing and emplacement [39]. These lithologic and age relations
constrain the onset age of age Koyukuk-Arctic Alaska colli-
sion (Brookian orogeny) to obduction of BRO (Figure 8(c)).

Several authors have linked the onset of Brookian oro-
genesis and blueschist-facies metamorphism in the region
to a collision between the Koyukuk Arc and Arctic Alaska
[32, 39, 44, 64]. As discussed earlier, this event has been very
difficult to date, due to greenschist overprinting of the origi-
nal blueschist-facies metamorphism. However, collisional
deformation and metamorphism of the Arctic Alaska passive
margin must coincide with obduction of the BRO
(Figures 8(b) and 8(c)). Therefore, we can conclude that
Brookian orogenesis began around 169 Ma, which is the
maximum age of BRO obduction [7]. Later extension in the
Brooks Range would separate the BRO from the Koyukuk
Arc (Figure 8(d); Harris et al. [7]; Law et al. [65]). This sepa-
ration is consistent with different detrital zircon populations
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seen in mafic material from the Brookian foreland and YKB
[23, 49].

The tectonic history outlined above and in Figure 8 is a
hybrid between several previously proposed models. How-
ever, it is consistent with the published detrital zircon record
of surrounding basins, the BRO geochemistry and geochro-
nology, and the geochronology of the Koyukuk Arc. Further-
more, it provides an upper age limit for the timing of
blueschist metamorphism in the area [45, 64] and provides
a well-constrained age of 163-169 Ma for the onset of Broo-
kian orogenesis.

6. Conclusions

New geochemical data presented in this study shows that the
Brooks Range ophiolite formed in a forearc setting. Some of
this data suggests that subduction initiation played a role in
the formation of the BRO, but more evidence is needed to
support this hypothesis. It is likely that the BRO inherited
some arc-like geochemical signatures from the neighboring
Koyukuk Arc or evolved to a more mature subduction state
before obduction. The BRO’s proximity to distal Arctic
Alaska passive margin at the time it formed and was
obducted (~169 Ma) constrains the onset of the Brookian
orogen.
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