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Origins of Major Element, Trace Element, and Isotope
Garnet Signatures in Mid-Ocean Ridge Basalts

Stephanie Brown Krein' ("), Mark Dietrich Behn? ("), and Timothy Lynn Grove'

1Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA,
USA, 2Department of Earth and Environmental Sciences, Boston College, Chestnut Hill, MA, USA

Abstract To investigate whether the source of the globally occurring garnet signature in mid-ocean
ridge basalt (MORB) is “true” (imparted by melting a garnet-bearing source) or “apparent” (produced
without the involvement of garnet), we present the basalt petrogenesis model Petrogen. Petrogen is built
on Kinzler and Grove (1992a, https://doi.org/10.1029/91JB02841) and Behn and Grove (2015, https://doi.
org/10.1002/2015JB011885) and calculates the major element, trace element, and isotopic compositions
of primary lherzolite-saturated mantle melts and their subsequent evolution to eruption. This model is
experimentally calibrated for melting in the plagioclase, spinel, and garnet fields with and without small
amounts of water. Petrogen predicts that garnet-lherzolite melting requires small mantle porosity

(¢ = ~0.1%) and enriched (NaK# > 0.1), hot (>1400-1450°C), and damp mantle (>350-700 ppm water)
sources. When garnet-lherzolite melting does occur, the fraction of melting that takes place in the garnet
field is not sufficient to impart a recognizable true garnet signature in the major and trace element
composition of pooled melts except at ultraslow-spreading rates (half rate < 0.5 cm/yr). Therefore, for
ambiguous garnet trace element signatures in MORB to be “true” would require that they are
near-fractional garnet-lherzolite melts or garnet-pyroxenite melts diluted by mixing in random
proportions. While we do not test the process of random mixing, we find that near-fractional and pooled
melts of variable major and trace element mantle peridotite compositions at different mantle potential
temperatures can explain the range of garnet signatures in MORB. For spinel-peridotite melting to support
garnet signatures requires mantle porosities ¢ = ~0.1%; however, plagioclase-peridotite melting, under
specific circumstances, can explain MORB garnet signatures with ¢ = ~1%.

1. Introduction: Ambiguous, True, and Apparent Garnet Signatures

Mid-ocean ridge basalts (MORBs) exhibit compositional diversity in major elements, trace elements, and iso-
topes. These variations reflect variations in mantle potential temperature (Tp), mantle composition, and
mantle upwelling velocity (Dick et al., 1984; Kinzler & Grove, 1992a; Klein & Langmuir, 1987, 1989).
Identifying MORBs that involve melting of garnet-bearing sources can aid in distinguishing among these
mantle variables and help to constrain the fundamental processes occurring within the Earth's mantle,
but the threshold for identifying true garnet signatures is uncertain. The trace elements and isotopes found
in many MORBs (Table 1 and Figure 1) suggest evidence for melting of garnet-bearing sources
(Beattie, 1993b; Hellebrandet al., 2002; Hirschmann & Stolper, 1996; Salters & Hart, 1989; Scott et al., 2018;
Stracke et al., 2000; Waters et al., 2011), yet these same signatures, commonly identified as garnet signatures,
can also be produced without melting a garnet-bearing source (e.g., Donnelly et al., 2004; Chauvel &
Blichert-Toft, 2001; Landwehr et al., 2001; Turner et al., 2000; Wood et al., 1999). These signatures might,
therefore, only be apparent garnet signatures. In this paper, we detail how major elements can help resolve
the origins of these ambiguous garnet signatures in MORBs. To this end, we develop a new garnet-
spinel-plagioclase lherzolite melting model and use it to determine the conditions under which
garnet-lherzolite melting is expected to occur, and the range of distinctive major element, trace element,
and isotope signatures that garnet-lherzolite melts impart.

Melts of garnet-bearing sources are distinct (Figure 1) due to the unique trace element partitioning behavior
of garnet (see section 2.2.2). Garnet-equilibrated melts, as exemplified by diamond-bearing kimberlites
(Figure 1), have low abundances of heavy rare earth elements (HREEs), high ratios of light rare earth ele-
ment (LREE) to middle rare earth element (MREE) abundances (e.g., high LREE/HREE slopes such as high
La/Sm and low Sm/Nd), steep MREE/HREE slopes (e.g., high Sm/Yb), and low HREE/HFSE slopes
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Figure 1. Plots showing trace element garnet signatures in MORB, kimberlites (Becker & Le Roex, 2006), primitive upper mantle (PUM), and depleted MORB
mantle (DMM) in (a) spider diagrams and (b and c) ratio-ratio plots. Striped boxes in (b) and (c) define regions of garnet signature strengths in the x and y
directions (see Table 1). In general, kimberlites have “strong” garnet signatures, average E-MORBs have “moderate” garnet signatures, and average

N- and D-MORB have “weak” to “negative” garnet signatures. For example, N- and D-MORBs have weak Sm/Yb garnet signatures and negative La/Sm garnet
signatures and plot in the field of “(W,N)” (panel b). Gale et al. (2013) E-MORBs exhibit all combinations of weak to moderate signatures: (W,M), (W,W),
(M,M), and (M,W). DMM from WH = Workman and Hart (2005), MO = McKenzie and O'Nions (1991), and HS = Hirschmann and Stolper (1996).

(HFSE = high field strength element) (e.g, low Lu/Hf). At long timescales, over billions of years, the high
Lu/Hf and high Sm/Nd ratios of residues that melted in the presence of garnet lead to sources with higher
176Hf/'7Hf and **Nd/***Nd compositions than would be without melting of garnet-bearing sources
(Chauvel & Blichert-Toft, 2001; Salters & Hart, 1989). Garnet-equilibrated melts can also have high Th/U
ratios that generate short-lived isotopic 230Th excesses (defined as the activity ratio (*3°Th)/(**U)> 1) that
decay back to secular equilibrium (defined as (**°Th)/(***U) = 1) within 375kyr of melting (Elliott &
Spiegelman, 2014, and references therein).

MORBs found all along the global ridge system (e.g., Donnelly et al., 2004) display a wide and continuous
spectrum of these different trace element and isotope garnet signatures (Figure 1 and Table 1). In addition,
a single MORB can have different garnet signatures with different “strengths.” For example, average nor-
mal MORB (N-MORB) has slightly elevated Sm/Yb but lower La/Sm than primitive upper mantle (PUM)
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Figure 2. Mineral-melt trace element partition coefficients (D) used in this study (black squares, values given in Table 3) calculated for the 43 elements provided
in Gale et al. (2013) compared to Kelemen et al. (2003) (open circles) and other partition coefficient experiments and compilations (gray circles). Elements
ordered first by valence (appropriate for MORB) and then by ionic radius. This order automatically sorts the elements into large ion lithophile (LILE), light
rare earth element (LREE), middle rare earth elements (MREE), heavy rare earth element (HREE), and high-field strength elements (HFSE), with
siderophile-chalcophile elements (SCEs) mixed throughout. References for experimental partition coefficients are in section S8.

(field “W,N” in Figure 1b). The problem with using these garnet signatures (that are highly variable between
samples and within a single sample) to identify melts of garnet-bearing sources is that they can be generated
by melting both garnet-bearing sources and non-garnet-bearing sources. Even MORBs with the strongest
garnet signatures, enriched MORBs (E-MORBs, Figure 1), have been attributed to melting both with
garnet (Waters et al., 2011) and without garnet (Donnelly et al., 2004). When garnet is invoked, mixing of
melts is typically required to explain the relatively small signatures in MORBs (Hirschmann &
Stolper, 1996; Waters et al., 2011), but not always (e.g., Elkins et al., 2016).

The ambiguous origin of garnet signatures also extends to whether or not N-MORBs indicate the melting of a
globally occurring garnet-bearing source (Hirschmann & Stolper, 1996), that in turn depends on whether or
not the N-MORB source (depleted MORB mantle or “DMM”) contains a preexisting garnet signature. For
example, Hirschmann and Stolper (1996) required garnet to explain the Sm/Yb, Lu/Hf, Sm/Nd, and
U-series disequilibria in N-MORB based on melting a DMM source generated by removing a 2%
garnet-peridotite melt from PUM (Figure 1). In contrast, McKenzie and O'Nions (1991) found no evidence
of Sm/YD garnet signatures in N-MORBs because they assumed a different DMM source with a higher initial
Sm/YDb ratio (Figures 1a and 1b).

Hirschmann and Stolper (1996) further reasoned that if the multiple garnet signatures in N-MORB were from
melting garnet peridotite, then Tp would be very hot, and the oceanic crust would be thicker than the mea-
sured 6.5 + 1 km (White & Klein, 2014). They concluded that the N-MORB garnet signature is not directly
related to melting of DMM but rather from melting a small percentage (~5%) of a garnet-pyroxenite compo-
nent globally contained as veins or layers within DMM. Yet, while the crustal thickness constraint invoked by
Hirschmann and Stolper (1996) is critical for understanding mantle conditions at mid-ocean ridges (MORs),
crustal thickness strongly depends on the efficiency of pooling (Hebert & Montési, 2010; Montési et al., 2011).
Specifically, for a fixed mantle potential temperature and melt productivity, less efficient pooling will reduce
crustal thickness (Behn & Grove, 2015), thereby relaxing the constraint on Tbp.
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The final evidence used by Hirschmann and Stolper (1996) for garnet pyroxenite in the N-MORB source is the
2307 excess found in young MORB (e.g., Elliott & Spiegelman, 2014; Lundstrom, 2003, and references
therein); however, this garnet signature has also been found to be apparent (Landwehr et al., 2001; Turner
et al., 2000; Wood et al., 1999). Even though garnet is thought to be the most likely phase to produce
239Th excesses (Beattie, 1993b) (Figure 2), it is also well known that high-pressure low-CaO clinopyroxene
in spinel and garnet peridotite can generate *°Th excesses, but to a lesser magnitude than garnet (Figure 2)
(e.g., Landwehr et al., 2001). While experiments suggest that basalts with (***Th)/(**®*U) greater than ~1.34
uniquely require garnet and cannot be explained by clinopyroxene (Landwehr et al., 2001), this threshold
value is not well constrained and is very close to the known maximum values in MORB of ~1.4-1.5 (Elliott
& Spiegelman, 2014). Because **°Th excess models are very sensitive to the assumed U and Th partition
coefficients (Elliott & Spiegelman, 2014; Jull et al., 2002), MORBs with (23°Th)/(238U) >~1.1-1.2 are often
still attributed to garnet (e.g., Elkins et al., 2008), especially when other garnet signatures are included
(e.g., Waters et al., 2011).

To address these ambiguities related to the origin of garnet signatures in MORB and MORB crustal thick-
ness, here we provide new, independent major element constraints on their origin using our new garnet-
spinel-plagiolcase near-fractional peridotite melting model Petrogen. Major elements are as unique to
garnet-lherzolite melts as trace elements and isotopes (Grove et al., 2013; Herzberg & Asimow, 2015;
Walter, 1998) and should correlate with other trace element and long- and short-lived isotopic indicators
of deep melting in the garnet-stability field (Hirschmann & Stolper, 1996; Sims et al., 2002). While it is beyond
the scope of this study to also model garnet pyroxenite melting, we find that we can explain most, but not all,
garnet signatures in E-MORBs, N-MORBs, and D-MORBSs as near-fractional and pooled melts of composi-
tionally variable spinel and plagioclase peridotite without involving garnet peridotite or garnet pyroxenite.

2. Methods

Petrogen is based on the nonmodal melting model architecture of Kinzler and Grove (1992b), Kinzler and
Grove (1992a), Kinzler (1997), Till et al. (2012), Grove et al. (2013), and Behn and Grove (2015) and can
be coupled with a geodynamical model of mantle flow and spreading rate (Behn & Grove, 2015). As in
Behn and Grove (2015), we fractionally crystallize modeled primary melts from pressures of 1 atm to 10 kbar
using Yang et al. (1996). Petrogen differs from previous models by the addition of garnet-lherzolite melting,
compositionally dependent mantle mode and phase boundary calculations, a critical retained melt fraction
(i.e., mantle porosity, ¢) for melt extraction, trace elements, and small amounts of water. We use Petrogen to
constrain the mantle potential temperatures and bulk compositions under which garnet-peridotite melting
is expected to occur during MORB generation and to constrain the major, trace element, and (**°Th)/(***U)
compositions of the near-fractional and pooled melts generated under those conditions.

We can relate the near-fractional and pooled melts calculated by Petrogen to concepts of melt focusing and
melt transport. For example, near-fractional melts are relevant to melts that are extracted with minimal mix-
ing and without reequilibrating with shallower mantle or crust. These highly variable melts are potentially
isolated and preserved within channels (Aharonov et al., 1995; Katz & Weatherley, 2012; Kelemen et al., 1995;
Spiegelman & Kelemen, 2003; Weatherley & Katz, 2012, 2016). At shallow pressures, near-fractional melts
are referred to as melts produced by reactive flow (Spiegelman & Kelemen, 2003) (see section S1 in the sup-
porting information). Pooled melts (i.e., mixed focused melts), by contrast, are more relevant to melts that
equilibrate by equilibrium porous flow (Spiegelman & Elliott, 1993), with a few caveats that Petrogen pooled
melts record melting over a range of pressures (unless Petrogen is set to model batch melting, see below). By
tracking ¢-dependent near-fractional melts and pooled melts, Petrogen is essentially a two-porosity model
with reactive flow that tracks both major and trace elements as well as isotopes.

2.1. Mantle Source Variables

The mantle variables in Petrogen are the major and trace element composition of the source, the mantle
potential temperature of the source, and the upwelling velocity of the source imposed by the spreading rate.
Each individual Petrogen simulation models the melting of a single lithology, but because it is simple to
change peridotite source compositions in Petrogen, we also model the independent melting of multiple peri-
dotite lithologies. This independent, multiple-lithology source approach is also commonly used by trace ele-
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Table 2 Na,0 + K,0
Compilation of 31 Literature Mantle Compositions in Oxide wt% Sorted by Increasing NaK# (NaK# = CaO + Na,O + K, O in wt%)

CaO
Reference NaK# Mg# AlL,O; SiOp TiO, AlLO3 Cry03 FeO MgO CaO Na,O K,O Total

‘WH-DMM-2 Behn and Grove (2015) 0.060 0.895 0.828 4476  0.12 3.72 0.47 8.25 3940 3.08 0.195 0.000 100.0
DepXeno Mandler (2016) 0.061 0.905 0.944 4390 0.05 1.80 0.42 8.00 43.00 1.70 0.100 0.010 99.0
HZ-PUM-2 Behn and Grove (2015) 0.068 0.900 0.852 46.31 0.16 3.64 0.47 7.67 38.89 3.10 0.223 0.003 100.5
‘WH-DMM-1 Behn and Grove (2015) 0.071 0.894 0.812 4481 0.12 3.86 0.47 8.23 39.12 3.14 0.240 0.000 100.0
Eroded O'Neill and Palme (2008) 0.079 0.890 0.821 4540 0.18 4.29 0.37 8.10 36.77 3.52  0.281 0.019 98.9
MM3 Baker and Stolper (1994) 0.080 0.905 0.897 4550 0.11 3.98 0.68 7.18 38.30 3.57 0.310 0.000 99.6
WKR Walter (1998) 0.082 0.892 0.810 4490 0.16 4.26 0.41 8.02 37.30 345 0.220 0.090 98.8
‘WH-DMM ‘Workman and Hart (2005) 0.083 0.894 0.796 44.71 0.13 3.98 0.57 8.18 38.73 3.17 0.280 0.006 99.8
HZ-PUM-1 Behn and Grove (2015) 0.083 0.899 0.811 4633 0.17 394 0.47 7.66 38.45 319 0.281 0.007 100.5
KLB1+Al Balta et al. (2011) 0.089 0.891 0475 4333 0.11 6.28 0.31 8.27 38.08 298 0.290 0.000 99.7
LeaModPerid Palme and O'Neill (2003) 0.090 0.890 0.813 4540 0.21 4.49 0.37 8.10 36.77 3.65 0.330 0.031 99.4
FertXeno Mandler (2016) 0.093 0.892 0.872 4500 0.15 3.90 0.37 8.20 38.00 3.40 0.320 0.030 99.4
PrimXenos Jagoutz et al. (1979) 0.093 0.897 0.882 4516 0.22 3.97 0.46 7.82 38.30 3.50 0.330 0.031 99.8
KLB Carter (1970) 0.094 0.875 0.625 4286 033 6.99 0.18 8.97 35.07 437 0450 0.003 99.2
KLB-1 Davis et al. (2009) 0.094 0.896 0.875 4484 0.11 3.51 0.32 8.20 39.52 3.07 0.300 0.020 99.9
LeaModPerid McDonough and Sun (1995) 0.099 0.893 0.798 4500 0.20 445 0.38 8.05 3780 3.55 0.360 0.029 99.8
UM Harris et al. (1967) 0.099 0910 0.889 4420 0.10 270 0.30 7.30 41.30 240 0.250 0.015 98.6
HZ-PUM Hart and Zindler (1986) 0.102 0.899 0.791 4596 0.18 4.06 0.47 7.54 37.78 321 0332 0.032 99.6
C1 BSE Hart and Zindler (1986) 0.102 0.899 0.813 49.77 0.17 3.48 0.41 6.91 3465 283 0.293 0.028 98.5
Zabargad Bonatti et al. (1986) 0.104 0.888 0.821 44.70 0.15 3.90 0.00 8.50 38.00 3.20 0.340 0.030 98.8
Peridotites Lyubetskaya and Korenaga (2007) 0.104 0.898 0.793 4495 0.16 3.52 0.39 7.97 39.50 279 0.300 0.023 99.6
MORBHarz Green (1979) 0.106 0.901 0.773 45.00 0.17 440 0.45 7.60 38.80 3.40 0400 0.003 100.2
BSE Taylor and McLennan (1985) 0.111 0.887 0.795 4990 0.16 3.65 0.44 8.00 3515 290 0.340 0.022 100.6
Pyrolite Ringwood (1975) 0.119 0.896 0.674 4510 0.20 4.60 0.30 7.87 38.10 3.10 0.400 0.020 99.7
Thaba Putsoa Kushiro (1996) 0.126 0.868 1.185 43.70 0.25 2.75 0.28 10.05 37.22 3.26 0.330 0.140 98.0
GarPeridotite  Carswell (1968) 0.140 0.899 0.925 44.66 0.19 2.80 0.45 8.24 40.97 2.59 0.300 0.120 100.3
Lashaine Rhodes and Dawson (1975) 0.141 0919 0.671 4397 0.07 1.64 0.49 7.02 44.73 110 0.120 0.060 99.2
FertXenoNa Mandler and Grove (2016) 0.171 0.892 0.872 44.55 0.15 3.86 0.37 8.12 37.62 3.37 0.617 0.080 98.7
FertXenoK Mandler and Grove (2016) 0.171 0.892 0.872 4455 0.15 3.86 0.37 8.12 37.62 337 0417 0.280 98.7
DepXenoNa Mandler (2016) 0.214 0905 0.944 43.46 0.05 1.78 0.42 7.92 42.57 1.68 0.399 0.060 98.3
Kimberlite O'Hara et al. (1975) 0.246 0931 0.684 4519 0.05 1.52 0.39 5.54 41.80 1.04 0.180 0.160 95.9

ment melting models (e.g., Koornneef et al., 2012). Future work using Petrogen could consider mixing
between the near-fractional and pooled melts generated by multiple sources with different major and trace
element compositions.

2.1.1. Major Element Compositions of Mantle Sources

We use 31 previously proposed major element mantle bulk compositions (Table 2) that exhibit two indepen-

Na,0 + K,0
dent vectors of alkali and iron fertility. Alkali fertility is indicated by high NaK# = Al in
CaO + Na,O0 + K,0
MgO
wt%, and iron fertility is indicated by low Mg# = WﬁFeO in mol. Depleted mantles have low NaK#s

and high Mg#s. Refertilized depleted mantles have high NaK#s and high Mg#s, while enriched mantles
have high NaK#s and low Mg#s. We calculate initial near-solidus subsolidus mantle modes as a function
of pressure for these bulk compositions by mass balance (see sections S2-S4).

2.1.2. Trace Element Compositions of Mantle Sources

We primarily use two reference trace element source compositions: Workman and Hart (2005) depleted
MORB mantle (WH-DMM) and McDonough and Sun (1995) PUM. We allow for source water contents
up to 1,000 ppm above nominally anhydrous conditions. We use PUM as a reference enriched trace element
source because it contains abundances for nearly all trace elements of interest. Other proposed sources,
including WH-DMM, are typically more limited in which elements they provide. A reference source with
a large number of trace element compositions is useful because, unlike major elements, trace elements do
not control phase equilibria, and so changing the specific trace element source composition only causes melt
compositions to shift by the same relative change made in the source (Shaw, 2000) (see section 3.2.2). We use
this principle to calculate a new potential DMM composition in section 3.3. While it is beyond the scope of

KREIN ET AL.

7 of 33



. Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB019612

Table 3
Partition Coefficients Used in This Study (Shown in Figure 2) Ordered by Their Most Appropriate Valance for MORB
Melting and Then by Decreasing Ionic Radius

Element Charge Type CPX OPX OLIV PLAG SPINEL GARNET
He 0 nb. gas 0.00010 0.00020 0.00020 0.00030 0.00026 0.00030
Cs 1+ LILE 0.00000 0.00000 0.00000 0.00053 0.05012 0.00030
Rb 1+ LILE 0.00003 0.00006 0.00001 0.01744 0.10651 0.00431
Tl 1+ chalc. 0.00007 0.00013 0.00001 0.02664 0.11601 0.00610
K 1+ LILE 0.00160 0.00631 0.00019 0.10954 0.12093 0.02094
Li 1+ LILE 0.92738 0.16322 0.29192 0.09976 0.44434 0.48910
Ba 2+ LILE 0.00015 0.00006 0.00016 0.21086 0.00001 0.00000
Pb 2+ LILE 0.05476 0.03803 0.00731 0.17101 0.00764 0.01015
Sr 2+ LIEE 0.13368 0.04901 0.00851 1.51574 0.01047 0.04152
Mn 2+ LILE 0.89369 2.45592 2.44393 0.04849 2.62038 2.24149
Co 2+ sidero. 2.08117 6.00748 5.52770 0.06660 2.94414 4.23085
Zn ZAp sidero. and litho. 2.14253 6.06833 5.64975 0.04667 2.94420 4.29627
Cu 21 sidero. and chalc. 2.12117 6.10577 5.85458 0.07194 2.93031 1.91281
Ni 2+ sidero. 2.12336 5.21626 6.09278 0.09965 2.89185 1.59485
Be Zap RE]E 0.02145 0.02603 0.60494 0.20186 0.95627 0.09818
La 3+ LREE 0.07810 0.00028 0.00001 0.08007 0.00009 0.00110
Ce 3+ LREE 0.12246 0.00096 0.00004 0.07440 0.00030 0.00486
Pr 3+ LREE 0.17952 0.00263 0.00015 0.06650 0.00086 0.01860
Nd 3+ LREE 0.24489 0.00366 0.00022 0.05725 0.00121 0.06220
Sm 3+ MREE 0.36542 0.01074 0.00081 0.04026 0.00374 0.38055
Eu ZAF MREE 0.41072 0.01643 0.00137 0.40812 0.00587 0.73805
Gd 3+ MREE 0.44592 0.02278 0.00207 0.02721 0.00831 1.33214
Tb 3+ MREE 0.47591 0.03766 0.00392 0.02174 0.01430 2.24130
Dy 3+ HREE 0.49227 0.05270 0.00607 0.01705 0.02065 3.52056
Y 3+ HREE 0.50809 0.07376 0.00945 0.01456 0.03000 4.49531
Ho 3+ HREE 0.50079 0.07180 0.00912 0.01342 0.02912 5.03202
127 3+ HREE 0.50665 0.09529 0.01335 0.01064 0.04008 6.64625
Yb 3+ HREE 0.52891 0.15542 0.02637 0.00701 0.07089 9.64680
Lu 3+ HREE 0.53289 0.17784 0.03204 0.00587 0.08343 10.84327
Sc 3+ HREE 0.94061 0.44097 0.20000 0.05131 0.38680 6.47677
Ga 3+ chalc. and litho. 0.50162 0.12013 0.12692 1.01206 0.68573 0.70034
Cr 3+ 0.47213 0.10978 0.11959 1.08000 0.78329 0.76688
Th 4+ HFSE 0.01030 0.00111 0.00012 0.02200 0.00014 0.01540
U 4+ HFSE 0.01320 0.00249 0.00031 0.07000 0.00044 0.04937
Zr 4+ HFSE 0.14502 0.02589 0.00326 0.00216 0.00181 0.61064
Hf 4+ HFSE 0.21853 0.03001 0.00328 0.00246 0.00232 0.47445
Sn 4+ sidero. and chalc. 0.21899 0.02879 0.00314 0.00392 0.00524 0.25267
Mo 4+ sidero. and chalc. 0.01028 0.00691 0.00226 0.01294 0.03771 0.00763
Ti 4+ HFSE 0.12172 0.03873 0.01385 0.18158 0.18463 0.14406
\Y 4+ 0.48152 0.09803 0.04771 0.28958 0.31208 0.34900
Nb 5+ HFSE 0.00512 0.00864 0.00388 0.00972 0.01076 0.01946
Ta 5+ HFSE 0.00709 0.01134 0.00554 0.01275 0.01076 0.02212
W 6+ sidero. 0.00009 0.00012 0.00008 0.00018 0.00000 0.00482

Note. This order essentially divides trace elements into large ion lithophile (LILE), rare earth elements (REESs), and high
field strength elements (HFSE). This trace element order is a pseudo-Onouma diagram and allows multivalent elements
to stand out. Note that Y and Ho switch position if sixfold coordinated radii are used.

this paper to investigate and test other possible trace element source compositions, we encourage future
studies to use Petrogen to address questions related to the variability in mantle trace element composition
in more detail.

2.1.3. Tp and Spreading Rates of Mantle Sources

Mantle temperature is input into Petrogen as a vector representing temperature as a function of depth. The
vector can be a simple adiabat or a more realistic thermal structure based on spreading rate calculated by a
geophysical model. In this study, we explore ridge thermal structures calculated for the same range in man-
tle potential temperature (Tp = 1300-1450°C) and half spreading rates (0.5-10 cm/yr) as in Behn and
Grove (2015).
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2.2. Mantle Melting in Petrogen

Petrogen is a near-fractional nonmodal melting model for major and trace elements that is solved using an
incremental batch melting solution. Melting is predicted to begin and end by comparing, at each step, the
mantle temperature to its melting temperature dictated by its major element composition and water content
(see sections S5-S7 for details). The analytical solution to near-fractional melting is typically referred to as
continuous or dynamic melting (Shaw, 2000; Zou & Reid, 2001). In all cases, near-fractional melting uses
a prescribed porosity, ¢, that a system must reach before primary melts are extracted. Near-fractional melt-
ing can be reduced to pure batch (i.e., equilibrium porous flow) and pure fractional melting by setting ¢ = 1
or ¢ = 0, respectively. Once ¢ is reached, any excess melt is extracted as a primary near-fractional melt, but
the system always retains a melt mass (or melt fraction) ¢ that continuously changes to be in equilibrium
with the evolving residual mantle. Therefore, the first extracted near-fractional melt is a batch melt at a
degree of melting, F, equal to the porosity (F = ¢ ). Compared to pure fractional melting (¢ = 0),
near-fractional melting (¢> 0) damps the quick extraction of very incompatible elements at the earliest
stages (see Shaw, 2000).

Solutions using an incremental and a dynamic/continuous approach converge to within a few percent of
each other when step sizes (dF) are small, even for highly incompatible elements such as U and Th
(Figure S1). To keep errors between the incremental and the analytical solutions in element concentrations
and element-element ratios below 2% (Figure S1), we implement and use a default step size of dF = 0.05% in
Petrogen. We prefer the incremental batch melting approach because it allows us to calculate major and
trace element compositions of melts simultaneously and to also introduce pressure, composition, and/or
melt extent-dependent variables that change at each step. Variables can either be prescribed or calculated
iteratively, such as the pressures of the phase transitions, melting reactions, partition coefficients, and ¢.
This also includes melt productivity dF/dP, which depends on melt extent (Asimow et al., 1997) and water
content (Asimow & Langmuir, 2003).

2.2.1. Mantle Porosity ¢ and Melt Productivity dF/dP

We consider a range of mantle porosity, ¢, from 0.1-2% and explore how changing this parameter changes
melting systematics. For reference, Behn and Grove (2015) instead extracted 90% of the melt generated at
each step. We assume a constant dF/dP = 1%/kbar when melting is occurring under nominally anhydrous
conditions (see section S7 for treatment under hydrous conditions). Behn and Grove (2015) previously
explored a pressure-dependent dF/dP and found that modeled melts did not reproduce MORBs as well as
constant dF/dP. For this reason, and because pressure-dependent dF/dP reduces the amount of
garnet-lherzolite melting (melt productivity increases with degree of melting Asimow et al., 1997), we pre-
sent the constant melt productivity results. Furthermore, our results assuming constant melt productivity
are a helpful reference that allows us to better understand the origin of melt compositional variability prior
to considering a complex variable dF/dP.

2.2.2. Trace Element Partition Coefficients

To model trace element melting, we use a set of constant partition coefficients that we calculated for the 43
trace elements in Gale et al. (2013) for relevant mantle minerals (see section S9). As an exception to the use of
constant Ds for this paper, we implement a variable DS*X and DSEX to better model 230Th excesses. Our cal-
culated partition coefficients are similar to Kelemen et al. (2003), with the largest differences found for spi-
nel, D9, and D, In addition, we report Ds for plagioclase (D"'*€), which were not included in Kelemen
et al. (2003). Multivalent elements are not considered in the results or discussion.

To include the pressure-dependent behavior of DSPX and DSPX, we implemented a linear fit to pressure of

the Ds given in Table 4 of Landwehr et al. (2001), which gives DX = 0.28-0.0006 * P (kbar) and DFP*/
DSEX = 0.73 + 0.02 * P (kbar). Above 30 kbar DSP* and DSEX are held constant.

We do not vary D&M and D$2™ based on melt and garnet composition, but this known complexity
(e.g., Elkins et al., 2008; van Westrenen et al., 2001) can be implemented in the future. In general, experi-
ments and lattice-strain theory indicate that more calcium-rich garnet from more enriched peridotite and
enriched pyroxenite will produce smaller **°Th excesses (van Westrenen et al., 1999, 2001) compared to
more mafic, less calcium-rich garnets from more depleted peridotite and depleted pyroxenite (Elkins
et al., 2008).
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Figure 3.(a) Critical melt extraction length scale (in kbar) for
local-element fractionation by the ingrowth of (230Th/232Th) as a
function of spreading rate (black line) compared to expected estimated
MOR melting intervals (dashed red lines). Length scale calculated as the
melting interval needed for a parcel of mantle to return to secular
equilibrium after melting (~6.6 half-lives of 2307, after Spiegelman

& Elliott, 1993). (b and c¢) MOR spreading rate histograms by (b) total
ridge length and (c) crustal production (approximately upwelling

rate X segment length in m?/s) using segments defined by Gale

et al. (2013). Comparisons of (a)-(c) indicate that for all MOR spreading
rates, melting columns extend over a pressure range greater than that
needed for the mantle to return to secular equilibrium (red lines plot above
the black line in a), so the residual mantle will always experience some
239Th/*32Th) that depends
on Tp. Upwelling rate is assumed to be passive and equal to 2/pi X the

half spreading rate (Forsyth, 1993). Melt cessation estimated using Montési
and Behn (2007).

local-element fractionation by the ingrowth of (

2.2.3. Pooling of Near-Fractional Melts and Mantle

Melting Geometry

The parental liquids of erupted MORB:s are either liquids sampled incre-
mentally along the near-fractional melting path or are mixtures of
near-fractional primary melts (“pooled” melts). At MORs, melting
regimes are triangularly shaped, such that melts produced “off-axis”
extend to a lower degree than melts produced directly beneath the ridge
axis (“on-axis”). The size and shape of the triangular melting regime are
ultimately controlled by spreading rate and Tp. Including off-axis melts
in a pooled melt is important in erupted basalt chemistry (Plank &
Langmuir, 1992) and crustal thickness (Hebert & Montési, 2010;
Montési et al., 2011). Because pooling of all melts generated within the
melting regime is not necessarily efficient (Hebert & Montési, 2010;
Montési et al., 2011), we calculate “narrow pooling” of melts generated
in a narrow column ~2 km wide directly beneath the ridge axis (referred
to as “on-axis”) to “full pooling” of all melts generated to a maximum dis-
tance of 150 km “off-axis.” See section S10 for melt pooling calculations
and details about other secondary processes.

2.2.4. Defining the Measure of a True Garnet Signature, {

To compare the proportion of a melt that was derived from a
garnet-bearing source (a “true garnet signature”) to its major/trace/iso-
tope “ambiguous garnet signature,” we define the parameter, ¢, to be the
mass fraction of a melt that was formed in equilibrium with a garnet
peridotite:

L
WGar

L L
wGar + wSpin

¢ =100 x (1)

L )
+ wPlag

WL

L
where W Spinels

Gars and Wlklag are the masses of a melt derived from the
garnet-peridotite field, the spinel-peridotite field, and the plagioclase-
peridotite field, respectively. ¢, refers to near-fractional melts and
refers to pooled melts. Near-fractional melts that equilibrated with
garnet-lherzolite source have §, = 100%. Pooled melts composed of
both melts of garnet lherzolite and melts of non-garnet-bearing sources
have (< 100%. All near-fractional or pooled melts that have no contri-
bution from a garnet-bearing source have { = 0%. In addition, any
near-fractional melts produced in the garnet field after the exhaustion
of garnet in the residue during melting have { = 0%, as those melt com-
positions will not reflect equilibrium with garnet. All calculations of {p
use the estimated 2-D fully pooled melt model unless noted otherwise.

2.3. Modeling of U-Series Disequilibria and Mantle/Melt
Flow Styles

U-series models can be generalized to a spectrum with two end-members
(Elliott, 1997): net-element fractionation and local-element fractionation.
Broadly speaking, net-element fractionation encompasses scenarios at the
onset of melting, faster mantle upwelling, faster melting, and/or faster
melt extraction (e.g., channelization). By contrast, local-element fractio-
nation encompasses scenarios at higher degrees of melting, slower melt
extraction, slower mantle upwelling, ingrowth of (*°Th/*?Th) in the
residue, and/or treatment of melt transport (i.e., chromatographic
fractionation/equilibrium porous flow/ fully reactive flow). The ultimate
difference between the two end-members is the treatment of the “source,”
whereby in net-element fractionation the source is always taken to be the
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original, unmelted source (degree of melting dominated), while in local-element fractionation, the source is
taken to be residue at the time of melting (partition dominated) (see section S11). The two end-members
bracket the minimum and maximum (**°Th/**®*U) a melt could have given its melting history
(Elliott, 1997). By calculating both end-members, our model functions the same as two-porosity and fully
reactive transport U-series models that include both channelization and reactive/equilibrium porous flow
(Elliott & Spiegelman, 2014, and references therein). In particular, equilibrium porous flow models are simi-
lar to our local-element fractionation pooled melts. Channelized melts and melts produced by reactive melt
transport are similar to our local-element fractionation near-fractional melts.

Spiegelman and Elliott (1993) explained how local-element fractionation might operate in MORBs by con-
sidering melt transport, whereby nuclides travel at speeds in the melt according to their Dg,x and mantle
porosity ¢ (the chromatographic effect). It is also possible to explain local-element fractionation by consider-
ing mantle upwelling rate alone (Elliott, 1997; McKenzie, 1985). For example, net-element fractionation
assumes no ingrowth of (**°Th/***Th) in the mantle residue (Elliott, 1997), while local-element fractionation
can be viewed as assuming complete ingrowth, in which the residual mantle returns to secular equilibrium
at each melting increment. Complete ingrowth occurs when melting occurs over a timescale longer than the
“critical extraction time” provided by Spiegelman and Elliott (1993), who parametrized this threshold
according to spreading rate and porosity. They find that MOR spreading rates translate into upwelling rates
that reasonably fall in between these two end-member scenarios (Elliott, 1997; Spiegelman & Elliott, 1993).
Similar to Spiegelman and Elliott (1993), we can calculate a porosity-independent “critical melt extraction
length-scale” by comparing the time it takes upwelling mantle to traverse the melting region to the time
required to return to secular equilibrium (~5-6 half-lives of **°Th). Ultraslow- and slow-spreading rates
have very small critical melt extraction length scales of ~0.4-2kbar, while intermediate- and
fast-spreading ridges require ~3-5 and ~6 kbar of melting, respectively (Figure 3). Melting is expected to
occur over larger intervals than these critical melt extraction length scale (red lines and shaded region in
Figure 3); therefore, all upwelling and melting mantles (histograms in Figure 3) experience some—yet vari-
able—extents of mantle ingrowth.

Even though our end-member approach does not directly incorporate upwelling velocity, it is useful because
the unknowns and errors in U and Th partition coefficients lead to larger differences in calculating **°Th
excesses than errors associated with the spreading rate dependence. For example, Spiegelman and
Elliott (1993) calculated a melt (3*°Th)/(**®U) = 1.13 using their equilibrium porous flow melt transport
model for a mantle upwelling at 5cm/yr assuming ¢ = 0.5%, DY, = 0.0086, DI, = 0.0065, and
Diu/Dil = 1.32 (their Figure 3). Assuming the same ¢ and Ds, our local-element fractionation
end-member predicts a maximum *3°Th)/(*%U) = 1.18 (Equation S8 in the supporting information).
While the lower (***Th)/(***U) by 0.05 of melts of mantle upwelling at intermediate-spreading rates is sig-
nificant (i.e., could be the difference between requiring residual garnet or not), the 0.05 offset is within
the error of the Ds. The error on Dgulk itself is ~0.0005-0.001 (Beattie, 1993a; Elkins et al., 2008; Salters &
Longhi, 1999). If we reduce D, from 0.0086 to 0.0080, our simplified local-element fractionation model
predicts a maximum (***Th)/(**®U) = 1.13—the same value as if we had directly taken into account a mantle
upwelling velocity of 5 cm/yr. We assume instantaneous melt velocities for all extracted melts, as is common
for many U-series melting models (see Elliott & Spiegelman, 2014), so both near-fractional and pooled
near-fractional melts retain their maximum **°Th excesses under both local-element fractionation and
net-element fractionation. Slower melt velocities would act to reduce **°Th excesses.

3. Results

We first quantify garnet-lherzolite melting as a function of the mantle temperature, composition, velocity,
and porosity conditions required for melting in the garnet field in section 3.1. Second, we define the dis-
tinct major, trace, and 230Th  excesses compositions of garnet-lherzolite melts and the effect that
garnet-lherzolite melting has on the composition of all near-fractional and pooled melts produced along
a melting path (section 3.2). Last, we use Petrogen to invert for mantle trace element source compositions
consistent with MORB crustal thickness (section 3.3).
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Figure 4. Plots of garnet-lherzolite melting as a function of Tp and source water content for different mantle porosities
¢ and bulk compositions (top row is DMM, and bottom row is PUM). Extraction of garnet-lherzolite melts requires
high water contents, high Tp, and small ¢ = 0.1%. Whether or not garnet-peridotite melting occurs ({> 0%) is
independent of spreading rate.

3.1. Conditions Required for Garnet-Peridotite Melting (> 0%)

Overall, our calculations show that garnet-lherzolite melting requires hot Tp, lower ¢, and/or higher water
contents (Figures 4, S2, and 5 and section S12). Under the same conditions, PUM and WH-DMM have simi-
lar likelihoods of melting in the garnet field (Figure 4 and S2), but PUM produces up to ~5% more
garnet-equilibrated melts (Figure S2). In detail, garnet-lherzolite melting follows five fundamental
principles:

1. Under most mantle conditions tested, melting initiates in the spinel, not the garnet-stability field
(Figures 4, S2, and 5). When melting does initiate in the garnet field, melt fractions do not exceed a

30%
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T T T T T T T T T
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Figure 5. Garnet-lherzolite melt fractions in pooled melts ({p) as a function of source water content, Tp, and mantle porosity (¢) for (a—c) three different half
spreading rates. {p > 10% require hot mantle potential temperatures, high water contents, and low ¢ = 0.1%. The coldest Tp, however, lead to the largest
¢p > 20% when spreading rates are ultraslow, water contents are very high, and ¢ = 0.1% (panel a).
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Figure 6. Garnet-lherzolite melt fractions in pooled melts ({p) as a function of spreading rate, Tp, and mantle porosity (¢) for (a—c) three different source water
contents. The largest ¢p occur at ultraslow-spreading rates when mantle sources have high water contents and cold Tp (panel c). Melting initiates deep due
to high water contents but also stops melting deep due to cold Tp and a thick conductive lithosphere.

few percent before the mantle ascends into the spinel-stability field. Therefore, if ¢ is >~1%,
near-fractional garnet-lherzolite melts are not preserved unless the source is hot (Tp = 1450°C), enriched,
and damp (>500 ppm water) (Figures 4, S2, and 5). Spreading rate does not influence ¢ at percent-level
values of ¢ (Figure 6).

2. Extraction of garnet-lherzolite melts ({> 0%) under nominally anhydrous conditions requires hot (Tp
> 1400°C) highly alkali-enriched sources with NaK# > 0.15 (Figure S2). Garnet-lherzolite melting occurs
in these compositions because they can have lower solidi in the garnet field compared to the spinel field
(Figure S2c). The pooled melts generated under these conditions, however, have low proportions of
garnet-lherzolite melts ({p < 10%), but & can increase to 20% with extremely high K,0 (>0.25 wt%) bulk
compositions. If we restrict sources to have NaK# < 0.15, {p reaches a maximum of ~5% (Figures 5 and 6).

3. Reducing porosity to ¢ = 0.1% increases the likelihood of extracting garnet-lherzolite melts ({> 0%)
(Figures 4, S2, and 5). At Tp = 1450°C under nominally anhydrous conditions, mantles with
NaK# < 0.15 have { < 6% while the highest NaK# > 0.15 mantle have { = 6-12% (Figure S2). At
Tp = 1400°C and nominally anhydrous conditions, only moderately (NaK# >~0.1) to highly
(NaK# > 0.15) enriched mantle compositions generate garnet-lherzolite melts with pooled {p = 1-2%
and ¢p = 2-9%, respectively (Figure S2).

4. Increasing water concentrations in the source causes melting to initiate deeper, increasing ¢ to a maxi-
mum ~11% at Tp = 1450°C for the mantle bulk compositions that stabilize garnet (Figures S2 and 5).
When ¢ = 0.1%, source water contents >500-700 ppm are necessary for garnet-lherzolite melting to
occur at all Tp for all mantle compositions (Figure 4). Changing the melt productivity when melting
occurs at temperatures below the anhydrous solidus, that is, X, does not change these systematics
and does not influence ¢ at these low ¢ values. v

5. Counterintuitively, pooled melts with the largest garnet-equilibrated melt fractions of {p > 20% occur in
the coldest Tp < 1350°C and wettest (~1,000 ppm H,0) mantle upwelling at ultraslow-spreading ridges
(0.5 cm/yr), provided that mantle porosity is very low (¢ = 0.1%) (Figures S2d, 5a, and 6). For example,
pooled melts can be composed of over 30% garnet-equilibrated melt (¢ > 30%) for a very wet PUM source
with 1,000 ppm H,O at 1300°C (Figure 5a). At a warmer Tp of 1350°C, {p decreases but it is still greater
than in hotter mantles (Figure 5a). This special cold, wet, ultraslow regime occurs because under these
conditions the mantle starts melting in the garnet field at all Tp, but the combination of
ultraslow-spreading and cold mantle generates thick lithosphere that suppresses melting in the spinel
and plagioclase fields to a greater extent than ultraslow-spreading alone. It is this extremely deep cessa-
tion of melting (~10-11 kbar) that leads to high ¢p for all mantle bulk compositions.

3.2. Signatures of Garnet-Lherzolite Melts

3.2.1. Major Element Signatures of Garnet-Lherzolite Melting

The compositions of near-fractional melts are discontinuous across the garnet to spinel transition and
increase in Na,O and Al,O3 content by a few wt% and decrease in MgO and FeO by a few wt%
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Figure 7. (a-f) Major element compositions of MORB (light and dark gray circles) compared to three different models of melting a PUM source (in black, red, and
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(Figures 7b and 7d-7f). Pooled melt compositions are also influenced; pooled melts with a nonzero
contribution from garnet lherzolite ({ > 0%) are lower in SiO,, Al,O5, and higher in FeO and MgO than
pooled melts with no contribution from garnet lherzolite ({ = 0%). In detail, there are four dominant
major element characteristics of garnet-lherzolite melts (Figure 7):

1.

Melts of garnet lherzolite are low in CaO (<9 wt%) and are distinguished in all Harker diagrams with
CaO as one axis (Figures 7a-7d). Garnet-lherzolite melts only have higher CaO contents >9 wt% if the
extent of melting of a garnet-peridotite reaches ~F = 10% (Walter, 1998), as may be for ocean island
basalts and continental basalts. Melts of opx-free garnet peridotites may also have slightly higher CaO
contents, but more experiments are needed to confirm this effect.

. Garnet-lherzolite melts are necessarily high pressure and so carry with them the high-pressure signature

of being more olivine-rich (i.e., high MgO and FeO and low SiO, contents in Figures 7a, 7b, 7e, and 7f).
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Figure 9. MORB (gray horizontal lines) compared to modeled Sm/Yb in near-fractional and pooled melts as a function of garnet-lherzolite melt fractions (¢)
(a and c) and degree of melting, F, (b and d) for all 31 mantle bulk compositions tested. The top row shows results for melting conditions that lead to
garnet-lherzolite melting for most bulk compositions with a 1 cm/yr half spreading rate (¢ = 0.1%, 500 ppm water in the source). The bottom row shows results for
the ultraslow case with high garnet-lherzolite melt fractions (¢ = 0.1%, 1,000 ppm water). Stronger garnet signatures (e.g., high Sm/Yb) do not correlate with
higher garnet fractions (¢) unless {'is >~20% (a and c) but do inversely correlate with increasing degrees of melting (b and d). Only the first and last near-fractional
melts in each stability field along a single melting path are plotted. All models assume a PUM trace element source.

3. Garnet-lherzolite melts are extremely variable in SiO,. SiO, increases with increasing pressures of melt-
ing (Figure 7a).

4. Garnet-lherzolite melts will be derived from more fertile mantle in the sense that subsequent melting
only acts to deplete the mantle. This means that garnet-lherzolite melts will derive from mantle with
higher NaK#s. While this is always true in a decompressing system without garnet-lherzolite melting,
if melt extraction does occur in the garnet-stability field, these initial melts will carry the signature of
being lower-degree melts than subsequent melts (Figures 7e and 7f) and will also uniquely show trends
of decreasing NaK# with decreasing SiO, content.
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5. Mantle conditions that typically result in some garnet-lherzolite melt extraction for all mantle bulk com-
positions tested (¢ = 0.1%, 500 ppm water) produce near-fractional garnet-field melts with a wide range
of compositions that mirror the garnet major element signatures discussed above, and fill out the space to
higher SiO, and lower MgO contents (Figure S4).

3.2.2. Trace Element Signatures of Garnet-Lherzolite Melting

Near-fractional garnet-lherzolite melts with &, = 100% of the reference PUM source closely overlap kimber-

lites in their trace element signatures (Figure 8). Changing the trace element source composition shifts melts

compositions relative to the shift made in the source (yellow models in Figures 8b and 8c). Near-fractional
garnet-lherzolite melts have MREE/HREE (Sm/Yb) and HREE/HFSE (Lu/Hf) compositions that form gaps

with the compositions of subsequent near-fractional spinel- and plagioclase-field melts (Figures 8b and 8c, x

axis). By contrast, the LREE/MREE (La/Sm) and HFSE slope (Th/U) signatures of near-fractional garnet-

lherzolite melts, while distinct, are more continuous with spinel- and plagioclase-lherzolite near-fractional
melts (Figures 8b and 8c, y axis).

Variably pooled melts with small true garnet signatures ¢p > 0% are indistinguishable from pooled melts
without true garnet signatures ({p = 0) (Figure 8). Instead, the efficiency of off-axis melt pooling and the
magnitude of Dgy)x better determines if a pooled melt appears more or less garnet-like. Melts pooled from
across the entire triangle-shaped melting regime have overall lower degrees of melting and stronger garnet
signatures (big circles in Figures 8b and 8c) compared to narrowly pooled on-axis (column-shaped) melts
(small circles in Figures 8b and 8c). This effect is more pronounced in ratio spaces with larger overall
Dgyix; for example, no pooled melt retains a Th/U garnet signature, and only on-axis pooled melts retain
a La/Sm garnet signature—but all pooled melts retain weak Sm/Yb and Lu/Hf garnet signatures relative
to their trace element source composition (Figures 8b and 8c).

When we explore different major and trace element mantle bulk compositions under conditions that result
in some garnet-lherzolite melt extraction for all mantle bulk compositions tested (e.g., ¢ = 0.1%, 500 ppm
water), we produce near-fractional garnet melts with a wide range of trace element compositions that reflect
different mineral modes, extent of melting, and the trace element source composition (Figure S5).

3.2.2.1. Relationship Between ¢ and Trace Element Signatures in Near-Fractional Melts

Mantle porosity, ¢, strongly influences the maximum magnitude and also the trajectory of the
near-fractional melting paths of the most incompatible trace elements (e.g., LREE and HFSE)
(Equation S15 in the supporting information can be applied to all trace elements). For example, smaller por-
osity (¢ = 0.1%, blue and red lines in Figure 8) more quickly depletes residues and creates steeper melting
paths compared to larger porosity (¢ = 2%, black lines in Figure 8).

3.2.2.2. Relationship Between {p and Trace Element Garnet Signatures in Pooled Melts

The strength of a major or trace element garnet signature (e.g., high Sm/Yb) in a pooled mantle melt does not
correlate with the amount of melt derived from garnet peridotite ({p) unless ¢p is >~20% (Figures 9a and 9c).
Only ultraslow-spreading ridges have the potential to produce pooled melts with {p > ~20% (see section 5).

In all cases, such as when ¢ is <~20%, the strength of apparent garnet trace element signatures in pooled
melts is inversely correlated with their overall degrees of melting (Figures 9b and 9d). Mantle conditions that
lead to garnet-lherzolite melting ({p > 0, high Tp, enriched source compositions, and high source water con-
tents) also lead to overall higher degrees of melting and small garnet trace element signatures in their pooled
melts (low La/Sm and low Sm/YDb). These pooled melts have trace element compositions that more closely
resemble their sources (Figures 9a and 9c). In contrast, mantle conditions with lower overall degrees of melt-
ing that lead to no garnet-lherzolite melting (& = 0, lower Tp, less enriched source compositions, and low
source water contents) tend to have the strongest apparent garnet signatures (Figures 9b and 9d). In contrast,
and discussed below, ¢ does positively correlate with **°Th excesses, but only under local-element fractio-
nation conditions.

3.2.3. (**°Th/*%U)

230 Th excesses in our model depend on Dg}lk, DY - mantle porosity ¢, and degree of melting, F (Figure 10).
D, and DY, are influenced by the pressure of melting, the mantle bulk composition through the mantle
mode, and F through its influence on the residual mantle mode. F is also influenced by Tp and water content.
Below we report the net-element fractionation and local-element fractionation **°Th excesses produced by
melting 31 nominally anhydrous mantle bulk compositions from Tp = 1300-1450°C at a 1cm/yr half
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Figure 10. MORB (gray horizontal lines) compared to modeled Th/U (panel a), Sm/Yb (panel b), and (" "Th/*""U) (panels c and d) as a function of degree of
melting of all 31 mantle bulk compositions tested. Modeled mantle conditions do not lead to garnet-lherzolite melting except for five bulk compositions with
Tp = 1450°C and one at Tp = 1400°C (in diamonds). Panels (a) and (b) show garnet signatures assuming a PUM trace element source (black outline) and a
Workman and Hart (2005) DMM trace element source (gray outline). Source composition does not influence (230Th/ 238U) (panels c and d). Only the first and last
near-fractional melts in each stability field along a single melting path are plotted.

spreading rate assuming ¢ = 0.1% and ¢ = 1% (unless otherwise noted). For these models, melting in the
garnet field only occurs with ¢ = 0.1%, more enriched bulk compositions, and Tp = ~1450°C.

3.2.3.1. Net-Element Fractionation (Onset of Melting, Channelization, and Fast

Upwelling Mantles)

First near-fractional garnet-lherzolite melts have (3°Th)/(***U) that range from 1.2-1.3 when ¢ = 1%
(Figure 10c) and from 1.35-2 when ¢ = 0.1%. At high degrees of melting, near-fractional melts produce
20Th-deficits (Figure 10c) and the overall abundances of U and Th in these depleted melts is very small.
When garnet melting has previously occurred, all subsequent lower-pressure, higher-degree spinel and pla-
gioclase near-fractional melts have 2*°Th-deficits (Figure 10c). However, when garnet-lherzolite melting
does not occur, the first low-degree melts in the spinel or plagioclase fields have (***Th)/(***U) that range
in magnitude from 1.05-1.38 for ¢ = 1%, and from 1.1-1.35 when ¢ = 0.1%. All pooled melts are at secular
equilibrium with (***Th/***U) = 1 (Figure 10c).
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Figure 11. (a, ¢, and d) Plots showing MORB compared to modeled crustal thickness and garnet signatures in fully pooled melts with no garnet-lherzolite melts
for all 31 bulk compositions tested. Panel (b) shows MORBs and same models in Sm/Nd-Lu/Hf (“Hafnium paradox”) space after Salters and Hart (1989) and
Chauvel and Blichert-Toft (2001). Horizontal and vertical lines indicate different DMM compositions. Black box indicates the 2-caverage N-MORB garnet
signatures. Tp = 1350-1400°C models using the DMM trace source calculated here (this study) plot within the average N-MORB box. All models assume mantle
porosity ¢ of 2%, nominally anhydrous sources, and a half spreading rate of 3 cm/yr. MO91 = McKenzie and O'Nions (1991); HS96 = Hirschmann and

Stolper (1996); CBT01 = Chauvel and Blichert-Toft (2001), and WH DMM = Workman and Hart (2005) (gray box is 2-0). Light gray circles in panel (b) are MORBs
and dark gray circles are E-MORBs from Gale et al. (2013).

3.2.3.2. Local-Element Fractionation (Late Stage Melting, Equilibrium Porous Flow, and Slow
Upwelling Mantles)

First near-fractional garnet-lherzolite melts generate the same (**Th)/(**®U) as in the net-element fractio-
nation end-member: 1.2-1.3 for ¢ = 1% (Figure 10d) and 1.4-1.9 for ¢ = 0.1%. In this case, however, as extent
of melting increases, ***Th excesses remain high (Figure 10d). As melting moves into the spinel stability
field, the 2*°Th excesses of near-fractional melts decrease in response to the loss of garnet and to our
pressure-dependent DY, /D, (Landwehr et al., 2001). The first melts of spinel peridotite have (***Th)/
(***U) from 1.0-1.1 for ¢ = 1% and ~1.2-1.4 for ¢ = 0.1%. The final spinel-peridotite melts produced at shal-
low pressures range from 1.0-1.1 (¢ = 1%) and ~1.05-1.4 (¢ = 0.1%).
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As melting moves into the plagioclase-stability field, the (***Th)/(***U) of near-fractional melts significantly
increase to 1.0-1.5 when ¢ = 1% (Figure 10d) and 1.2-2.5 when ¢ = 0.1%. These high ***Th excesses occur in
response to the plagioclase Ds of Sun et al. (2017) that were experimentally determined using a MORB. As
melting continues and the mode of plagioclase decreases, (3°Th)/(**®U) also decrease to 1 when ¢=1%
and 1-1.6 when ¢ = 0.1%. Note that in almost all cases we predict that there is some plagioclase remaining
at the end of melting. Yet, while >°Th excesses in high-degree near-fractional melts can be high under
local-element fractionation conditions, any such high-degree melt from either the garnet-, spinel-, or
plagioclase-field will be still be depleted in incompatible trace and minor elements, such as Na,O, K,O,
Sm/Yb, and Th/U (Figures 10a and 10b).

Pooled melts have (**°Th)/(**®*U) that range from ~1.05-1.2 for ¢ = 1% (Figure 10d) and ~1.15-1.8 for
¢ = 0.1%. These values reflect the integrated history of DY, /Di% over the melting column. Pooled melts
will not be as depleted in incompatible trace and minor elements as high-degree near-fractional melts
(Figures 10a and 10b).

3.3. Trace Element Garnet Signatures and MORB Crustal Thickness

Average N-MORB is, by definition, a pooled melt because it is a calculated average. Therefore, we can use
Petrogen pooled melts to determine how N-MORB garnet signatures could be generated from the pooled
melts of a single lithology that simultaneously produces 6.5 km of crust. To do this, we examine Petrogen
pooled melts produced by melting the 31 major element mantle bulk compositions under nominally anhy-
drous conditions, a 3 cm/yr half spreading rate, ¢ = 2%, and Tp = 1300-1450°C. All but three of the resulting
pooled melts under these conditions have zero contribution from the garnet field. We compare Petrogen
pooled melts and crustal thicknesses and find that matching average MORB crustal thickness of 6.5 + 1
km requires Tp = 1350-1400°C (Figures 11a, 11c, and 11d). We do not, however, match the trace element
composition of N-MORBs when we use the Workman and Hart (2005) DMM source composition. Pooled
melts are too low in Sm/Yb, Lu/Hf, Sm/Nd, and La/Sm (not shown in Figure 11).

To match both crustal thickness and trace element ratios, the N-MORB source needs across-the-board stron-
ger initial garnet signatures that correspond to higher Sm/Ybpyy = ~0.85, lower Lu/Hfpyy = ~1.3, lower
Sm/Ndpyym = ~1.1, and higher La/Smpyp = ~0.62. While these required DMM source compositions are
not consistent with Workman and Hart (2005) DMM, they are consistent with other DMM source composi-
tions (e.g., Chauvel & Blichert-Toft, 2001; McKenzie & O'Nions, 1991; Hirschmann & Stolper, 1996,
Figure 11). Thus, we can use the required ratios predicated by Petrogen and these other estimates of
DMM to reconstruct a viable composition for the average N-MORB source. We use the Sm concentration
of Hirschmann and Stolper (1996) and the Sm-Nd model age (e.g., the Sm/Nd ratio) of Chauvel and
Blichert-Toft (2001) to calculate Nd, Yb, and La concentrations (0.866, 0.405, 0.314, respectively, in ppm).
Because the required Lu/Hfpyy ratio of 1.3 is close to the Hirschmann and Stolper (1996) ratio of 1.28, we
use their ratio and values for Lu and Hf concentration. This potential DMM source matches the apparent
garnet signatures in N-MORBs and MORB average crustal thickness (Figures 11a-11d) without involving
garnet peridotite or garnet pyroxenite and is consistent with the DMM source used by Hirschmann and
Stolper (1996).

4. Origins of MORB Garnet Signatures by Melting Mantle Peridotite: Case Study
From the EPR

MORB garnet signatures, and compositional variability in general, can be produced by melting
garnet-bearing sources and non-garnet-bearing sources in a wide variety of ways. These sources can also
be peridotite or nonperidotite. Here in section 4, we discuss in detail the range of garnet signatures generated
by melting mantle peridotite—with and without garnet—and compare these signatures in near-fractional
and pooled melts to those found in local MORB trends. Then, in section 5, we discuss the constraints that
must be obeyed for random mixtures of melts (i.e., mixtures not dictated by melt production proportions
as are pooled melts) and/or nonperidotite sources to be viable sources of MORB garnet signatures.

To explore the range of garnet signatures produced by melting peridotite, we compare our modeled major
and trace element compositions and **°Th excesses to the local trend along the 8-10°N East Pacific Rise
(EPR) that includes the Siqueiros Transform. This well-studied section of the EPR is interesting to
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Figure 12. (a—f) Plots showing how well modeled garnet-peridotite melting fits the variable garnet signatures in EPR E-, N-, and D-MORBs in major element,
trace element, and short-lived isotope spaces. Near-fractional garnet melts tend to be too enriched while pooled melts tend to be too depleted to match the
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to garnet-lherozlite melting ({p = 3.3%) and a crustal thickness of 6.5 km. Primary melts are fractionally crystallized to 6 wt% MgO. Other trace element

sources shown in panel (c) include TS = this study, MO = McKenzie and O'Nions (1991), and PUM.
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reproduce using Petrogen for many reasons. The erupted basalts exhibit clear trends among E-, N-, and
D-MORB in major element, trace element, and isotope space. Moreover, the major element compositions
of the N-MORBs are similar to average N-MORB, and the trace element compositions of the E-MORBs
are similar to average E-MORB. The basalts are also well studied for U-series (including but not limited to
Jull et al., 2002; Lundstrom et al., 1999; Sims et al., 2002, 2003; Volpe et al., 1993; Waters et al., 2011, 2013),
and the **°Th excesses found in E-MORBs and the N-MORBs are often linked to garnet-bearing sources, yet
it is spreading sufficiently fast (~5.5 cm/yr half spreading rate) that it can be challenging to explain their
magnitude (Jull et al., 2002; Spiegelman & Elliott, 1993). In addition, long-lived isotopes indicate that the
N-MORBs, D-MORBs, and at least one E-MORB (Waters et al., 2011) are derived from same long-lived iso-
topic source, but that most of the E-MORBs are derived from a distinct isotopic source (Sims et al., 2002).

4.1. True Garnet Signatures Produced by Near-Fractional Melting of Garnet Lherzolite:
Comparison to EPR E-MORBs

To match E-MORBs with (3°Th/?*®U) > 1.2 at the 8-10°N EPR and elsewhere, many models of MORB
U-series disequilibria require that very low degree near-fractional melts of garnet-bearing sources generated
at the base of the melting column erupt without significantly mixing with other melts. For example, basalts
ALV2390-1 and R52-4 in Lundstrom et al. (1999), Jull et al. (2002), and Elliott and Spiegelman (2014)
(Figure 12, yellow triangles) are often assumed to be the garnet signature end-member melt, although
Lundstrom et al. (1999) suggest that there could have been an even purer not sampled E-MORB than
ALV2390-1. These minimally contaminated low-degree melts are thought to be preserved and isolated by
melt extraction into channels (Spiegelman & Kelemen, 2003). However, for this to be true, then the major
and trace element compositions of these same near-fractional garnet-equilibrated melts must be distinct
and reflect garnet. Using Petrogen, we find that they do not.

For example, in some major element spaces, modeled highly fractionated near-fractional garnet-
lherzolite melts with ~6 wt% MgO (end of red lines in Figures 12a, 12b, 12d, and 12e) can overlap some
EPR E-MORBs, including ALV2390-1 and R52-4 (red, yellow, and salmon triangles). Yet none of the inter-
mediate Mg# melts formed along the required fractional crystallization path are observed (no EPR data
overlap the red lines in Figures 12a, 12b, and 12d). These same modeled highly fractionated
near-fractional garnet-lherzolite melts have larger >*°Th excesses and stronger garnet trace element signa-
tures (gray diamonds, Figures 12c and 12f) than what are found in the EPR E-MORBs, even assuming a
Workman and Hart (2005) DMM source. Unlike trace element ratios (Figure 12c), the large **°Th excesses
of near-fractional garnet-lherzolite melts may be lowered during a lengthy melt transport time, but the
extent of this decay is limited (Volpe et al., 1993; Waters et al., 2011). In addition, fast mantle and melt velo-
cities (i.e., net-element fractionation) cannot cause near-fractional garnet melts to match the E-MORBs:
Pure net-element fractionation conditions produce **°Th excesses (pink dotted line between diamonds in
Figure 12f) that are still higher than the EPR E-MORB:s (yellow, red, and salmon triangles)—a conclusion
that is consistent with two porosity models that assume net-element fractionation and channelization at
the onset of melting. Combined, it is unlikely for the EPR E-MORBs to be near-fractional garnet-lherzolite
melts.

4.2. True Garnet Signatures Produced by Pooling Melts That Include Some Melts of Garnet
Lherzolite: Comparison to EPR N-MORBs

Many models of U-series disequilibria explain EPR MORBs (and global MORBs) with (**°Th/?**U) = ~1.1-
1.2 as mixtures of melts of D-MORBs and enriched E-MORB-like melts that have equilibrated with garnet
peridotite or garnet pyroxenite (e.g., Jull et al., 2002; Lundstrom et al., 1999; Sims et al., 2002; Waters
et al., 2011). These mixed MORBs tend to be N-MORBs (blue circles in Figure 12), although many
E-MORBs have similar **°Th excesses (blue, salmon, and yellow symbols all overlap along x axis in
Figure 12f). Because N-MORBs are potentially pooled melts, especially at an intermediate-spreading ridge
such as the EPR, we compare EPR N-MORBs to Petrogen pooled melts that contain melts of garnet lherzolite
(gray circles and dark lines in Figure 12). We find that pooled melts (a particular type of mixed melt) either
fail or provide no benefit to explaining EPR N-MORBs.

Specifically, the major element compositions of these pooled melts fail to match EPR N-MORBs. The pro-
blem is clear in Na,O-FeO space where modeled fractionated pooled melts (dark gray lines in Figure 12d)
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Figure 13. (a—f) Plots showing how well modeled spinel-peridotite melting fits the variable garnet signatures in EPR E-, N-, and D-MORBs in major element,
trace element, and short-lived isotope spaces. Two mantle sources with different major and trace element compositions are shown, WH-DMM in dark gray and
PUM in light gray. Spinel-lherzolite melting can reproduce most features of the EPR basalts, except for the D-MORBs. See text for discussion. Models

assume a porosity ¢ = 0.1%, Tp = 1400°C, 6 cm/yr half spreading rate, and a nominally anhydrous source, which leads to zero garnet-lherzolite melting ({p = 0%)
and a crustal thickness of 6.3 km. Primary melts are fractionally crystallized to 6 wt% MgO.
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are too low in Na,O to match EPR N-MORBS. Na,O0 is low in these melts because the high Tp and high water
contents required for garnet-lherzolite melting lead to high degrees of melting (note that for this example we
use a Tp = 1400°C and water content of 350 ppm to produce a crustal thickness of 6.5 km). The modeled frac-
tionated pooled melts are also too high in CaO to match N-MORBs (Figure 12a). In addition, the trace ele-
ment compositions of these same melts overlap MORB but only for the fully pooled melts (large gray circles
with higher La/Sm and Sm/Yb in Figure 12c) when using a WH-DMM source composition. In major-trace
space (Figure 12e), the same modeled fractionated pooled melts are generally too low in Na,O and U to over-
lap the EPR N-MORBs. If we consider *°Th excesses alone, the N-MORBs with (**°Th/?**U) = 1.1-1.2
would successfully be reproduced as long as melting dominantly occurred under local-element fractionation
conditions. Local-element fractionation conditions leads to pooled melts with (3°Th/**®*U) = 1.35-1.4 (gray
circles in Figure 12f), in contrast to net-element fractionation conditions which lead to pooled melts with
(3°Th/*%U) = 1-1.05 (light gray circles with pink outlines). Even so, the low Na,O contents of these mod-
eled and fractionated pooled melts causes them to fail to reproduce the EPR N-MORBs (Figure 12f).

A more enriched source could help to relax these constraints imposed by Na,O and U, but changing the
source composition has other problematic consequences. For example, a PUM major and trace element
source would generate a fully pooled melt with a Na,O content that overlaps the EPR N-MORBEs, but the
same fully pooled melt would then have a trace element garnet signature that overlapped the salmon colored
E-MORBEs, not the blue N-MORBs (similar to light gray PUM model in Figure 13). In addition, all the pooled
melts would be too enriched in U to match the N-MORBs. A Na-rich major element source (e.g., PUM), but a
less enriched trace element source (e.g., this study calculated here in section 3.3), may resolve this major-
trace-isotope problem, but even so, it would be impossible to simultaneously explain the EPR D-MORBs
(brown symbols in Figure 12). EPR D-MORBs have identical long-lived isotopes as the EPR N-MORBs
(Lundstrom et al., 1999; Sims et al., 2002) and should be relatable by the melting process. For this to be true,
D-MORBs must be either intermediate near-fractional melts of the melting column or more narrowly pooled
melts that sample a higher proportion of high-degree melts. We have found, however, that in models that
produce some garnet-lherzolite melting, neither option satisfactorily explains the D-MORBs: Modeled
intermediate-degree near-fractional melts have too little Na,O and too much U, and modeled narrowly
pooled melts have too much Na,O and too little U (Figures 12c and 12e). Therefore, we conclude that pooled
melts produced under conditions where melting starts in the garnet-lherzolite field are unlikely to be impor-
tant for MORs, including at fast- and intermediate-spreading ridges such as the EPR. Our conclusion is in
agreement with Hirschmann and Stolper (1996), although we suggest garnet is not critical for explaining
MORB garnet signatures on the basis of composition rather than on crustal thickness.

4.3. Apparent Garnet Signatures Produced by Melting Spinel Lherzolite: Comparison to EPR E-,
N-, and D-MORBs

Given the challenges in generating true garnet signatures in MORB by melting garnet peridotite, we now
explore the conditions under which spinel peridotite melting might explain garnet signatures in E- and N-
MORB. This idea is not new; many models of U-series disequilibria and other garnet signatures invoke chan-
nelization and preservation of low-degree near-fractional melts of spinel lherzolite to explain MORB with
large 230Th excesses (e.g., Chauvel & Blichert-Toft, 2001; Landwehr et al., 2001; Turner et al., 2000; Wood
et al., 1999). We, in agreement, find that the initial low-degree, ¢ = ~0.1%, near-fractional melts of DMM
spinel lherzolite are better matches to E-MORBs than near-fractional garnet melts in major element, trace
element, and short-lived isotope space (dark gray triangles and dashed-dotted lines overlap the yellow, sal-
mon, and red triangles in Figures 13c, 13e, and 13f). We note that while the very first extracted low-degree
near-fractional spinel-lherzolite melts do not overlap the E-MORBs in major element space (e.g., the dark
gray dash-dotted line that plots far from all EPR data in Figures 13a, 13b, and 13d), near-fractional melts
extracted at slightly higher degrees of melting do explain the E-MORBs (e.g., E-MORBS plot between the
ends of these other dark gray dash-dotted lines in Figures 13a, 13b, and 13d).

The problem with ¢ = 0.1% spinel-lherzolite melting is not reproducing the EPR E-MORBEs, but in reprodu-
cing the major and trace element compositions of the EPR N-MORBs and D-MORBs. In this case, generating
the 2*°Th excesses in the N-MORBs and D-MORBs is not challenging; modeled melts match under condi-
tions intermediate to local- and net-element fractionation (e.g., blue circles and brown squares plot between
the modeled melts in Figure 13f). However, the same modeled fractionated variably pooled melts of DMM
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Figure 14. (a—f) Plots showing how well modeled ¢ = 1% plagioclase-peridotite melting fits the variable garnet signatures in EPR E-, N-, and D-MORBs in major
element, trace element, and short-lived isotope spaces. Two mantle sources with different major and trace element compositions are shown, WH-DMM

in dark gray and PUM in light gray. Model can reproduce all EPR E-, N-, and D-MORBs. See text for discussion. Models assume a porosity ¢ = 1%, Tp = 1300°C,
6 cm/yr half spreading, and a nominally anhydrous source, which leads to zero garnet-lherzolite melting ({p = 0%) and a crustal thickness of ~2.5 km.
Primary melts are fractionally crystallized to 6 wt% MgO.
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are too low in Na,O to match the N-MORBs (dark gray circles and solid lines in Figures 13d-13f). These
same melts are also too low in Na,O, as well as too high in La/Sm, Sm/Yb, and U, to overlap the
D-MORBs (brown squares, Figures 13c and 13e). Near-fractional melts also fail to explain the D-MORBEs;
near-fractional melts with concentrations of U relevant to the D-MORBs would have much higher Na,O
contents than in the D-MORBs (e.g., small gray circles in Figure 13e). This inability to reproduce
first-order features of D-MORBEs is a serious problem, especially given that they are likely part of the same
melting column with the same source as the N-MORBs (Sims et al., 2002).

Some of these problems in producing N- and D-MORBs may be mitigated by the presence of multiple sources
with different major and trace element compositions (such as PUM and DMM), as suggested by long-lived
isotopic heterogeneity. In this case, the E-MORBs could then be pooled melts (not near-fractional melts)
of an enriched source (light gray model in Figure 13). The N-and D-MORBs could then be near-fractional
and pooled melts of a more depleted source (dark gray model in Figure 13). Future modeling and experimen-
tal work to constrain which if any specific major and trace element source compositions could reproduce all
features of these E-, N-, and D-MORBs is needed to test the likelihood of such a multiple-source model.

4.4. Apparent Garnet Signatures Produced by Melting Plagioclase Lherzolite: Comparison to EPR
E-, N-, and D-MORBs

Even if appropriate source conditions are found that match the EPR major element, trace element, and iso-
tope (short- and long-lived) compositions for either melting garnet or spinel lherzolite, the solutions will
always require a very low mantle porosity of ¢ = 0.1%. In the case of garnet lherzolite, a low ¢ is required
to extract melts in the garnet field at mantle temperatures consistent with crustal thickness. In the case of
spinel lherzolite, a low ¢ is required to generate 239Th excesses >~1.2 in either near-fractional or pooled
melts, given what we currently know about U and Th partitioning. This conclusion is consistent with all
interpretations of U-series data. In contrast, experiments (Kohlstedt, 1992; Zhu et al., 2011), theory
(Faul, 2001), and seismic observations (Forsyth et al., 1998) all suggest that ¢ is at least 1% during melting.
Thus, there is enough evidence that ¢ must be significantly larger than 0.1% that it is important to consider
alternative scenarios for explaining MORB U-series garnet signatures.

Using Petrogen, we have identified the one scenario in which garnet signatures could be produced by melt-
ing peridotite with ¢ = 1% that is also consistent with E-, N-, and D- MORB major elements, trace elements,
and isotopes: a significant role of residual plagioclase during melting. For plagioclase to impart any mean-
ingful geochemical signature requires that melting start very near to the spinel-plagioclase boundary, and
therefore requires low Tp< 1350°C conditions. This scenario, illustrated in Figure 14 assuming Tp = 1300°
C, produces higher-degree near-fractional melts, as well as pooled melts, with enough U and Na,O to over-
lap both D-MORBs and N-MORBs (blue circles and brown squares match dark gray model in
Figures 14c-14f). The MgO content of the pooled and near-fractional melts is low compared to the EPR
basalts (Figures 14b and 14e), but this misfit can be solved by increasing the Tp from 1300°C to ~1330°C
and/or slightly changing the source bulk composition. The E-MORBs can also be explained by
near-fractional melts or pooled melts of an enriched and isotopically distinct source (light gray model
matches yellow, red, and salmon triangles in Figure 14).

Melting with plagioclase works with ¢ = 1% because the Na-rich plagioclase present at the onset of melting
can have Df,. /Diph, > 1, as well as large Dy, and D, > 0.02 (Sun et al., 2017) (Figure 3), which leads to

Plag Plag
large **°Th excesses in both near-fractional and pooled melts (Figure 10d and Figure 14f, gray squares and
circles). Larger Ds and larger ¢, in turn, would also allow for quick attainment of local-element-fractionation
conditions at the faster-spreading rates present at the EPR (Spiegelman & Elliott, 1993). As melting pro-
gresses, (**°Th)/(**®U) of near-fractional melts will approach 1 by the time melting ends at 12% due to the
decreasing mode of plagioclase in our model (Figure 14f, gray squares). For DMM, at the phase transition,
there is 5.6% plagioclase in the residual mantle that decreases to 0.8% by the time melting stops. While we
have not in this paper directly discussed **°Ra excesses, the decreasing DY ;, /DL, due to this diminishing
mode of plagioclase would easily generate the observed anticorrelated **° Th excesses and **® Ra excesses in
the EPR basalts and other MORBs. In addition, Na-rich and Na-poor plagioclase will be able to produce *2°
Ra excesses with ¢ = 1% because plagioclase is significantly more compatible in Ra than other mantle miner-

als (Dgf;lg > 0.02-0.5 Fabbrizio et al., 2009; Miller et al., 2007). If this low Tp model with ¢ = 1% is relevant for
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MORs, then we would need to recalculate the estimated DMM source composition as in Figure 11; a low
Tp = 1300°C plagioclase-lherzolite source will not require as much of a preexisting garnet signature as did
the higher Tp assumed in Figure 11 (i.e., model in Figure 14c matches N-MORBs well with WH-DMM).

Overall, the strength of this ¢ = 1% plagioclase-peridotitedominated melting scenario is that the pooled
melts and near-fractional melts are consistent with major elements (Fujii & Bougault, 1983; Kinzler &
Grove, 1992a), trace elements, and **° Th excesses (and **® Ra excesses) (Figure 14), as well as experimental,
theoretical, and seismic constraints on ¢ (Faul, 2001; Forsyth et al., 1998; Kohlstedt, 1992; Zhu et al., 2011).
The challenge, however, with the ¢ = 1% plagioclase lherzolite model, even though it fits major and trace
elements better than melts of spinel or garnet lherzolite, is matching MORB crustal thickness—the opposite
problem as found by Hirschmann and Stolper (1996) for garnet lherzolite. With ¢ = 1% and Tp = 1300°C,
only a maximum ~ 3 km of crust is produced (Figure 11). Increasing Tp will increase crustal thickness,
but it cannot be increased so much as to cause significant melting in the spinel-stability field. Increasing
water content can help, but not enough to produce an extra 3 km of crust. There are, however, at least
two solutions for this problem. One is that the mantle could be refertilized by deeper, Na-rich melts at the
depths at which plagioclase stabilizes (P. B. Kelemen, personal communication, December 2019), which
would allow for melts enriched in sodium to be produced that overlap MORB at higher mantle potential
temperatures. Normally, when Tp = 1400°C, near-fractional plagioclase-field melts are extremely depleted
in Na, O (<1wt%) and plot outside of the axes in Figures 12 and 13. Refertilization is often discussed in
the hot mantle lithosphere or in the shallowest asthenosphere and can be conceived of in the framework
of melt-rock reaction (Dygert et al., 2016; Miintener et al., 2004, 2010). In addition, melt interaction with pla-
gioclase in the crust has been suggested to be important for explaining many aspects of U-series disequlibria
in basalts (Saal & Van Orman, 2004; Saal et al., 2007; Van Orman & Saal, 2009; Van Orman et al., 2006). The
other, perhaps related, solution is modeling a pressure-dependent melt productivity (dF/dP) that increases
with F. An F-sensitive melt productivity could significantly suppress melting in the spinel-stability field such
that—even with higher Tp and deeper melting—melting becomes much more productive after crossing the
spinel-plagioclase boundary. In this case, the bulk of the 6 km of oceanic crust would be generated at pres-
sures more shallow than the plagioclase-spinel boundary.

Both of these solutions that would increase crustal production for the ¢ = 1% plagioclase lherzolite model
suggest that something interesting could be occurring at the spinel-plagioclase boundary. Given that the
energy required for the spinel-plagioclase phase transition acts as a speed bump and barrier to melting
(Asimow et al., 1995), the transition itself may regulate melting, mixing, and refertilization and allow for
ingrowth of >*°Th. Moreover, even without directly considering the phase transition, geodynamical models
with stress-dependent rheology, such as the one used here, predict that upwelling velocities (and therefore,
crustal production) increase near the surface, supporting the idea that shallow melting (and reaction) is cri-
tical for understanding the compositions of MORBs.

5. Garnet Signatures by Melting Nonperidotite or Randomly Mixing Melts With
Variable Garnet Signatures

In this paper we have focused on reproducing the range of compositional variability in E-, N-, and D-MORBs
with variable garnet signatures by melting peridotite alone. We have shown that the full range of MORB
variability is reproduced by melting compositionally (major and trace element) and thermally variable peri-
dotite and the eruption of both near-fractional melts and variably pooled melts. We cannot, however, rule
out other ways to explain garnet signatures. The other proposed processes include melting garnet pyroxenite
and the often related process of randomly mixing melts with variable garnet signatures. For mixing, the
end-member with the garnet signature could be a melt of a garnet-bearing source (garnet peridotite, Jull
et al.,, 2002; or garnet pyroxenite, Elkins et al., 2014, 2016; Hirschmann & Stolper, 1996; Koornneef
et al., 2012; Lundstrom et al., 1999; Scott et al., 2018; Waters et al., 2011) or a low-degree melt of spinel (or
perhaps plagioclase) peridotite.

For models that invoke random mixing, mixing proportions differ between models depending on assump-
tions about the end-members. Some models use erupted MORBs as an end-member (e.g., Jull et al., 2002;
Lundstrom et al., 1999), while others do not (e.g., Waters et al., 2011). Even so, Waters et al. (2011) found
that EPR E-MORBs only require mixing of a small amount (5%) of a 1% melt of a garnet pyroxenite,
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similar to the maximum 5-10% estimated by Lundstrom et al. (1999). Hirschmann and Stolper (1996), by
contrast, find that significantly less enriched global N-MORBs require mixing in a much larger amount
(~20%) of a garnet-pyroxenite melt. In general, models that predict smaller proportions of garnet-bearing
sources tend to assume higher Dy, /DL, , a larger garnet mode (i.e., usually pyroxenite or eclogite),
and/or lower ¢. These choices lead to melts with large (***Th)/(***U) > 2 that must be diluted to match
the lower maximum (***Th)/(***U) = ~1.25-1.5 in MORBs. It is important to note that because Dy, and
Dﬁﬁlk strongly depend on the composition of the garnet-bearing source and the temperature/pressure of
melting (Elkins et al., 2008; Salters & Longhi, 1999; van Westrenen et al., 2001), these different models actu-
ally require very specific and different garnet-bearing sources. What exactly these source lithologies are is
often unclear. Furthermore, for random mixing to be a viable process to explain MORBs, mixing proportions
for any individual MORB must be consistent in all major element, trace element, and isotope spaces. It is also
not often clear if a proposed mixing model passes this criteria even for a few trace elements in a single basalt.

In addition to the complexity posed by consistent mixing proportions between end-members, garnet-
pyroxenite melts (a potential end-member) are highly variable in composition. Some garnet-pyroxenite
melts overlap MORB, some are similar to peridotite melts, and some are distinct from both (Lambart
et al., 2012). Rigorously testing for the role of garnet pyroxenite in MORB will thus require major and
trace element modeling (and experiments) of garnet pyroxenite melting and mixing under different
temperature and pressure conditions, with different masses of heterogeneities, to determine if the major
element, trace element, and isotope composition of melts of garnet pyroxenite can match MORBs with
garnet signatures. These variables are very important. For example, if veins or blocks of mafic garnet
pyroxenites have melting temperatures similar to peridotite (Lambart et al., 2016), then the melts of these
pyroxenites are likely to reequilibrate by diffuse porous flow rather than be extracted in their pure form
(Katz & Weatherley, 2012). Depending on the relative masses of the heterogeneities involved and the
mantle temperature and pressure, reequlibrated melts and residues might exhaust garnet and stabilize
a more enriched lherzolite or a pyroxene-rich residue (Lambart et al., 2009, 2012; Liu & Liang, 2017;
Mitchell & Grove, 2015).

6. Conclusion

New modeling suggests that extraction of garnet-lherzolite melts only occurs under high Tp, high water con-
tents, and low mantle porosity (¢) conditions. The major element compositions of low-degree garnet-
lherzolite melts are highly distinctive with low CaO and high MgO and FeO contents. When these melts
are fractionally crystallized, their major element compositions are a very poor fit to MORB. Similarly,
near-fractional garnet-lherzolite melts have trace element garnet signatures (e.g., Sm/Yb) that are distinctive
and, in most cases, do not fit MORB, even when we take into account variable trace element source compo-
sitions. The *°Th excess compositions of near-fractional garnet-lherzolite melts are also poor fits to MORBs.
Therefore, if garnet-lherzolite melting occurs at MORs, the melts must be significantly diluted in erupted
melts. However, pooled melts that contain melts of garnet Iherzolite have major and trace element composi-
tions with weak to negative garnet signatures except for their large *°Th excesses if melting occurs domi-
nantly by local-element fractionation (***Th ingrowth and/or porous flow).

We find that spinel- and plagioclase-lherzolite pooled and near-fractional melts of compositionally and ther-
mally variable mantle peridotite better produce the highly variable major element, trace element, and iso-
tope garnet signatures in E-MORB, N-MORB, and D-MORB, as well as MORB crustal thickness. Our
finding is consistent with two-porosity models and fully reactive melt transport models (Elliott &
Spiegelman, 2014, and references therein). Even so, we find that spinel-peridotite melting, which requires
low mantle porosity ¢ = 0.1% to produce *°Th excesses, cannot simultaneously explain D-MORBs as melts
of the same source as N-MORBs even though they have identical long-lived isotopic compositions. We have
identified a new model that reconciles the D-MORB problem by melting plagioclase peridotite with ¢ = 1%
and also simultaneously satisfies E-MORB, N-MORB, and D-MORB major element, trace element, and iso-
topic (**°Th excesses, **°Ra excesses, and long-lived) constraints. Because this ¢ = 1% model relies on a sig-
nificant role of Na-rich plagioclase, it requires either shallow mantle refertilization or melt initiation near
the spinel-plagioclase boundary (such as when Tp = ~1300-1350°C) and concomitant significant crustal
production at depths shallower than the phase transition.
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