
Petrologic evolution of boninite lavas from the IBM Fore-arc, IODP Expedition 352: 
Evidence for open-system processes during early subduction zone magmatism

Jesse L. Scholpp1,*, Jeffrey G. Ryan1, John W. Shervais2, Ciprian Stremtan3,  
Martin Rittner4, Antonio Luna1, Stephen A. Hill1, Zachary D. Atlas1, and Bradford C. Mack1

1School of Geosciences, University of South Florida, 4202 E. Fowler Avenue, NES 107, Tampa, Florida 33620, U.S.A.
2Department of Geology, Utah State University, 4505 Old Main Hill, Logan, Utah 84322, U.S.A.

3Teledyne CETAC Technologies, 14306 Industrial Road, Omaha, Nebraska 68144, U.S.A.
4TOFWERK AG, Schorenstrasse 39, 3645 Thun, Switzerland

Abstract
Boninite samples from several intervals within Hole U1439C, recovered during IODP Expedition 

352, show highly variable mineral chemistries that imply complex crystallization histories. Small 
pyroxene grains show oscillatory zoning with cores and zones ranging from pigeonite to augite. Late 
crystallizing augite has highly variable Al2O3 contents (1.9–13.7 wt%) and Ca-Tschermak component 
contents (3–13 mol%), which reflect disequilibrium conditions. Large, euhedral, low-Ca pyroxene (i.e., 
enstatite/clinoenstatite) crystals exhibit complex sector and oscillatory zoning patterns. Cr-rich spinel 
is found as inclusions both in olivine and low-Ca pyroxene. Early crystallized olivine phenocrysts have 
embayed and reacted margins, and some early crystallized olivines exhibit zoning. A few olivines have 
multiple zones, with both normal and reverse zoning between Fo86–92. Olivine xenocrysts also have 
embayed and reacted margins; however, xenocrysts do not exhibit chemical zoning patterns and have 
consistent Fo88 compositions. Disequilibrium crystallization of pyroxene rims reflects rapid cooling 
during an eruption. Sector zoning in low-Ca pyroxenes is the result of crystallization during periods 
of moderate undercooling between mixing events. Oscillatory, normal, and reverse zoning in olivine 
and pyroxene appears to have formed in response to multi-stage magma mingling or mixing processes, 
which introduced additional Ca, Fe, Ti, and Al into parental boninitic melts. The presence of olivine 
xenocrysts and orthopyroxene indicate equilibrium at 2–4 kbar (Whattam et al. 2020) indicates that 
boninite magma mixing events likely occurred within shallow magma chambers containing olivine-rich 
cumulate piles. Large mixing events probably destabilized the magma chamber, resulting in devola-
tilization and eruption. In contrast, small mixing events lacked the energy to destabilize the chamber, 
resulting in repeated compositional oscillations in minerals affected by multiple small mixing events.
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Introduction
Boninites are unusual, high SiO2 (>52 wt%), high MgO 

(>8 wt%), and low-TiO2 (<0.5 wt%) mafic rocks that are dis-
tinctively associated with subduction processes, in particular 
the unusual processes and phenomena of subduction initiation 
(Pearce and Reagan 2019; Shervais et al. 2021). They are com-
monly found in the forearcs in western Pacific arc systems such 
as the Izu-Bonin-Mariana (IBM) system (the type locality of 
boninite) and Tonga-Kermadec arc system (Dietrich et al. 1978; 
Bloomer et al. 1979; Meijer 1980; Meijer et al. 1982; Crawford 
1989; Arculus et al. 1992; Dobson et al. 2006; Meffre et al. 
2012) and have been observed actively erupting in the Lau Basin 
(Falloon and Crawford 1991; Falloon et al. 1992; Resing et al. 
2011). Boninites are also common in ophiolites such as Troodos 
(Cyprus), Samail (Oman), Thetford Mines (Canada), Betts Cove 
(Canada), and Koh (New Caledonia) (Cameron 1985; Kyser et 
al. 1986; Meffre et al. 1996; Bédard et al. 1998; Wyman 1999; 

Ishikawa et al. 2002, 2005; Pagé et al. 2008, 2009). “Boninite-
like” veins have also been found in some mantle xenoliths from 
Kamchatka and the West Bismarck arc (Bénard et al. 2016, 2018). 

Boninites associated with the Izu-Bonin fore-arc reflect the 
evolution of magmatic processes associated with subduction 
initiation, in which the foundering of old oceanic lithosphere 
leads to upwelling of asthenospheric mantle (e.g., Stern and 
Bloomer 1992; Reagan et al. 2010, 2017). Competing models 
exist as to how boninites form in this setting. Pearce et al. (1999) 
suggests that boninites result from mixing between partial melts 
from gabbroic veins in the shallow mantle and melts from the 
upwelling asthenosphere. Recent studies have contended that 
mantle upwelling associated with initial plate foundering results 
in decompression melting that produces voluminous tholei-
itic basalts [fore-arc basalts (FAB); Reagan et al. 2010, 2017, 
2019; Shervais et al. 2019]. This basaltic melting extensively 
depletes this upwelling mantle, which is then fluxed with a 
high-temperature fluid phase from the downgoing slab, trig-
gering continued melting and the formation of boninite magma 
(Li et al. 2019; Reagan et al. 2017, 2019; Shervais et al. 2021; 
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