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Abstract New whole-rock major and trace element geochemistry from the Leka Ophiolite Complex in
Norway is presented and compared to the geochemical evolution and proposed tectonomagmatic processes
recorded in the Izu-Bonin-Mariana system. These data demonstrate that the Leka Ophiolite Complex formed as
forearc lithosphere during subduction initiation. A new high-precision zircon U-Pb date on forearc basalt
constrains the timing of subduction initiation in the “Leka sector” of the Iapetus Ocean to 491.36 + 0.17 Ma.
The tectonomagmatic record of the Leka Ophiolite Complex captures only the earliest stages of subduction
initiation and is thereby distinct from some other Appalachian—Caledonian ophiolites of similar age. The
diversity of Appalachian—Caledonian ophiolite records may represent differing preservation and exposure of a
variable forearc lithosphere.

Plain Language Summary The Leka Ophiolite Complex (LOC) represents a preserved fragment of
oceanic crust that formed during subduction in the Iapetus Ocean. Geochemical information recorded in the
LOC rocks shows that it formed during the initial phase of subduction. The age of subduction initiation in the
Iapetus Ocean is estimated at 491.36 million years ago based on isotopic dating of minerals within the LOC
rocks. Other fragments of preserved oceanic crust with similar ages are found in the Appalachian—Caledonian
mountains; however, their geochemical information suggests that they may have formed during different stages
of the subduction zone development. We consider the variations in the oceanic crustal record to reflect selective
preservation of different parts of the variable oceanic crust formed during the development of a subduction zone
in the Iapetus Ocean.

1. Introduction

Plate tectonics are intrinsically linked to the formation and destruction of oceans. The only accessible physical
records of past oceans are ophiolite complexes, making them highly valuable features for the study of plate
tectonic processes. Orogenic ophiolites mark ocean suture zones and commonly record geochemistry that reflects
a history of both seafloor spreading and subduction zone processes, suggesting that they preserve oceanic lith-
osphere formed in supra-subduction zone (SSZ) settings (Pearce et al., 1984). The specific histories recorded in
ophiolites likely result from selective preservation of SSZ settings that are especially well-primed for obduction
(Stern & Bloomer, 1992; Stern et al., 2012; Whattam & Stern, 2011). However, orogenic ophiolites are typically
also heavily tectonized, resulting in preservation and exposure of a fraction of the obducted material. The SSZ
ophiolite variability—even along a single suture—is dependent upon the nature of the ophiolite itself, which
segment of the spatially heterogeneous forearc lithosphere is sampled, and how much of that segment is preserved
during subsequent tectonism and exhumation. To contextualize SSZ ophiolites within their broader subduction
zone setting, an intact example of oceanic lithosphere formed during subduction zone initiation and development
—such as the Izu-Bonin-Mariana (IBM) subduction zone in the western Pacific—can provide a framework for
assessing the geochemical records preserved in SSZ ophiolites.

The presence of ocean-scale (1000s of km long) belts of orogen-hosted SSZ ophiolites of similar age is a hallmark
of Phanerozoic plate tectonics (e.g., Shafaii Moghadam et al., 2013; Zhou et al., 2018). The Paleozoic
Appalachian—Caledonian mountains host a >6,500 km SSZ ophiolite belt spanning the southeastern United States
to northern Norway and Sweden and may record the rapid initiation of an extensive subduction zone within the
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Iapetus Ocean (Bird et al., 1971, 1971; Dilek & Furnes, 2011 and references therein). This study uses the detailed
record of tectonomagmatic evolution preserved in the IBM forearc as a model to demonstrate that the Leka
Ophiolite Complex (LOC)—a SSZ ophiolite in the Norwegian Caledonides—records subduction initiation in the
Iapetus Ocean. We hypothesize that the observed geochemical variations in similarly aged Appalachian—
Caledonian SSZ ophiolites result from selective preservation and exposure of spatially and temporally diverse
portions of the forearc lithosphere.

1.1. Geologic Background

The Scandinavian Caledonides (Figure 1a)—formed during the collision of Laurentia and Baltica—are exposed
over >2,000 km of Norway and western Sweden (Andresen, 1988; Gee et al., 2008). The Norwegian Caledonides
are composed of a series of thrust sheets emplaced onto the basement and cover sequences of Baltica (Titus
et al., 2002). The Lower and Middle Allochthons represent the extended continental margin of Baltica and form
the base of the thrust sheets (Andresen, 1988; Gee et al., 2008). The overlying Upper and Uppermost Allochthons
contain lapetan-derived rocks, including ophiolites, volcanic arcs, and—in the Uppermost Allochthon—rocks of
Laurentian affinity (Andresen, 1988; Gee et al., 2008). The emplacement of these allochthons is a result of
Ordovician accretion at the Laurentian margin, followed by transfer of the peri-Laurentian terranes to Baltica
during westward dipping partial subduction of Baltica beneath the Laurentian margin (Andresen, 1988; Gee
et al., 2008; Pedersen et al., 1988).

The LOC comprises the island of Leka and the adjacent islets of Madsgya, Frgvikgya, and Storgya (Figure 1b)
and is part of the Sauren—Torghatten Nappe of the Helgeland Nappe Complex, which forms the structurally
highest portion of the Uppermost Allochthon (McArthur et al., 2014). Full ophiolite pseudostratigraphy has been
documented in the LOC (Furnes et al., 1988), including a 1-1.5 km-thick section of the harzburgitic upper mantle
and the petrologic Moho (Figure 1b; Albrektsen et al., 1991; Maalge, 2005). A major northeast—southwest
trending low-angle normal fault (Figure 1b) separates the mantle harzburgites from a layered suite of igneous
units, which grades southeastward from layered dunite and pyroxenite to layered gabbro, leucogabbro, and
anorthosite (Michels et al., 2018; Prestvik, 1980). Massive gabbro is found farther to the southeast on Leka and on
the western half of the adjacent island of Madsgya (Prestvik, 1980). A sheeted dike complex of microgabbro and
amphibolite is present on eastern Madsgya along with basaltic flows and pillow basalt (Prestvik, 1980). Pla-
giogranite and keratophyre have been reported on Madsgya and the northeastern portion of Leka (Prestvik, 1980)
adjacent to the metasedimentary Skei Group that unconformably overlies the LOC units (Sturt et al., 1985). The
igneous LOC units have been metamorphosed to upper greenschist and lower amphibolite facies conditions
(Prestvik, 1980), have been folded into a synformal structure plunging to the northeast, and are situated in a post-
orogenic pull-apart structure. The LOC is assumed to be in tectonic contact with the surrounding country rocks,
although contacts are underwater (Furnes et al., 1988; Michels et al., 2018; Titus et al., 2002).

Mafic extrusive and shallow intrusive units on Madsgya have been classified as mid-ocean ridge basalts, island
arc tholeiites, and boninites, a geochemical variation characteristic of subduction zone forearc magmatism
(Furnes et al., 1988). On Storgya, the mafic rocks are more alkaline in character and are suggested to record LOC
volcanism distal from the subduction zone, possibly in a backarc basin or at an anomalous ridge segment (Furnes
et al., 1988; Prestvik, 1985; Tveit et al., 1993). Re-Os geochronology on LOC harzburgites revealed two episodes
of melt extraction (Haller et al., 2021; O’Driscoll et al., 2015, 2021): the first at 589 + 15 Ma possibly related to
the opening of the Iapetus Ocean (and formation of the Storgya basalts), and the second at 485 + 32 Ma associated
with melt extraction during the LOC formation (Haller et al., 2021; O’Driscoll et al., 2015, 2021). The latter date
is within error of a 497 £ 2 Ma date for the LOC, as determined by zircon U-Pb dating of keratophyre from the
uppermost stratigraphic LOC section (Dunning & Pedersen, 1988). Detrital zircon analyses of the Havna meta-
graywacke overlying the LOC record two pulses of magmatism: an older peak at c. 550-510 Ma, potentially
related to rifting of Rodinia, and a dominant population at c. 500-480 Ma that may be associated with the for-
mation of the LOC (McArthur et al., 2014).

While the origin of the LOC was initially linked to island arc and backarc basin formation (Furnes et al., 1988;
Prestvik, 1980), a forearc origin has also been hypothesized (Dunning & Pedersen, 1988) and is more likely based
on ophiolite obduction geometries (Stern et al., 2012). The similarity in the LOC magmatic products to those
documented from the IBM forearc region indicates that the subduction initiation history recorded by the IBM may
be a suitable proxy for the LOC development (Furnes et al., 1988).
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Figure 1. Maps of the Scandinavian Caledonides and the Leka Ophiolite Complex with selected field photographs. (a) A map of the Norwegian Caledonides showing the
major terranes/allochthons (adapted from Roberts, 1988). Red star shows the position of the island of Leka. (b) Bedrock and sampling map of the Leka Ophiolite
Complex (modified from Michels et al., 2018; Prestvik, 1980). Field images of (c) layered igneous units; (d) anorthosite; (e) a mafic dike within a coarse-grained mafic
host; (f) pegmatitic contact between the mafic dike and coarse-grained mafic host; (g) chilled margin on a mafic dike; and (h) pillow basalt on Madsgya. Locations of the
field images are shown in (b).
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2. Samples and Field Relationships

Forty samples of mafic rocks were obtained from LOC outcrops on the islands of Leka, Madsgya, and Frgvikgya
(Figure 1b). Thirteen are medium- to coarse-grained intrusive rocks collected from the mapped gabbro region on
Leka (Prestvik, 1980), which vary within an outcrop from metagabbro to metaleucogabbro and meta-anorthosite
(Figure 1c¢).

The remaining 27 samples are fine- to medium-grained mafic rocks collected from mafic shallow intrusive units
and mafic extrusive units on Leka (n = 7), Madsgya (n = 19), and Frgvikgya (n = 1) (Figure 1b). On the southern
coast of Leka, the finer-grained mafic rocks were sampled from dikes and igneous bodies that ranged from tens of
centimeters to several meters in width and were hosted within coarser-grained mafic rocks (Figure 1e). Contacts
between the finer-grained and coarser-grained mafic units sporadically display pegmatitic margins of green
amphibole and plagioclase (Figure 1f) and commonly display chilled margins (Figure 1g). The mafic units on the
western coast of Madsgya exhibit the same characteristics as those on the southern coast of Leka. On the eastern
side of Madsgya, finer-grained mafic units dominate the lithology and display multiple cross-cutting generations
of microgabbroic dikes within a single outcrop. To the southeast on Madsg@ya, the finer-grained mafic units
resemble lava flows and pillow basalts are present on the coast near Tangan (Figure 1h).

3. Analytical Methods
3.1. Bulk-Rock Major and Trace Element Geochemistry

Weathering products were removed from samples prior to crushing and powdering. Powders were mixed with
lithium tetraborate, flux melted, and then quenched to create glass discs at the Franklin and Marshall X-Ray
Laboratory, where analysis of bulk-rock major-element composition was determined by a Malvern PAN-
alytical, Inc. Zetium X-ray fluorescence (XRF) spectrometer.

Fragments of the glass discs were mounted in 1” epoxy rounds, polished, and analyzed for trace-element
composition at Johns Hopkins University (JHU). A Teledyne-Cetac Analyte G2 193 nm laser equipped with a
two-volume HelEx II ablation cell coupled to an Agilent 8900 quadrupole ICP-MS was used for laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS). Analytical settings for bulk-rock geochemistry by
LA-ICP-MS are provided in Table S1 in Supporting Information S1. The LOC glasses were measured in trip-
licate, with reference materials measured after every seven unknowns. lolite v4 was used for data reduction (Paton
et al., 2011), with the XRF-determined Ca concentration employed as the internal standard.

3.2. Geochronology

Samples were prepared for zircon U-Pb analysis by crushing and sieving to a <500 pm fraction that was sub-
sequently washed to remove clay-sized particles. The resulting fraction was subjected to Frantz magnetic sep-
aration then density separation using a sodium polytungstate (SPT) heavy liquid medium (following the method
of Ando, 2020). Hand-picked zircons were annealed in a muffle furnace for 60 hr at 900°C, mounted in 1” epoxy
rounds, and polished to expose grains. Polished mounts were imaged in cathodoluminescence (CL) using a Deben
Centaurus CL detector mounted on a Thermo Scientific Helios G4 UC scanning electron microscope (SEM) in the
Materials Characterization and Processing Facility, JHU.

Initial U-Pb geochronology analysis of mounted and imaged zircons was performed using the LA-ICP-MS
instrumentation described in Section 3.1 and geochronology analytical settings detailed in Table S1 in Sup-
porting Information S1. Six isotopes (204Pb, 206py, 207pp, 208pp, 2327 and 2 8U) were measured and standard
reference materials were measured after every nine unknown analyses. Reference material 91500
(1,063.6 £ 0.3 Ma: Wiedenbeck et al., 1995; Schoene et al., 2006) was used as the primary standard for data
reduction, and analyses on PleSovice (337.13 £ 0.37 Ma: Slama et al., 2008) and Temora II (416.78 £ 0.33 Ma:
Black et al., 2004) were used to assess performance. Data reduction was completed in iolite v4 using a median fit
to the standard data and including the U-Pb zircon geochronology down-hole fractionation correction of Paton
et al. (2010, 2011). An excess uncertainty of 2% was added in quadrature to isotope ratio values obtained from
data reduction in iolite v4, as required to obtain in-session “single population” statistics for secondary and tertiary
reference materials, which were assumed to be homogeneous in isotopic composition (see method of Horstwood
et al., 2016). Weighted mean dates for standards and unknowns were calculated using IsoplotR
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(Vermeesch, 2018) and are provided at 2s. The statistical term s (sample standard deviation) is used in place of ¢
(population standard deviation), as recommended by Horstwood et al. (2016).

Chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) analyses were per-
formed at Boise State University (BSU). Uranium and Pb isotopic measurements were made using a GV
Isoprobe-T multicollector TIMS equipped with an ion-counting Daly detector. Sectioned zircon grains were
selected based on CL images and LA-ICP-MS data and removed from epoxy mounts for analysis. The zircons
were chemically abraded, cleaned, and then spiked with the mixed ***U-**°U-%Pb tracer solution (BSU-1B)
prior to U and Pb extraction from the zircon matrix using HCl-based anion-exchange chromatography
(Krogh, 1973). The U and Pb were eluted and dried with 2 ul of 0.05 N H;PO, and loaded on a single outgassed Re
filament in 5 pl of a silica-gel/phosphoric acid mixture (Gerstenberger & Haase, 1997). U-Pb dates and un-
certainties were calculated using the algorithms of Schmitz and Schoene (2007) along with calibration of the
BSU-1B tracer (***U/?%Pb of 77.93 and ***U/**U of 1.007066), U decay constants of Jaffey et al. (1971) and a
B8U/P3U of 137.818 (Hiess et al., 2012). 2°Pb/>*8U ratios and dates were corrected for initial >>°Th disequi-
librium using Dy, iy = 0.20 + 0.05 (15) and the algorithms of Crowley et al. (2007). A weighted mean 2°°Pb/**8U
date was calculated from equivalent dates (probability of fit >0.05) using Isoplot 3.0 (Ludwig, 2003a, 2003b),
with error reported at the 95% confidence interval.

3.3. Petrography

The medium- to coarse-grained mafic rocks (metagabbro, metaleucogabbro, and meta-anorthosite; n = 13) are
altered to a fine-grained felty groundmass of cryptocrystalline quartz and plagioclase mixed with talc and
serpentine. Colorless to light green anhedral corroded amphiboles have been variably altered to fine-grained
chlorite. Epidote and rutile are the primary accessory minerals, and the samples contain <1 modal% opaques.
The metagabbro samples (Figure 2a) have >45 modal% amphibole (and alteration products), the metal-
eucogabbros have 30-40 modal% amphibole, and the meta-anorthosites (Figure 2b) have <10 modal%
amphibole.

The finer-grained mafic rocks are amphibolites and are split into four groups based on petrography (Table 1).
Group 1 amphibolites (Figure 2c; n = 13) contain 30-70 modal%, <0.5 mm, semi-equant, prismatic, moderately
aligned amphiboles that exhibit yellow-green-blue pleochroism, with up to 30 modal% alteration to chlorite and
interstitial microcrystalline plagioclase comprises 20-45 modal% of the samples. Opaques (up to 5 modal%)
occur as discrete euhedral grains or as anhedral clusters. Sample LO22-48 has 5 modal% biotite.

Group 2 amphibolites (Figure 2d; n = 8) contain 35-60 modal% amphibole and 30-50 modal% plagioclase. Two
samples (LO22-44, 1.022-06B) have 5-10 modal% biotite. They contain <0.5 mm tabular amphiboles that show
minor alteration to chlorite and are aligned to define a mineral lineation. Interstitial plagioclase (30-45 modal%)
displays a “dusty” alteration texture from sericitization. Group 2 amphibolites contain 5-10 modal% opaques,
which occur as euhedral grains or anhedral clusters.

Group 3 amphibolites (Figure 2e; n = 2) consist of 40-45 modal%, ~1 mm, yellow-green-blue pleochroic,
tabular-to-needle-like amphiboles that are semi-aligned within a mineral lineation. They contain 45-50 modal%
interstitial microcrystalline plagioclase and 5 modal% opaques, which present as euhedral clusters of polygonal
grains or as anhedral clusters. Sample AL22-47 contains 10 modal% biotite.

Group 4 amphibolites (Figure 2f; n = 4) contain 40-50 modal% amphibole and 45-55 modal% plagioclase.
Sample LO19-43 has 10 modal% biotite. The samples have <1 mm, tabular amphibole crystals that exhibit
yellow-green-blue pleochroism and define a strong mineral lineation. Interstitial plagioclase has a “dusty”
alteration texture, and <5 modal% accessory opaques occur as euhedral grains or anhedral clusters with size
variation between samples.

3.4. Bulk-Rock Major and Trace Element Geochemistry

In Figure 3 the bulk-rock major and trace element geochemistry data for the fine- to medium-grained LOC rocks
are plotted alongside published data (Ishizuka et al., 2011; Pearce & Reagan, 2019; Reagan et al., 2010, 2019;
Shervais et al., 2021) for IBM forearc basalts IBM FAB), IBM high-magnesium andesites IBM HMA), and IBM
boninites (IBM BON). The medium- to coarse-grained mafic samples (metagabbros, metaleucogabbros, and
meta-anorthosites) were excluded as they were determined to be cumulate in nature and thereby differ from the
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Figure 2. Photomicrographs representing examples of rock types described in the text. (a) Metagabbro; (b) anorthosite; (c) Group 1 amphibolite; (d) Group 2
amphibolite; (e) Group 3 amphibolite; (f) Group 4 amphibolite. Abbreviations: amph = amphibole; chl = chlorite; qtz = quartz; plag = plagioclase; srp = serpentine.

non-cumulate IBM rocks on which the classification scheme was developed. Values of bulk-rock major and trace
element concentrations for all fine- to medium-grained (non-cumulate) rocks of this study are provided in Table 2.

The non-cumulate mafic LOC samples overlap with IBM FAB for all major elements except Na,O, which occurs
at significantly higher concentrations in LOC samples than in IBM FAB samples (Figure 3a). Major elements in
LOC samples show no correlation with MgO content except for Fe,05, TiO,, CaO and P,0s, which all show
minor to moderate negative correlations with MgO (R = 0.52, 039, 0.24, and 0.37, respectively). The range of
MgO (4-11 wt.%) and trends of Fe,05, Al,O05, TiO,, MnO, Ca0O, K,O, and P,O5 match those of IBM FAB and
IBM HMA, though a few samples from the LOC show minor overlap with IBM BON at MgO >8 wt.%. Four
samples have higher K,O than the rest of the LOC samples but are still within the range for IBM FAB and
IBM HMA.

Highly immobile elements (Zr, Nb, and Y) in LOC samples (Figure 3b) display negative correlations with MgO
(R*=0.30,0.53,0.34, and 0.37, respectively). Four samples have MgO >8 wt.% and record Zr and Nb abundances
that overlap with IBM BON series samples; however, the Yb and Y concentrations are higher than those for the
IBM BON. The LOC samples have positive to negative heavy REE (HREE) slopes ([Gd/Lu]y.morg = 0.63-1.03),
positive to negative light REE (LREE) slopes ([La/Sm]y_yorp = 0.44—-1.52), and positive to flat slopes across all
REEs ([La/Luly.mors = 0.26-1.02).

The LOC samples plot along the tholeiitic trend on the alkalis-iron-magnesium (AFM) volcanic classification
diagram of Irvine and Baragar (1971); only two samples plot along a calc-alkaline trend (Figure 3c), consistent
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Table 1

Modal Mineralogy for LOC Samples of This Study

Sample Rock type Group Amphibole Plagioclase Chlorite Serpentine Opaques Biotite Accessory mineral(s)
LO19-16 Metagabbro 45 45 10

LO19-37 Metagabbro 45 30 25 Epidote
LO19-20 Metagabbro 50 30 20

LO19-06 Metaleucogabbro 30 10 30 30 Rutile
LO19-17 Metaleucogabbro 35 30 15 20

LO19-12 Metaleucogabbro 40 40 10 10

LO19-31 Metaleucogabbro 40 60

LO19-09 Metaleucogabbro 40 35 10 15

LO19-42 Meta-anorthosite 10 50 40 Calcite
LO19-30 Meta-anorthosite 10 90

LO19-10 Meta-anorthosite 85 15

LO19-14 Meta-anorthosite 85 15

LO19-40 Meta-anorthosite 50 40 10

LO19-22b Amphibolite 1 30 35 30 5

LO19-38 Amphibolite 1 30 45 20 5

L022-32 Amphibolite 1 45 30 20 5 <1 Calcite
LO19-15 Amphibolite 1 50 20 30 Zoisite
LO22-13 Amphibolite 1 50 45 5

LO22-18 Amphibolite 1 50 45 5 Calcite
LO22-19A Amphibolite 1 50 45 5

L0O22-23 Amphibolite 1 50 45 2 3

L0O22-48 Amphibolite 1 50 40 5 5

LO19-25 Amphibolite 1 55 35 5 5 Rutile
LO22-10B Amphibolite 1 60 40 <1

L022-24 Amphibolite 1 60 35 5

LO19-36a Amphibolite 1 70 30 <1

LO22-44 Amphibolite 2 35 45 10 10

LO22-34 Amphibolite 2 45 30 20 5 <1 Calcite
L0O22-37 Amphibolite 2 45 50 <1 5

LO22-15A Amphibolite 2 50 40 10 Rutile
L0O22-30 Amphibolite 2 50 40 10 Calcite
LO22-06B Amphibolite 2 60 30 5 5

L0O22-12 Amphibolite 2 60 30 10

LO22-41 Amphibolite 2 60 35 5

LO22-47 Amphibolite 3 40 45 5 10

L0O22-05 Amphibolite 3 45 50 5

LO22-42 Amphibolite 4 40 55 5

LO19-43 Amphibolite 4 40 50 <1 10

LO22-11B Amphibolite 4 50 45 5

LO22-39 Amphibolite 4 50 45 5

with an observed tholeiitic trend for IBM FAB and calc-alkaline trend for IBM BON. The immobile element
discrimination scheme of Winchester and Floyd (1977), which uses Nb/Y versus Zr/TiO,, classifies all LOC

samples as sub-alkaline basalt or andesite/basalt (Figure 3d).
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Figure 3. Geochemical plots of LOC samples and IBM literature data. (a) Bivariate diagrams of major element oxides versus MgO. (b) Bivariate diagrams of highly
immobile elements (Zr, Nb, Y) and select trace element ratios (La/Sm, La/Lu, Gd/Lu) versus MgO. (c) Alkalis-iron-magnesium (AFM) diagram for volcanic series
classification (after Irvine & Baragar, 1971). (d) Immobile element classification diagram (after Winchester & Floyd, 1977). Literature IBM data are from Ishizuka
et al. (2011), Pearce and Reagan (2019), Reagan et al. (2010, 2019), and Shervais et al. (2021).
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(@) | Zircon CL images
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Figure 4. (a) Cathodoluminescence images of representative zircons from sample LO19-15 and sample LO19-25; Tera-Wasserburg diagrams and weighted mean age
plots for LA-ICP-MS analyses of sample (b) LO19-15 and (c) sample LO19-25; (d) Wetherill diagram and weighted mean age plot for CA-ID-TIMS analyses of sample
LO19-15. Uncertainties are 2s (sample standard deviation) for LA-ICP-MS dates and 95% confidence for CA-ID-TIMS date.

3.5. Geochronology

Two amphibolite samples—L0O19-15 and LO19-25—yielded sufficient zircon for U-Pb geochronology. LO19-
15 was collected from the southern tip of Leka (Figure 1b) and is geochemically similar to IBM FAB. Zircons
(n = 16) were 20—100 pm in length, euhedral to subhedral, and displayed oscillatory, sector, or patchy zoning in
CL (Figure 4a). U-Pb zircon analyses by LA-ICP-MS for LO19-15 define a single population (MSWD = 0.65,
n = 11/16), yielding a weighted mean °°Pb/**®Pb date of 499.08 + 5.03 Ma (Figure 4b). Th/U is 0.41-1.26.

LO19-25, collected approximately 10 km to the NE of LO19-15 (Figure 1b), is also geochemically consistent with
IBM FAB. Zircons (n = 6) were 20—100 pm in length, euhedral to subhedral, and displayed patchy zoning, darker
cores, and lighter rims in CL (Figure 4a). U-Pb zircon analyses by LA-ICP-MS for LO19-25 are overdispersed
relative to what may be expected for a single population (MSWD = 4, n = 6), yielding a weighted mean
206pp, 238pp, date of 487.63 + 6.96 Ma (Figure 4c). Th/U is 0.27-0.72.
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Five LA-ICP-MS-analyzed zircon grains from sample LO19-15 were selected for CA-ID-TIMS analysis,
yielding a weighted mean 2°Pb/**8U date (Figure 4d) of 491.36 + 0.1710.2210.56 Ma (randomltracer includedl
decay constant included). The CA-ID-TIMS analyses show a distribution consistent with a single population
(MSWD = 0.3, n = 5) and the Th/U is 0.235-0.697.

4. Discussion
4.1. The IBM Model of Tectonomagmatic Discrimination

A detailed record of tectonomagmatic processes in an active subduction zone have been documented through
extensive investigations of the magmatic products preserved in the IBM forearc (Arculus et al., 2015; Bryant
et al., 2003; Ishizuka et al., 2011; Li et al., 2021; Pearce & Reagan, 2019; Pearce et al., 2015; Reagan et al., 2010,
2019; Shervais et al., 2019, 2021; Stern et al., 2012; Whattam & Stern, 2011). Mafic units sampled from the base
of the IBM forearc magmatic stratigraphy display geochemistry consistent with formation from decompression
melting resulting from intense forearc extension as the oceanic lithosphere began to founder. The high degrees of
partial melting produced forearc basalts (FAB) with geochemistry similar to mid-ocean ridge basalts (MORB) but
distinguished by differences in high field strength element (HFSE) and heavy rare earth element (HREE) con-
centrations (Reagan et al., 2010; Shervais et al., 2019).

FAB melt extraction left the residual mantle depleted in incompatible elements (Reagan et al., 2010). As sub-
duction was established, volatiles released from the subducting slab resulted in flux melting of the depleted
mantle wedge and the generation of immobile element-depleted, fluid mobile element-enriched boninitic (BON)
melts (Reagan et al., 2010). Records of this geochemical evolution are preserved spatially as BON overlying FAB
in the IBM forearc magmatic stratigraphy (Reagan et al., 2010).

U-Pb zircon crystallization dates on IBM gabbros indicate that seafloor spreading began nearly simultaneously
(51.94 £ 0.13 Ma and 51.81 £ 0.03 Ma, respectively) 1700 km apart in the Bonin and Mariana forearcs (Reagan
et al., 2019). Geochemical evolution in the IBM forearc is constrained to less than 1 million years by “°Ar/*°Ar
ages on volcanic glass and pyroxenes that record decompression melting and FAB magmatism at
51.34 + 0.78 Ma, followed by flux-associated melting and BON magmatism at 51.27 = 0.09 Ma to
50.33 + 0.55 Ma (Reagan et al., 2019). FAB erupted close to the trench, but the moved away from the trench as
seafloor spreading progressed (Reagan et al., 2019). In contrast, BON erupted close to the spreading center and
migrated toward the trench as the subduction zone became established, resulting in lateral (trench and forearc
perpendicular) spatial variation in the IBM forearc magmatic stratigraphy (Reagan et al., 2019).

The IBM model has been used to evaluate potential subduction zone forearc origins for SSZ ophiolites (Ishizuka
et al., 2011; Reagan et al., 2010). The Neotethyan Samail Ophiolite shows similar geochemical progression and
timescales for magmatic evolution from FAB to BON in <1-2 million years (Dilek & Furnes, 2009; Dilek
et al., 2007, 2008; Godard et al., 2003; Ishikawa et al., 2002; Kusano et al., 2017; Reagan et al., 2010; Rioux
et al., 2021; Shervais, 2001) which suggests that it too may represent forearc lithosphere formed during sub-
duction initiation (Shafaii Moghadam et al., 2013). The Samail Ophiolite and SSZ ophiolites of similar age within
the regionally extensive Alpine—Zagros—Himalayan Mountain system may have formed rapidly along a vast
sector of the Neotethys Ocean, analogous to the IBM (Shafaii Moghadam et al., 2013). The apparent rapid
tectonomagmatic evolution recorded by the FAB-to-BON succession in the IBM forearc and Neotethyan SSZ
ophiolites indicates that crystallization ages obtained on FAB units can be utilized to determine the approximate
timing of subduction initiation along 1,000s km of strike, providing valuable insights into the kinematics asso-
ciated with new plate boundary development.

4.2. Effects of Metamorphism on Tectonomagmatic Discrimination Schemes

The tectonomagmatic classification approach developed for the IBM system relies on major and trace element
discrimination schemes that were developed on lavas, shallow microgabbroic intrusions, and gabbros collected
from dredging and drilling in the IBM forearc. These units remained in the near-surface environment and
experienced limited degrees of post-magmatic, high-temperature metamorphism. Consequently, when applying
the IBM classifications to ophiolites that have undergone significant post-magmatic tectonism, it is essential to
assess whether elemental mobilization associated with secondary alteration has occurred. Below, the potential
effects of post-magmatic element mobility are assessed and IBM-based tectonomagmatic classifications are
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considered with emphasis on “seeing through” the potential influences of metamorphism and metasomatism to
identify signatures that can confidently be linked to primary tectonomagmatic processes.

Linear correlations between elements considered immobile during high-temperature metamorphism (Y, Yb, Nb,
Zr) are used to determine the most immobile element in the sample suite (method outlined in Guice et al., 2018,
2019). For the LOC samples, Y and Yb have a strong linear correlation (R> = 0.99), indicating minimal relative
fractionation due to secondary alteration. This is further supported by the poor correlations between Y and the
fluid-mobile large-ion lithophile elements (LILE; Ba, Cs, Rb, Sr), which yield R* values <0.042. Comparison of
analyzed trace elements to the immobile element Y determines which elements are likely to have experienced
secondary post-crystallization mobilization (Figure S1 in Supporting Information S1). The high field strength
elements (HFSE; Nb, Zr, Hf, Ta) all show moderate correlation with Y (R2 > 0.58), indicating limited secondary
mobilization of these elements. The strongest correlations are between the light rare earth elements (LREE) and Y
(R*> > 0.70) and the heavy rare earth elements (HREE) and Y (R*>0.97). Ti and V are often used as proxies for
mantle oxidation related to subduction zone fluids. In the LOC samples, Ti has a strong correlation with Y
(R? = 0.86); however, V has only a moderate correlation with Y (R* = 0.40), indicating likely secondary
mobilization and that care must be taken when using it as a discriminator. The results of element mobility analysis
indicate that HFSE and REE compositions are the most reliable bulk-rock discriminators for investigating the
tectonomagmatic origins of the LOC, and that Ti may also be of use.

4.3. Geochemical Classification of the LOC Rocks

Of the four LOC samples with TiO, < 0.5 wt.%, two have MgO > 8 wt.% and SiO, > 52 wt.% classifying them as
boninites (BON) according to the IUGS classification as well as the Ti8 versus Si8 boninite classification diagram
(Figure 6a) of Pearce and Reagan (2019). The other two samples are classified as low-Ti basalts (LoTi), which are
considered altered boninites that have undergone Mg and Si loss via secondary alteration (Pearce &
Reagan, 2019).

The remaining LOC samples have TiO, > 0.5 wt.%, SiO, of 49.14-55.59 wt.%, and MgO 4.48-10.18 wt.%
(Figures 5b and 5c), overlapping with IBM FAB and IBM HMA on major element classification diagrams
(Pearce & Reagan, 2019). Further discrimination using Yb versus Ce/Yb (Shervais et al., 2019) classifies nine
LOC samples as normal FAB (N-FAB), with Ce/Yb = 1.0-2.0 and Yb = 2.0-4.5 ppm consistent with IBM N-
FAB (Figure 5d). The remaining LOC samples have mixed affinities between IBM N-FAB and enriched-FAB (E-
FAB); their Ce/Yb range overlaps with IBM E-FAB (Ce/Yb = 2.2-3.8) but extends to higher values than IBM E-
FAB, whereas their Yb contents (Yb = 2.14-5.18 ppm) more closely align with values for IBM N-FAB than IBM
EFAB. These samples are classified as E-FAB based on their Ce/YDb ratios.

The four classes of LOC samples defined above (BON, LoTi, N-FAB, E-FAB) show consistent signatures within
each group when plotted on common basaltic discrimination diagrams. The LOC BON and LoTi have low Ti/V
ratios (Ti/V < 10) but with higher concentrations of V than IBM BON (Figure 5e); this is likely the result of
secondary V mobilization, as discussed in Section 4.1. The N-FAB and E-FAB samples plot along the dividing
line between island-arc tholeiites (IAT) and mid-ocean ridge basalt (MORB) at Ti/V = 20 with three E-FAB
samples at higher Ti concentrations and one N-FAB sample plotting at low Ti concentrations but with V con-
centrations significantly higher than the BON and LoTi groups (Figure 5e). The LOC samples plot entirely along
the MORB dividing line and within the oceanic arc field on the Nby versus Thy discrimination diagram
(Figure 5f; Saccani, 2015). The samples with Thy elevated over the IBM values may have experienced secondary
Th mobilization, as discussed in Section 4.1.

Chondrite-normalized REE diagrams and N-MORB-normalized extended trace element diagrams show simi-
larities among the samples assigned BON and LoTi classifications based on major and trace elements; all show
depleted REE concentrations, Ta-Nb and Hf-Zr depletions, and LILE (Rb, Ba, Sr), Th and U enrichment relative
to N-MORB (Figures 6a and 6b). Overall, the BON and LoTi patterns match closely with that of average IBM
BON, but with higher concentrations of HREE. The N-FAB and E-FAB REE geochemistry are similar, with REE
patterns showing LREE depletion relative to HREE; however, the total REE concentrations of E-FAB samples are
higher than those of N-MORB and average IBM FAB. Some samples show Ta—Nb depletions of similar scale to
the BON and LoTi samples, but Hf—Zr and REE depletions align more closely with IBM FAB. Some E-FAB
samples can be distinguished on the basis of a negative Sr anomaly that is not seen in any other LOC
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Figure 5. Non-cumulative mafic samples of the LOC from this study were plotted on various major- and trace-element tectonomagmatic discrimination diagrams.
Geochemical classifications based on the IBM model include: (a) Ti8 versus Si8 boninite discrimination diagram (after Pearce & Reagan, 2019); (b) MgO versus SiO,
bivariate diagram (after Pearce & Reagan, 2019); (c) TiO, versus MgO bivariate diagram (after Pearce & Reagan, 2019), and (d) Yb versus Ce/Yb plot for FAB
discrimination (after Shervais et al., 2019). (e) Ti versus V oceanic basalt classification diagram (after Shervais, 1982). (f) Normalized Th versus Nb tectonic
classification diagram (after Saccani, 2015). N-MORB normalizing values are from Gale et al. (2012). Literature IBM data are from Ishizuka et al. (2011), Pearce and
Reagan (2019), Reagan et al. (2010, 2019), and Shervais et al. (2021). Abbreviations: BB = basaltic boninite; BON = boninite; D-MORB = depleted-MORB; E-
FAB = enriched FAB; FAB = forearc basalt; HMA = high-magnesium andesite; HSB = high-silica boninite; IAT = island arc tholeiite; IBM = Izu-Bonin-Mariana;
LoTi = low-titanium basalt; LSB = low-silica boninite; MORB = mid-ocean ridge basalt; N-FAB = normal FAB.

samples; when combined with a minor negative Eu anomaly, the Sr depletion may indicate extraction from a
source that underwent minor plagioclase loss as a result of crystal fractionation.

4.4. Geochronology of the LOC Rocks

The 491.36 + 0.17 Ma date on LO19-15 is interpreted to record the igneous crystallization of Leka FAB units. We
note that the CA-ID-TIMs and LA-ICP-MS dates for LO19-15 are different within uncertainty, likely reflecting
unaccounted for inaccuracy in the LA-ICP-MS approach (Schaltegger et al., 2015). The zircons in LO19-15 are
interpreted to be igneous in origin. Geochemical similarity of LO19-15 to IBM FAB samples suggests that the
491.36 £+ 0.17 Ma date for LOC records magmatic activity during the earliest stages of subduction initiation, prior
to arc development. Our new CA-ID-TIMS data suggest that a previously published U-Pb zircon date
(497 £ 2 Ma; Dunning & Pedersen, 1988) that was considered to capture the timing of LOC formation may have
been an overestimate. Overdispersion in the LA-ICP-MS data for sample LO19-25 may reflect metamorphic/
metasomatic zircon overgrowth and/or Pb uptake/loss within the outer parts of the zircon grains.
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Figure 6. Rare earth element (REE) and extended trace element (TE) spider diagrams for the non-cumulate samples of the LOC. (a) Chondrite-normalized REE spider
diagram with LOC samples compared to average forearc basalt (FAB) and boninite (BON) compositions for the IBM forearc. (b) N-MORB-normalized extended trace
element spider diagram with LOC samples compared to average IBM FAB and IBM BON compositions. IBM FAB and BON averages calculated from Ishizuka
etal. (2011), Pearce and Reagan (2019), Reagan et al. (2010, 2019), and Shervais et al. (2021). Chondrite normalizing values are from Barrat et al. (2012) and N-MORB
normalizing values are from Gale et al. (2012).

4.5. Spatial Distribution of Lava Types in the LOC

The LOC pseudostratigraphy indicates that southern Leka, which is situated closer to the LOC mantle section,
represents deeper levels of the magmatic stratigraphy than on Madsgya. This implies that the units on Leka may
be the oldest among the sampled areas of non-cumulate rocks (Figure 7a). One sample from the island of Leka is
N-FAB (Figure 7b) and the remainder are E-FAB (Figure 7a), whereas Madsgya yielded equal amounts of E-FAB
and N-FAB samples (Figure 7b). The E-FAB and N-FAB units are dispersed across Madsgya, with the greatest
number of N-FAB units located on the southernmost portion of the islet (Figure 7b). The LOC BON and LoTi are
only present on the islets of Madsg@ya and Frgvikgya (Figure 7b). The presence of BON and LoTi units as well as
the occurrence of pillow basalts on Madsgya (Figure 1h) supports the interpretation that the islet represents higher
levels of the LOC pseudostratigraphy than Leka. Units within the LOC gabbro section on Leka are dominantly E-
FAB, suggesting that they may have formed earlier than the N-FAB units on Madsgya. This interpretation is
reinforced by their comparatively less-depleted HFSE and REE concentrations as well as lower concentrations of
LILE in most of the E-FAB samples. Notably, three E-FAB samples exhibit significantly higher LILE con-
centrations (LO22-06B, LO22-47, L.022-44); these samples also exhibit high concentrations of K, contain biotite,
and are in the uppermost portion of the LOC pseudostratigraphy, suggesting that the high LILE concentrations
may originate from interaction with sediments.
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Figure 7. Maps of southwestern Leka and of the island of Madsgya with samples plotted by geochemical classification. (a) E-FAB samples on southwest Leka. (b) LOC
samples on western Leka, Frgvikgya, and Madsgya. Inset in (a) also applies to (b). Abbreviations: BON = boninite; E-FAB = enriched forearc basalt; N-FAB = normal
forearc basalt; LoTi = low-titanium boninite.

4.6. Connecting Phase, Process, and Product in SSZ Ophiolites

Ophiolites preserve only a partial record of their formation environment. Hence, their origins must be deduced
from the magmatic products they preserve, what process those products represent, and to which tectonic phase
that process belongs. Figure 8 illustrates forearc lithosphere development and the connection between phase,
process, and products. In the “Initiating” phase of subduction, the dominant magma genesis process is mantle
decompression melting due to slab sinking, extension in the forearc region, and seafloor spreading. This process
produces forearc basalts as the first magmatic product of subduction. The second tectonic phase outlines a
“Developing” subduction system in which the sinking slab begins to release volatiles and fluids into the previ-
ously depleted mantle from which the forearc basalts were extracted. The primary magma genesis process during
this phase is flux melting to produce incompatible element-depleted fluid mobile element-enriched boninites. The
final tectonic phase is one of a “Developed” arc (i.e., protoarc development), which is facilitated by steady-state
subduction and mantle wedge recharge to produce typical island arc volcanics.

In Figure 8, example cross sections from various locations across the Phase 3 (“Developed”) forearc are shown to
illustrate spatial variability across the forearc; three distinct schematic sections are shown perpendicular to the
spreading axis. The first column (a) shows a section on the trench-distal side of the spreading center, which is
dominated by early FAB with only minor amounts of BON recorded. The LOC is representative of this section.
The second column (b) is taken from the center of the forearc and includes early FAB overlain by BON and a thick
layer of island arc volcanics. An example of an Appalachian—Caledonian ophiolite matching this section may be
the Baltimore Mafic Complex of Maryland, USA (Guice et al., 2021; Hanan & Sinha, 1989). The third column (c)
is taken from the trench-proximal side of the spreading center and is dominated by BON, with only minor amounts
of FAB. The Thetford Mines Ophiolite of Quebec, Canada, is an example of an Appalachian—Caledonian
ophiolite with a BON-dominated magmatic stratigraphy (Laurent & Hébert, 1989; Olive et al., 1997).
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Figure 8. Schematic illustration of forearc lithosphere formation and the resulting lateral variation in chemostratigraphy across the forearc region. Pseudostratigraphic
columns demonstrate forearc variability that is sampled by/preserved in the magmatic sequences of select Appalachian—Caledonian ophiolites. See text for discussion.

4.7. The Origin and Preservation of the Leka Ophiolite Complex

The LOC preserves mafic units with both FAB and BON geochemistries, with FAB being the dominant type. The
association of these two geochemical types suggests that the LOC primarily records the early stages of forearc
extension and decompression melting but retains little evidence of the latter phases of subduction evolution and
development of a volcanic arc. This truncated record (compared to the complete record preserved across the IBM
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forearc) may result from spatial variations in the SSZ lithosphere associated with trench migration and lateral
movement of magmatism. In this scenario, the LOC may represent a forearc section that underwent only very
minor slab fluid involvement as the initial FAB magmatism moved away from the forearc spreading center. The
original subduction forearc system may have been expansive, yet only a small portion of the early FAB-
dominated record is now preserved as the LOC.

The LOC may also represent a short-lived episode of extension that ended prior to development of a mature
subduction zone. FAB magmatism in the IBM lasted 1-2 Myr before transitioning to BON and more evolved arc
magmatism (Reagan et al., 2019); therefore, if forearc system development associated with the LOC ceased
within this timeframe, no evolved arc lava would have been produced. If subduction initiation occurred in a
narrow oceanic tract, closure of the tract would have occurred soon after subduction initiation as the oceanic
lithosphere was consumed, terminating subduction prior to substantial arc development. This setting could also
favor ophiolite preservation due to the proximity of the young and buoyant forearc lithosphere to the continent.
The less oxidized nature of the LOC mantle portion, compared to what is typically expected in a mature sub-
duction zone (O’Driscoll et al., 2021), supports the hypothesis that the LOC formed in association with a short-
lived (and/or early stage) subduction zone.

The variation between IBM FAB and LOC FAB may also originate from their respective mantle sources. The
IBM shows evidence of an extremely depleted mantle source potentially related to extraction from the previously
depleted Indian Ocean mantle; therefore, the IBM forearc may reflect greater depletion in incompatible elements
than forearc lithosphere from other subduction zones (Shervais et al., 2019). In contrast, LOC FAB units are less
depleted in incompatible elements, suggesting extraction from a less depleted mantle source.

The LOC context and history undoubtedly affect which forearc lithosphere segments are now exposed and
preserved. Within the LOC pseudostratigraphy, tens of km of crustal section is presumed missing in the region of
a major NE-SW normal fault that juxtaposed upper crustal rocks (mapped gabbro unit) with layered mantle
section rocks. Other LOC segments may have been buried, removed, or eroded during subsequent tectonic events.
The specific formation, obduction, deformation, and uplift/erosion history of the LOC all had an influence over
which parts of a presumably much more extensive and magmatically diverse forearc region (Figure 8) are ulti-
mately sampled and preserved.

5. Conclusions

o The LOC preserves a record of geochemical variation from forearc basaltic to boninitic magmatism, reflecting
formation during initiation and early evolution of a subduction zone.

e A491.36 = 0.17 Ma U-Pb zircon date for a forearc basalt unit in the LOC is considered to date subduction
initiation in the “Leka sector” of the lapetus Ocean.

¢ Differences between the LOC and the model IBM forearc pseudostratigraphy may result from selective
preservation of a spatially variable forearc lithosphere in addition to the specific history of formation,
obduction, deformation, and uplift/erosion of the LOC.

¢ Other Cambro-Ordovician SSZ ophiolites of the Appalachian—Caledonian system vary in character from the
LOC (and from each other), reflecting different contexts of formation within the subduction zone forearc and/
or different post-formation histories.

Data Availability Statement

All data referenced in this paper are available online through the Johns Hopkins Research Data Repository via
Becker et al. (2023).
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