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extension in space and time. It is thus essential to fully characterize its tectonomagmatic processes
that are potentially of global significance. For this reason, we carried out a comprehensive geochemical
study on basaltic samples (glasses) from the NMT axis from 17 to 23°N by analyzing a full suite of

Keywords: major and trace elements, Sr-Nd-Pb-Hf radiogenic isotopes and stable Fe isotopes. The Fe isotopes,
iron isotopes in particular, have the potential to offer novel perspectives beyond the aforementioned geochemical
back-arc basin basalts variables. From south to north, the §°6Fe of the NMT basalts (NMTB) decrease systematically, varying
asthenospheric mantle from a MOR-like value of +0.12%¢ to an arc-like value of 0.00%c. Importantly, incompatible element
sub-arc lithospheric mantle abundances and Sr-Nd-Pb-Hf isotope compositions of the NMTB also show systematic along-latitude

northern Mariana Trough variations. Positively correlated with §°Fe, the abundances of fluid-insoluble elements (e.g., Nb, Ta, Zr,

Hf, Ti and heavy rare earth elements) show the south-to-north decrease, suggesting that the NMTB §°6Fe
systematics are inherited from the magma source variation. The source variation is most consistent with
an asthenosphere source in the south and progressively more depleted harzburgitic lithosphere source of
prior melt depletion towards north. On the other hand, there are scattered but significant enrichment
trends towards north in terms of Sr-Nd-Pb-Hf radiogenic isotopes and fluid-soluble incompatible
elements (e.g., Ba, Rb, Cs, Th, U, K, Pb, Sr and light rare earth elements), which is consistent with south-
to-north increase in slab material (e.g., slab fluids, sediments etc.) contribution. These north-to-south
magma source systematics defined by the NMTB can be readily understood as a tectonic response to the
back-arc basin development with time from initial arc-magmatism dominated by sub-arc lithospheric
mantle melting with significant slab material contributions to back-arc rifting and to back-arc spreading
center magmatism characterized by increasing asthenospheric mantle melting, decreasing slab material
contribution and diminishing sub-arc lithospheric mantle participation. This tectonic-magma source
evolution in space and time is manifested by the snapshot of the NMTB magmatism in terms of the
geology, petrology and geochemistry.

The NMTB §°6Fe values and fluid-insoluble incompatible element abundances are unaffected by
slab materials, but controlled by the harzburgitic residues of previous melt extraction depleted
in these elements with low §°Fe at the early arc-magmatism stage in the north and by the
asthenosphere of MORB mantle characteristics in the south with well-developed back-arc spreading
system. Importantly, these observations affirm the understanding that compositionally depleted and
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physically buoyant lithosphere is prerequisite as the overriding plate for subduction initiation at its

edges.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Back-arc basin basalts (BABB) formed at the infant back-arc rift-
ing stage are indistinguishable from island arc basalts (IAB) that
are enriched in large ion lithophile elements (LILEs) and depleted
in high field strength elements (HFSEs), whereas BABB from ma-
ture back-arc spreading centers have geochemical characteristics
similar to mid-ocean ridge basalts (MORB) with no or weak afore-
mentioned IAB signature (e.g., Hawkins et al., 1990; Stern et al.,
1990; Gribble et al., 1998; Pearce et al., 2005). This observation can
be understood as BABB source compositional change from arc-like
to MOR-like in response to the initiation and growth of back-arc
spreading centers (or back-arc basins for short; BAB). We also un-
derstand that the development of BAB is a passive response to
seafloor subduction, trench retreat and overriding plate extension
(e.g., Niu, 2014). These geochemical and tectonic understandings
altogether well explain the geochemistry (e.g., incompatible ele-
ments and Sr-Nd-Pb isotopes) of the northern Mariana Trough
basalts (NMTB), i.e., basalts from the northern tip at the rifting
stage are dominated by the IAB signature and change gradually
into MORB-like compositions in the more mature spreading envi-
ronment towards south (e.g., Stern et al., 1990; Gribble et al., 1996,
1998). This clear pattern, despite some local complexities, leads us
to the hypothesis that the geology and magmatism of the NMT
represent a type example of back-arc development and the asso-
ciated tectonomagmatic processes may be of general and global
significance. To test this hypothesis and to potentially apply this
model to intra-oceanic back-arc spreading centers globally (e.g.,
those behind Tonga-Kermadec, Lesser Antilles, Sandwich volcanic
arcs), we need to fully characterize the tectonomagmatic processes
of the NMT.

For the above reason, we have carried out a comprehensive geo-
chemical study on basaltic glasses (i.e., quenched basaltic melts)
from the NMT axis from 17 to 23°N by analyzing a full suite of
major and trace elements, Sr—-Nd-Pb-Hf radiogenic isotopes and
stable Fe isotopes. We emphasize the potential importance of Fe
isotopes because Fe, as a major element, behaves differently from
commonly used incompatible elements and because there is no
understood reason why Fe isotopes should behave the same as ra-
diogenic isotopes. As a result, Fe isotope compositional variation, if
any, can offer a novel perspective on the NMTB petrogenesis. Im-
portantly, despite many Fe isotope studies on mantle and mantle
derived rocks (e.g., Weyer and lonov, 2007; Williams and Bizimis,
2014), the behavior of Fe isotopes during mantle melting remains
elusive, for which our recent study on seamount lavas flanking the
East Pacific Rise axis is informative (Sun et al., 2020). They found
that geochemically enriched lavas dominated by enriched mantle
source component of low-degree melt metasomatic origin corre-
late with heavy Fe isotopes (i.e., high §°6°7Fe). This implies that
mantle melting residues after heavy Fe isotope extraction are ex-
pected to have light Fe isotopes (i.e., low §°637Fe). Considering the
understanding that subduction initiation is a consequence of lat-
eral compositional buoyancy contrast within the lithosphere (Niu
et al.,, 2003), the mantle lithosphere of the overriding plate must
be harzburgitic residue of previous melt extraction that is compo-
sitionally depleted and physically buoyant relative to the subjacent
asthenosphere. It follows that the NMTB source contribution is ex-
pected to change from the sub-arc lithospheric mantle dominance
with limited asthenosphere participation at the northern tip to
the asthenosphere dominance with diminished lithosphere partic-

ipation in the more mature and better developed BAB spreading
center in the south, which is also accompanied by the declining
contribution of subducting slab materials. Indeed, our new data
fully corroborate the above reasoning and understandings.

In the following, we present our data and discuss their signifi-
cance in terms of NMT development. It is important to emphasize
that (1) the correlated variations of Fe isotopes with radiogenic iso-
topes and incompatible element abundances do not suggest their
similar or predictable geological behaviors, but do demonstrate
their being consequences of our understood physical processes of
BAB development and genetically related magma source material
change in space and time; (2) we predict that our understanding
of BAB development based on the NMT is of general significance
globally to be tested in future studies.

2. Geological background and samples

The Mariana Arc is the southern segment of the ~2500 km
long Izu-Bonin-Mariana (IBM) island arc system resulting from the
westward subduction of the Pacific Plate beneath the Philippine
Sea Plate (Fig. 1a). The Mariana Trough is an actively spreading
BAB, and is crescent-shaped located between the Mariana Arc (vol-
canically active arc) and the West Mariana Ridge (remnant arc;
Fig. 1), with a maximum width of 250 km at about 17°N. The
spreading axis is located on the eastern side of the basin, indi-
cating highly asymmetric spreading (e.g., Deschamps and Fujiwara,
2003). Repeated GPS data surveys in the Mariana Islands indicate
that the spreading rates of the Mariana Trough ranges from ~15
mm/yr near Agrihan in the north to ~45 mm/yr near Guam in the
south (Kato et al., 2003). We focus our study on the NMT, where
the extension axis changes from a mature spreading center in the
south to rifting in the north (e.g., Gribble et al.,, 1998). The sam-
ples were collected by dredging along the NMT axis from 17 to
23°N during the 1969 SCAN (Leg 4) aboard the R/V Argo, the
1978 MARA (Leg 4, 6 and 7) and the 1991 TUNES (Leg 7) expe-
ditions aboard the R/V Thomas Washington. Dredge locations are
listed in Supplementary Table S1 and shown in Fig. 1b. Previous
studies found that these rock samples show progressive changes
in chemical and isotopic compositions, from BABB in the back-arc
spreading center in the south to the increasingly arc-like basalts
to the north, and to those indistinguishable from arc lavas towards
the northernmost portion of the rift (e.g., Stern et al., 1990; Grib-
ble et al., 1996, 1998).

3. Analytical methods

From 17 to 23°N along the NMT axis, 24 samples were se-
lected for major and trace element analysis and isotope measure-
ment. All the weathering surfaces and suspect contaminants of
these samples were thoroughly removed. The samples were then
crushed into fragments and cleaned ultrasonically before hand-
picking (glasses and matrix chips) free of phenocrysts under a
binocular microscope. They were further cleaned in Milli-Q water
for 10 min, at least three times, in an ultrasonic bath before analy-
sis. All the analytical work (major elements, trace elements and all
the isotopes) was done in the Laboratory of Ocean Lithosphere and
Mantle Dynamics in the Institute of Oceanology, Chinese Academy
of Sciences.
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Fig. 1. Bathymetric map of the Mariana Trough showing sample locations (along northern Mariana Trough). The map is made using Generic Mapping Tools (GMT, Wessel et

al, 2019).
3.1. Bulk rock Fe isotope and other isotope analyses

For Fe isotope analysis, about 5-10 mg of samples were dis-
solved in a distilled HNO3-HCI-HF mixture on a hotplate at 120°C
for 15 h, and then re-dissolved, after evaporation, with distilled 3N
HNO;3 for 2 h until complete dissolution. Fe was purified with a
polypropylene column filled with 1 ml AG-MP-1 M resin (200-400
mesh) in a 9N HCl medium following the procedure of Gong et al.
(2020). Fe was collected using 1.5 ml 1N HCl. The purified solutions
were doped with GSB Ni standard (an ultrapure single elemental
standard solution from the China Iron and Steel Research Institute)
as an internal mass bias monitor with Ni: Fe ratio of ~1.4:1 (Gong
et al.,, 2020). The Fe isotope compositions were determined using
Nu plasma II multiple collector-inductively coupled plasma-mass
spectrometer (MC-ICP-MS). Reference material GSB Fe standard
(a substitution of IRMM-014; 8°°Fejrmm-014 = 8°%Fegsg + 0.729,
8°"Felrmm-014 = 8°'Fegsg + 1.073; He et al., 2015) was used for
bracketing each sample. Fe isotope compositions are reported as §-
notation relative to the international standard of IRMM-014: §'Fe
(%0) = [(‘Fe/>*Fe)sampte | (‘Fe/>*Fe)irmm-014 — 1] x 1000, where i
refers to mass 56 or 57. Our analyzed §°°Fe values for USGS stan-
dards (W-2a, BCR-2 and BHVO-2) agree well with recommended
values in the literature (e.g., He et al., 2015 and references therein;
Supplementary Table S1).

For Sr-Nd-Pb-Hf isotopes, about 50 mg of each sample was
dissolved in a distilled HNO3-HCI-HF mixture in a Teflon beaker
at 190°C. Sr and Pb were separated by running through Sr-Spec
resin. AG resin was used to separate HFSEs and rare earth elements
(REEs). Nd was separated using Ln (Nd) resin, and Hf was sepa-
rated using Ln (Hf) resin, respectively. The purified Sr, Pb and Hf
were diluted in 2% HNOs, and Nd was diluted in Milli-Q H,O for
analysis with Nu plasma II MC-ICP-MS. 203T]-205T] isotopes were
used as internal standard to correct for mass-dependent Pb isotope
fractionation. The Sr, Nd, Pb and Hf isotope ratios were, respec-
tively, normalized to 86Sr/8sr = 01194, 46Nd/'*Nd = 0.7219,
20571/203T] = 2.3875 and 7Hf/"77Hf = 0.7325. Standard averages
and reproducibility of standards (20 ) over the period of data col-
lection were as follows: NBS-987 875r/36Sr = 0.710277 + 0.000006
(n=7), Jndi-1 Nd 3Nd/'#*Nd = 0.512106 £ 0.000003 (n = 10),
Alfa Hf "7SHf/177Hf = 0.282194 + 0.000004 (n = 9) and NBS-981
208pp204ph = 36.6818 % 0.0006, 297Pb/?%4Pb = 15.4790 + 0.0002
and 296pb/294ph = 16.9304 =+ 0.0002 (n = 7). Detailed methods for
Sr-Nd-Pb-Hf elemental separation and isotope analysis are given
by Sun et al. (2019).

3.2. Glass major and trace element analyses

Major and trace elements of samples were analyzed using a
Photon Machines Excite 193-nm excimer Ar-F laser system at-
tached to an Agilent 7900 ICP-MS. The samples were analyzed
using 85 pm spot size, and 8.49 J/cm? energy density at a repe-
tition rate of 6 Hz. Each analysis includes 25 s background acqui-
sition (gas blank) followed by 50 s data acquisition. The raw data
were processed using ICPMSDataCal_ver11.0 (Liu et al., 2008). All
the analyzed elements in each run were normalized to 100% and
calibrated using an ablation yield correction factor (AYCF; Liu et
al., 2008) based on analysis of multiple reference materials (NIST
SRM 610 and BCR-2G). The analytical precision and accuracy are
generally within 5% and below 10% respectively for most analyzed
elements, and the analytical details are given in Xiao et al. (2020).

4. Results

The major and trace element analyses and isotope compositions
for the NMTB samples are given in Supplementary Tables S1-S3.
Pervasive alteration of sample SCANO4AR-045-1 causes the devi-
ation of Sr and Pb isotopes from other samples, so we do not
use this sample in the following discussion. The §°6Fe values of
the NMTB samples range from 0.00 4= 0.03%o to +0.12 = 0.04%o
(2SD), and show systematic variation with latitude (Fig. 2a). The
8°6Fe varies from MORB-like (Teng et al, 2013) in the south to
much lighter towards north. In addition, 37Sr/%6sr, 143Nd/144Nd,
176 Hf[177Hf, 206ph/204pp, 207ph204ph and 208pb/204pb also vary
with latitude (Fig. 2b-f). The Sr-Nd-Pb isotopes, major and trace
element compositions confirm previous studies (e.g., Volpe et al.,
1987; Stern et al.,, 1990; Gribble et al., 1998) that the arc signature
(e.g., enriched in LILEs with high 87Sr/®6Sr and low '3Nd/'#4Nd)
become progressively stronger from south to north.

5. Discussion

The theory states that heavy Fe isotopes are preferentially par-
titioned into the phase with higher bond strength (e.g., Dauphas et
al.,, 2014; Sossi and O'Neill, 2017). Ferric iron (Fe3*) is predicted
to have heavier Fe isotope (i.e., higher §°°Fe) because the smaller
jonic radii and higher valence state of Fe>* results in shorter and
stronger bonds (Dauphas et al., 2014). Fe isotopes can fractionate
when iron incorporates into different phases, leading to different
8°6Fe between different phases. Unlike incompatible elements and



Y. Chen, Y. Niu, Q. Xue et al.

0.15 ; . :
(a)
R?=0.67
0.10F i%i ]
g oosp } ?} i .
% &
0.00F E ]
_0.05 1 1 1
0.5132 . . ;
(©) & R?=0.63
[ I} =0.
05131 @ d ]
o [ ]
> ° [ SN °
3 05130} o o0 o ]
z °
2 '
0.5129} u
eo°
0.5128 . . .
192 1§ T T
(e) R
2, [ ]
- R?=0.74 oy |
& o, °
L qpaf e o e ]
o) . @ ®
a e
180 '
. ° .. (Y
17.6 ' . .
16 18 20 22 24

Latitude (°N)
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are given. Error bars in (a) are £ 1SD.

radiogenic isotopes of incompatible elements, only significant mass
transfer processes are able to shift Fe isotope composition (Sossi et
al,, 2016). So, the systematic NMTB Fe isotope variation with lat-
itude must be caused by some major processes which effectively
change the Fe isotopes during the magmatism or in the magma
source histories. In the following, we use the correlated variations
of Fe isotopes (8°6Fe values) with process-sensitive elements and
radiogenic isotopes to illustrate and discuss possible factors con-
trolling the variation of Fe isotopes in the context of the NMTB
magmatism.

5.1. Effects of fractional crystallization on Fe isotopes

Most of the samples have Mg# > 0.57, and some of them
especially the northernmost ones have Mg# as low as 0.38 (Sup-
plementary Table S3). All of these samples have inevitably expe-
rienced some extent of fractional crystallization (Supplementary
Fig. S1). Previous studies have demonstrated that fractional crys-
tallization of basaltic magmas can cause Fe isotope fractionation
(e.g., Sossi et al., 2012; Chen et al., 2021). For a basaltic melt, frac-
tional crystallization of olivine and pyroxene which prefer Fe?t
and lighter Fe isotopes will elevate the Fe3* content and §°6Fe
value of the residual melt, while fractional crystallization of mag-
netite which prefer heavier Fe isotopes will decrease the §°6Fe
value of the residual melt (e.g., Sossi et al., 2012). Although the
high H,O content in arc magma promotes early crystallization of
magnetite (e.g., Feig et al., 2010), the Mariana lava dataset (col-
lected from PetDB) shows that olivine + clinopyroxene + pla-
gioclase is the dominant crystallization phases before magnetite
crystallization (Supplementary Fig. S1). All of our samples fall into
the interval of olivine & clinopyroxene =+ plagioclase crystallization

176Hf/177Hf B7Sr/868r

ZOSPb/204Pb
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(Supplementary Fig. S1), which indicates that the lower §°°Fe of
the NMTB samples towards north are not caused by their more dif-
ferentiated composition. There are no correlations between §°6Fe
and fractionation indices such as MgO or Mg# (Supplementary Fig.
S2). In fact, after correcting for the effect of fractional crystalliza-
tion to Mg# = 0.6 (following Niu and O’Hara, 2008), the corrected
data show similar trends with raw data, indicating that the along-
axis variation is not caused by magma evolution (Fig. 3). In other
words, fractional crystallization is not the cause of the system-
atic decreasing of §°6Fe of the NMTB samples from south to north
(Fig. 2a).

5.2. Influence of partial melting on Fe isotopes

During mantle melting, Fe3* is more incompatible than Fe?*
(e.g., Canil et al,, 1994), so the melt is expected to have higher
Fe3t/ZFe and §°%Fe than the source and residue although obser-
vation evidence is needed. Following the above reasoning, §°°Fe
of the melt would increase with decreasing extent of melting for
a uniform mantle source (e.g., Williams and Bizimis, 2014; Nebel
et al, 2015; Foden et al., 2018). Previous chemical and isotopic
studies of lavas from the NMT show that the northernmost rift
lavas reflect higher extents of melting than seafloor spreading cen-
ter lavas in the south (e.g., Stolper and Newman, 1994; Gribble et
al., 1998). For our samples, the Nagg and Tigyp decrease with in-
creasing latitude, which seems to confirm the previous study that
the extent of melting increases towards north (Fig. 3a-b). How-
ever, with varying sources or source components, any argument for
varying extent of melting is unjustified. The systematic variation of
Sr-Nd-Pb-Hf isotopes of the NMTB samples with latitude indicates
magma source compositional heterogeneity (Fig. 2b-f). The signif-
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icant negative correlation of fluid-insoluble elements (e.g., HFSEs
and HREEs) and positive correlation of fluid-soluble incompati-
ble elements (e.g., Ba, Cs, Rb, K, Sr, Pb and LREEs) with latitude
(Fig. 4a and Supplementary Fig. S3) indicates in simple clarity that
these variations do not result from present-day magmatic process,
but reflect magma source compositional variation that is consis-
tent with a systematically stronger arc-like geochemical signature
towards north. We thus cannot avoid the conclusion that it is the
magma source heterogeneity that controls the NMTB Fe isotope
variation.

5.3. Source heterogeneity controls on Fe isotope variation in NMTB
As illustrated above, the systematic variations of incompatible

element abundances and isotopes with latitude are most consis-
tent with magma source compositional variation (Figs. 2, 4 and

Supplementary Fig. S3). From south to north, the variation of Fe
isotope and other element or isotope compositions could be caused
by varying contributions from (1) asthenosphere, (2) subducting
slab, and (3) sub-arc lithospheric mantle (e.g., Volpe et al., 1987;
Stern et al., 1990; Gribble et al., 1998; Pearce et al., 2005).

The chemical and isotopic compositions of the samples show
that the southernmost samples have the lowest 87Sr/36Sr values
and the highest §°6Fe, 1¥3Nd/1#4Nd and '76Hf/177Hf values (Fig. 2).
These characteristics are similar to MORB formed by adiabatic
decompression melting of the asthenosphere (Figs. 2, 5 and 6).
Previous studies show that the MORB have uniform Fe isotope
composition, with an average of about +0.11 4 0.04%o (Teng et
al,, 2013) heavier than their mantle source (§°%Fe = ~+0.02 =+
0.03%0, Weyer and Ionov, 2007). All this information is consistent
with the geological evolution that the southern portion of the NMT
(~17-18°N) has already developed into a mature (or almost ma-
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ture) back-arc spreading center (e.g., Martinez et al., 1995; Gribble
et al., 1998; Yamazaki et al., 2003), where the prior mantle litho-
sphere is essentially gone and the BABB magma source is astheno-
spheric as indicated by the MORB-like §°6Fe of +0.10- + 0.12%o
(Fig. 2a).

The gradually increasing concentration of fluid-soluble elements
towards north (Fig. 4a and Supplementary Fig. S3a-b) indicates the
increasing contribution of subducting slab-derived materials (e.g.,

Volpe et al., 1987; Stern et al,, 1990; Gribble et al., 1998; Pearce
et al., 2005), while decreasing concentration of fluid-insoluble ele-
ments towards north (Fig. 4a and Supplementary Fig. S3c-d) points
to the increasing contribution of depleted arc lithospheric mantle
resulting from previous melt depletion (Woodhead et al., 1993). In
this context, we should note that the nature of such composition-
ally depleted and physically buoyant sub-arc mantle lithosphere is
a straightforward manifestation of subduction initiation as a conse-
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quence of compositional buoyancy contrast within the lithosphere
(Niu et al., 2003).

It is important to note that §°6Fe of the NMTB positively corre-
lates with fluid-insoluble elements and negatively correlates with
fluid-soluble elements as a function of latitude (Fig. 4a and Supple-
mentary Fig. S3a-b). These correlations can thus be used to discuss
magma source compositional contribution (e.g., varying contribu-
tions of sub-arc mantle lithosphere vs. slab-derived materials) to
8°Fe of the lavas. To do so, we can first look into §°Fe of the
global arc basalts (using the data with MgO between 4.0-8.5 wt%
from Dauphas et al., 2009; Nebel et al., 2015; Foden et al., 2018;
Williams et al., 2018) interpreted to reflect varying contributions
of slab components.

It is generally assumed that the enrichment in highly incompat-
ible elements of arc magma result from addition of varying com-
binations of hydrous fluid and silicate melts (partial melts from
sediment and altered ocean crust) from subducting slab into the
mantle wedge (e.g., Woodhead, 1989; Elliott et al., 1997; Marske et
al., 2011). The Sr-Nd-Pb isotope compositions of the samples sug-
gest that the contributions from slab components are dominated
by sediment which are increasing from south to north (Fig. 5),
which supports the previous interpretation of significant sediment
contribution to the northern Mariana arc magmatism (Tollstrup
and Gill, 2005). Though previous studies on Fe isotopes of residual
slab serpentinites suggest that dehydration of prograde metamor-
phism of serpentinite can release relatively lighter Fe isotope bear-
ing fluids (8°6Fe < 0.00%o; Debret et al., 2016), there is no clear
co-variation of §°6Fe with “fluid” tracers such as Ba/Nb (Fig. 7a;
see Williams et al., 2018 for other tracers). The Fe-solubility in hy-
drous fluid and its contribution to arc magmatism remains under
debate (e.g., Nebel et al., 2015; Foden et al., 2018; Castillo, 2021).
As for the slab derived melts, there are few studies about the Fe
isotope behavior during partial melting of subducting sediments
and altered ocean crust. Considering the mineral assemblage of
blueschist and eclogite of the subducting ocean crust, we can as-
sume the §°6Fe of slab derived melts is similar to or higher than
their protolith. For the Mariana arc, there are no clear correlated
variations of §°6Fe with “sediment” tracers such as Th/Nb (Fig. 7b;
Williams et al., 2018). For the global arc magmas, the varying con-
tributions of sediment and altered ocean crust give rise to the
highly scattered random co-variations of §°°Fe with Sr-Nd-Pb iso-
topes (Fig. 6a-c). In contrast, the NMTB define correlated variation
trends that do not need and cannot be explained by varying slab
material contributions (Fig. 6), indicating that the slab component
is, if any, insignificant in explaining the NMTB Fe isotope varia-
tion. The correlations between §°°Fe and arc signature (such as
enriched 87Sr/%6Sr, 206pb/204ph, fluid-soluble elements, Ba/Nb and
Th/Nb) are not a cause-and-effect relationship, but geographic cor-
relations as function of latitude (Fig. 4).

Unlike incompatible elements and radiogenic isotopes of in-
compatible elements which are likely to be disproportionately af-
fected by contributions from enriched components (Soderman et
al.,, 2020), the Fe isotope composition of the lavas tends to reflect
the composition in the magma source (e.g., Williams and Bizimis,
2014; Nebel et al., 2018; Soderman et al., 2020). The higher incom-
patibility of Fe3* than Fet is expected to cause Fe isotope frac-
tionation during mantle melting with the melt having higher Fe3+
and heavier Fe isotopes (higher §°6Fe) than the residue. This ex-
pectation is confirmed by a recent study on seamount lavas flank-
ing the East Pacific Rise (Sun et al., 2020), which shows clearly that
the enriched mantle source component (i.e., high La/Sm, Sm/Yb,
Nbj/zr, 875r/86Sr; low 43Nd/'#4Nd and '77Hf/176Hf) of low-degree
melt metasomatic origin is characterized by heavy Fe isotopes
(high 8°6Fe), whereas the depleted mantle component has light
Fe isotopes (low §°6Fe). Therefore, the melting residue will nec-
essarily have light Fe isotopes (low 8°°Fe). The significantly posi-
tive correlation of 8°6Fe with fluid-insoluble elements (HFSEs and
HREEs; Fig. 4a and Supplementary Fig. S3c-d) indicates that the
Fe that hosts *°Fe behaves like an immobile element which is
inherited from the mantle sources. The significantly negative cor-
relation of fluid-insoluble elements and latitude (Fig. 4a and Sup-
plementary Fig. S3c-d) indicates the gradual depletion of magma
source towards north. Given the understood tectonic evolution of
the NMT development (see above), all the geochemical data consis-
tently point to a previously melt-depleted mantle source towards
north, which is most consistent with a harzburgitic composition
dominated by olivine and orthopyroxene with little clinopyrox-
ene because it is not only depleted in HFSEs (i.e., Nb, Ta, Zr, Hf,
Ti), but also HREEs (Fig. 4). Likewise, such depleted mantle source
must also be depleted in Fe3* (vs. Fe2t) and heavier Fe isotopes
(°857Fe), giving rise to lighter Fe isotopes (lower 8°6Fe) in the
basalts towards the north. This further points to the dominance
of lithospheric (vs. asthenospheric) magma source towards the
north. All these observations and understanding support the no-
tion that sub-arc lithospheric mantle is compositionally refractory
(e.g., Woodhead et al., 1993; Parkinson and Pearce, 1998; Niu et al.,
2003; Bénard et al., 2017), which imparts the signature of lighter
Fe isotope composition of arc magmas (Nebel et al., 2015, 2018;
Foden et al., 2018). Here, we can thus suggest that the lowest
8°6Fe value (0.00%qo) of the samples to represent the basalt formed
from partial melting of the sub-arc lithospheric mantle (Fig. 2a),
and predict that typical harzburgitic melting residues without later
modification should have §°6Fe < 0.00%c.

With all these chemical and isotopic compositions of the NMTB
considered, we can conclude that the contribution of arc litho-
spheric mantle and slab component progressively decreases, while
the contributions of asthenosphere increase from north to south
(Fig. 8) in response to the initiation and further development of
the NMT back-arc spreading center (see below).



Y. Chen, Y. Niu, Q. Xue et al.

Earth and Planetary Science Letters 572 (2021) 117133

0.15 T T T T T T T 0.15 T T
F BABB BABB
,MAR;'\MWTVOOBD Latitude (°N) MARAO4WT-008D
| —
I ® 17 24
0.10 . 0.10 i
()
Sediment Sediment
005F ogf {1 oos ‘ g G0
[ ® o
0.00 - B 0.00
[ T ESO‘?ABT 054D T Eso;AET 054D,
UNI WT-054D-1 UNI 'WT-054D-1
[ (a) (b)
_005 1 1 L 1 1 1 7005 1 L
0.7025 0.7035 0.7045 0.7055 0.7065 0.5124 0.5126 0.5128 0.5130 0.5132
87Sr/868r 143Nd/144Nd

Fig. 8. Source heterogeneity model of §°6Fe and 87Sr/86Sr (a), §°5Fe and '#3Nd/'#4Nd (b). The isotopic composition of the samples result from varying contributions of: (1)
asthenosphere (assuming sample MARAO4WT-008D as the endmember of BABB inherited from the composition of asthenosphere); (2) sub-arc lithospheric mantle (assuming
the sample TUNESO7WT-054D-1 as the endmember of IAB inherited from composition of sub-arc lithospheric mantle and inevitable some subducting slab component); (3)
sediment (assuming the isotopic composition of sediment for the sediment melt; Plank and Langmuir, 1998; Rouxel et al., 2003). Detailed endmember compositions are given
in Supplementary Table S4. The tick marks are interval of 10%.

Depth (km)

50

o
S

Mariana arc

B v
L A
e Altered ocean crust

s 0
=
Sub-arc mantle
5°Fe=?

Depth (km)
IAB

*Fe = +0.04 £ 0.12%0

Sediment
5% Fe = 0.05%0

'

5%Fe = +0.08%0
50

Oceanic lithosphere mantle
5%Fe = +0.01 £ 0.01%0

100
! 1

50

145° 146° 147°E

Asthenosphere
mantle
8" Fe = +0.02 + 0.03%a

100

143°

Depth (km)

-
o
=3

144°

148°E

BAB mantle
8% Fe = +0.01 £ 0.01%0?

50

100

1
142° 143°

1 1
144° 145° 146° 147° 148° 149°E

Fig. 9. Schematic illustrations showing Fe isotope variation in varying lithologies in a subduction zone setting such as the Mariana trench-arc-back arc system. The geology
of the NMT (17-24°N) furnishes a snapshot of back-arc basin development from rifting in the north to progressively more mature spreading center towards south. From
north to south, the previous arc lithospheric mantle (source for IAB) is progressively thinned with the upwelling asthenosphere becomes progressively more important as
the source for BABB in mature spreading centers. The variation of §°Fe as well as other radiogenic isotope compositions of the NMTB are controlled by magma sources with
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5.4. Development of BAB controls BABB magma source heterogeneity

The continued release of hydrous fluid and melts from the sub-
ducting Pacific Plate to the lithospheric mantle of the Philippine
Sea Plate induce the Mariana arc magmatism (Fig. 9a). The contin-
ued seafloor subduction results in trench retreat, overriding plate
extension, and the development of back-arc rifting and spreading
(Niu, 2014, 2020) (Fig. 9b). The continued extension and back-arc

spreading not only thins the prior sub-arc mantle lithosphere, but
also facilitates passive asthenosphere upwelling, BABB magmatism
and back-arc crustal formation (Fig. 9¢). This time sequence of BAB
development imparts magma source signatures whose strength de-
creases in terms of sub-arc lithosphere and slab-derived compo-
nents and increases in terms of the asthenosphere, which is well
characterized by the geology, petrology and geochemistry of the
NMT BABB magmatism from north to south. The NMT thus pro-
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vides a snapshot of the development of a BAB (Fig. 9), which
we hypothesize to be of general significance applicable to intra-
oceanic BAB development globally.

6. Conclusions

1. The Fe isotope compositions of the NMTB show systematic
variation with latitude. The §°6Fe values vary from that simi-
lar to the global arc basalts in the north (~0.00%) to average
MORB value in the south (~+0.12%o).

2. This variation cannot be explained by present-day magmatic
processes including mantle melting and magma evolution, but
is controlled by magma source compositional variation.

3. With incompatible elements and Sr-Nd-Pb-Hf isotopes all
considered, the magma source variation resulting from varying
contributions of slab-derived component, sub-arc lithospheric
mantle and asthenospheric mantle, but the observed §°6Fe
variation is predominantly controlled by sub-arc lithospheric
mantle and asthenospheric mantle.

4. The arc-like lighter Fe isotope composition to the north is
associated with refractory (harzburgitic) sub-arc mantle litho-
sphere of previous melt depletion at the early stage of rear-arc
rifting, whereas the MORB-like Fe isotope composition to the
south is dominated by the asthenosphere source in response
to the mature and better developed back-arc spreading and
asthenospheric mantle upwelling.

5. Sub-arc lithospheric mantle with inherited lighter Fe isotopes
is predicted to contribute to the generally lighter Fe isotope
composition of arc magmas than MORB. While this prediction
is reasonable, we consider it important in future studies to
evaluate the potential significance of slab-derived fluids with
light Fe isotopes ultimately coming from serpentine dehydra-
tion that is largely responsible for flux-melting of arc magma-
tism.

6. The back-arc spreading center develops from the existing
lithosphere whose nature and histories are unknown, but must
be compositionally depleted and physically buoyant in terms
of major elements and incompatible elements, but the latter
could be enriched by subsequent metasomatism without af-
fecting major elements and thus the buoyant nature.

7. The geology and magmatism of the NMT represents a snapshot
of the BAB formation and evolution, which we hypothesize to
be of general significance that needs testing.
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