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Materials and Methods
Samples and Methods
All data are taken from 103 previously published analyses of mid-ocean ridge basalts
(MORB) with method details available in (7, 8) or in the publications referenced in Table
S1 with the exception of new trace element analyses produced using the methods detailed
in (8). Glasses from ridge segments previously interpreted as being influenced by mantle
plumes (e.g., (32)) were excluded from the present analysis. Plume influence on one
ridge segment in the South Atlantic was ambiguous (33). We retained these samples in
the present analysis, although removal of these samples further strengthens the
correlations we present. Based on these criteria, of the 104 glasses from (8), 22 had
previously published isotopic data and 19 had experienced minimal low-pressure crystal
fractionation (MgO concentrations higher than 8.5 wt.%). Because some segments of
ridge had only one sample, and others up to six, we also calculated average oxidation
states, isotopes, and trace elements for each location so as not to bias the statistical
analysis provided in Table S3.
Supplementary Text
Geochemical Modeling
Most efforts to model the generation of Enriched MORB (EMORB) call for the
melting of pyroxenite (34-36), recycled subducted materials [e.g., (37-40)], or two-stage
melting (41). Consistent with prior work, the trace element patterns of the most enriched
samples in this set cannot arise from melting of normal depleted MORB mantle (DMM)
because this would require the eruption of extremely low degree melts (extent of melting
F <0.001). To produce the most enriched melts, we require an enriched source that also
causes the erupted lava to record a low Fe+3/∑Fe ratio.
Of the aforementioned model categories to generate EMORB, melting of garnet
pyroxenite veins could plausibly result in trace- and radiogenic-element-enriched lavas
that record low Fe+3/∑Fe ratios through the retention of ferric iron by residual garnet. We
see evidence in our dataset for the influence of garnet pyroxenite (high Sm/Yb and low
Lu/Hf at high Na8.0 (42)); however, the garnet pyroxenite signature is not associated with
low oxidation state (Fig. S5). We see no correlation between Fe+3/∑Fe ratios and trace
element ratios fractionated by residual garnet, such as Sm/Yb or Lu/Hf. Finally, there is
no correlation between Fe+3/∑Fe ratios and proxies for depth or extent of melting, such as
Fe8.0 and Na8.0 (8). We therefore conclude that retention of ferric iron by garnet during the
production of silicate melts is not supported by the trace element signatures of the
reduced samples, though we cannot rule out the possibility that garnet was present in the
lithology of previous melting events (43).
Carbonate-fluxed melting may fractionate and scavenge trace elements in the mantle
(21-23, 44, 45), and poses an intriguing mechanism whereby enrichment with reduction
may be linked ((13, 14),Fig S6). We modelled the influence of low-degree carbonatitic
melts using the experimentally determined peridotite/carbonatitic liquid partition
coefficients of (22) for two modes: Dperidotite/cbl at 8.6 GPa with mode 61% olivine, 5% or
19% orthopyroxene, 18% clinopyroxene, and 16% or 3% garnet ((22), Table S2). Fig. 2
in the main text shows calculations with the first mode. Note that the trace element
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signature of a low-degree carbonatitic liquid with garnet in the residue is distinct from
that of a low-degree silicate liquid with garnet in the residue. Kimberlitic melts may be
the first carbon-fluxed melts to form in the mantle (23, 26) and would generate similar,
but more moderate, geochemical trends.
Our primitive sample suite displays a broad spectrum of enrichment, with Rb and Ba
concentrations varying by over an order of magnitude and with approximately equal
numbers of depleted and enriched samples relative to NMORB (Fig. S4). The most
depleted samples are more depleted than the most depleted mantle source defined in the
literature (Depleted Depleted MORB Mantle, D-DMM,(20), Table S2). We therefore
cannot model the major and trace elements in our global array via partial melting without
defining a new “ultra” depleted source. Defining a new mantle end-member composition
is not within the scope of this submission. We therefore generate mixtures between
carbonatitic melt and the most depleted silicate melt in our suite (VG211 from Siqueiros
Fracture Zone).
EMORB in our suite are too enriched to derive from melting -- silicate, carbonatitic,
or kimberlitic -- of a depleted source. Even carbonatitic melts of primitive mantle would
need to contribute > 1.0% relative to the silicate melt fraction to become as enriched as
our most reduced samples. For more realistic proportions of carbonatitic melts, 0.010.3% (21, 22, 26), we require an enriched source. Here we focus on subducted materials
as an enriched source because subduction is the process by which carbon enters the
mantle (24, 25, 29). Carbonatitic melts of many enriched compositions [e.g., E-Type
mantle from (20)] are generally consistent with our data, encompassing key features
associated with the redox trends we observe. Here we present model results for
carbonatitic melts of the “subduction modified” compositions of (46), which are
combinations of basalt plus varying amounts of Global Subducted Sediment (GLOSS;
(47) that have been modified, mainly by fluid removal, during subduction. Numerous
combinations of carbonatitic melt fraction (F = 0.0001 – 0.005) and sediment load (210%) generate carbonatitic melts that, when mixed in small proportions with depleted
silicate melts, create mixing trajectories consistent with our observations. The
carbonatitic melt addition curves in Figures 1 and 2 model carbonatitic melts of “Bulk
Subducted Igneous Crust” plus 5% “Modified GLOSS”, but with the Nb concentration
enriched five-fold, from (46) (Table S2).
The sense of trace element partitioning from the experimental studies cited above is
generally consistent with the trace element patterns measured in peridotites influenced by
carbon-bearing melts. Trends toward signatures of carbon-bearing melt influence with
reduction in the oxidation state of iron in MORB are prevalent, particularly for average
compositions of geographical locations as in Figure S3. These signatures include
extremely elevated ratios of highly incompatible to moderately incompatible elements
(e.g., Ba/La, Th/La, Rb/Sr), elevated Nd/Sm, U/Th, U/Pb, Nb/Ta and Ba/Rb ratios,
depletion of Hf and Zr relative to Nd, and no fractionation of Lu from Hf ((22, 23, 44,
45)) (Figs 1, 2, S3, S4, S5).
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Fig. S1.
(a) Schematic illustration of the correction applied to raw Fe3+/ΣFe ratios to calculate
Fe3+/ΣFe(10) ratios, analogous to calculating Na8 or Fe8 (48). Raw Fe3+/ΣFe ratios correlate
with glass MgO concentration due to preferential incorporation of ferrous iron in olivine
during crystal fractionation. As low pressure fractionation proceeds and MgO decreases
from 10 to 5 wt%, Fe3+/ΣFe ratios increase by 0.03 (8). Here, the measured Fe3+/ΣFe ratio
is decreased along the empirical liquid line of descent, which is statistically
indistinguishable from olivine-only fractionation, until MgO reaches 10 wt.%. (b)
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Fe3+/ΣFe ratios measured and corrected to MgO = 10 wt.% vs Ba/La ratios for the
primitive glass sample suite. The slopes of the correlations are statistically
indistinguishable, although correcting for olivine fractionation does yield small
improvements in the correlation coefficient (Table S3). Also shown are the average
Fe3+/ΣFe ratio and Ba/La ratio for each of the 7 geographic locations with primitive
melts. Error bars represent the variation for each location. Regression of the regionally
averaged values is identical to that of the individual Fe3+/ΣFe(10) ratios at the scale of this
figure. (c) MORB without plume influence from the global sample suite of (8) as
function of Fe oxidation state. Fe3+/ΣFe(10) ratios range from 0.127 to 0.163 and average
0.147 (1σ = 0.007). Also indicated is sample 2πD43 (too low MgO to be included in our
“primitive” glass suite), “popping rock,” which has the highest measured CO2
concentration of any MORB (18, 49) and may be the product of carbonatitic melt (22),
and samples from the Siqueiros Fracture Zone, which are extremely depleted and carbon
undersaturated.
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Fig. S2
Global map showing locations of samples discussed in this study. Map was generated in
GeoMapApp (http://www.geomapapp.org/) using the Global Multi-Resolution
Topography synthesis base map (50).
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Fig. S3
(A) Hf anomaly (Hf/Hf*=HfN/√(SmN*NdN) versus Fe+3/∑Fe(10) ratio where “N” refers to
normalization to normal MORB (51). Natural oceanic carbonatites (52) and
experimentally generated low-degree carbonatitic or kimberlitic melts of peridotite (22,
23) are depleted in Hf and Zr relative to Sm and Nd. Thus we expect melts generated in
the presence of carbon to display more negative Hf anomalies. (B-E) Trace element ratios
diagnostic of the influence of carbon-bearing melts (carbonatitic or kimberlitic) from
experiment and nature versus Fe+3/∑Fe(10) ratio, including Rb/Sr (22), Nb/Ta (45, 52),
Ba/Rb (23), and Nb/La (53). Statistical analysis presented in Table S3.
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Fig. S4
Trace element concentrations in the 19 primitive samples normalized to normal MORB
(51) and color coded by Fe3+/ΣFe(10) ratio. Stars show the model recycled source,
described in the SM text, that undergoes melting in the presence of carbon using partition
coefficients from (22) to generate a carbonatitic melt at F=0.003 (open circles). Filled
circles show a mix of 0.2% of this low-degree carbonatitic melt and depleted sample
VG5211 from the Siqueiros Fracture Zone. Also plotted are natural ocean island
carbonatites averaged from three locations (“Cape Verde Calcio” and “Magnesio”,
“Fuerteventura Calcio”) in (52), which show some departures from experiments (e.g.
elevated Nb/Ta, flatter HREE).
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Fig. S5
Na8 vs (a) Sm/Yb ratio and (b) Hf/Lu ratio. Na8 are Na2O concentrations projected along
liquid lines of descent until MgO = 8.0 wt.%; calculated according to (48). The more
pronounced garnet signatures (high Sm/Yb, high Hf/Lu) are associated with regions of
thin crust (high Na8), indicative of a garnet-pyroxenite source lithology for those samples
(42); however, the samples with stronger garnet signature are not those that are more
reduced. If an enriched garnet-bearing lithology is melting and holding back ferric iron to
produce reduced melts, it is not evident in the observed trace element systematics.
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Fig. S6
A schematic cross section through the Earth. Depths of solidi were taken from (26).
Anoxic conditions at Earth’s surface in the past would have resulted in subduction of
reduced, geochemically enriched, sediment (± reduced carbon). Modern melting of these
ancient reduced/enriched domains could lead to a general correlation between
Fe3+/ΣFe(10) ratio and geochemical enrichment. Details of the trace element systematics
and nature of the isotopic enrichment (toward EM-1), however, implicate increased
influence from carbonatitic or kimberlitic melt associated with reduction. Reduced
carbon, subducted to depth, would have become oxidized when it encountered conditions
that, even in the Archean, were oxidizing enough to stabilize carbonate (28, 54, 55).
Carbon oxidation would both reduce iron and lead to low-degree partial melts capable of
fractionating parent-daughter isotopic pairs immediately following subduction. This
reservoir (figure location “2”) would develop isotopic signatures over time distinct from
ambient mantle (22). Remelting of reservoir “2” at modern ridges would reflect this
ancient fractionation, reduction, and the influence of carbonatitic liquid. Alternatively, or
in addition, subduction in the past of anoxic carbon-bearing sediments and enriched crust
could have created a reservoir (figure location “1”) that would evolve to be more
enriched than ambient mantle by virtue of ‘pre-enrichment’ during ancient melting at the
ridge and the addition of sediment (37, 38, 41). Melting today beneath modern ridges of
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reservoir “1” could also create melts simultaneously reduced, enriched, and influenced by
carbonatitic liquids.
Even under today’s oxidizing conditions at Earth’s surface, when carbonate is the
dominant form of subducted carbon, there is the potential to mobilize reduced carbon. If
hydrous fluid release from the slab occurs at great depth (figure location “3”), it may
oxidize iron locally but also generate mobile reduced carbon species (CH4) that may then
decouple from the subducted source to infiltrate ambient mantle (2) – leading to
reservoirs simultaneously reduced and enriched by carbonatitic melts. Finally, infiltration
of aqueous slab fluids into the mantle at depth could result in immiscible H2O and H2
fluids. Absorption of the former into nominally anhydrous minerals and mobility of the
latter could create highly reducing domains in the mantle associated with enrichment
from the slab (30). Modern melting of these reduced/enriched domains could lead to a
general correlation between Fe3+/ΣFe(10) ratio and geochemical enrichment.
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Table S1 (separate file).
Samples, their locations, geochemical data, and references.
Table S2 (separate file).
Reservoir compositions and partition coefficients used in geochemical modeling.
Table S3 (separate file).
Statistical description of correlations presented in Figures 1, 2, and S3.
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