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ARTICLE INFO ABSTRACT

Editor: Dr Fang-Zhen Teng The common assumption that residual peridotites retain the Nd-Hf isotope ratios in the mantle source is debated
because melt and solid of different isotopic compositions could undergo chemical exchange during melt
migration, altering the isotopic signature of the source. By modeling the transport of chemical heterogeneities in
the melting region beneath a mid-ocean ridge, we show that the shape of a chemical heterogeneity marked by Nd
or Hf isotope ratio changes systematically through subvertical dispersion, stretching, compression, and shearing.
The isotope ratios inside the chemical heterogeneity decay toward the values of background mantle. The amount
of decay depends on the strength of dispersion, which itself is strongly dependent on the melt fraction in the
melting region. When the maximum melt fraction is greater than 1%, buoyancy-driven melt flow relative to the
solid causes subvertical dispersion of isotopic signals in the solid. Differential flows of the melt and solid also
produce chromatography fractionation of Nd with respect to Hf, causing their isotope ratios to decouple.
Compositions of the residue in Nd-Hf isotope ratio diagram do not record the endmembers in the source, instead
they represent an area that covers part of the binary mixing line between the background mantle and the original
heterogeneity. In the case of small melt fraction (<0.2%), the low permeability results in sluggish melt flow,
weak dispersion, and negligible chromatography fractionation. Consequently, Nd and Hf isotope ratios in the
residue remain coupled, representing the endmember isotope ratios in the source. The ridge model with larger
melt fraction may correspond to the fast-spreading ridge, while the model with smaller melt fraction may
correspond to the ultraslow-spreading ridge. The present study underscores the importance of melt migration
processes beneath mid-ocean ridges on the deformation, mixing and decoupling of Nd-Hf isotope ratios in re-
sidual peridotites.
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kilometers. Peridotites are more direct record. For example, abyssal
peridotites, the residues of mantle melting beneath mid-ocean ridges,

1. Introduction

The Earth’s mantle is chemically heterogeneous across all scales,
from the level of individual minerals to vast compositional domains. The
formation of mantle heterogeneities are the results of billion years of
mantle convection, plate recycling, etc. However, the size, shape, and
distribution of mantle heterogeneities are difficult to constrain because
most of the mantle is inaccessible. Available petrological records include
mantle-derived magmas and peridotites. The former are mixtures of
melts pooled from a sampling area that could be 100~200 km wide
under mid-ocean ridges (The MELT Seismic Team, 1998), which would
obscure the chemical signal of heterogeneities smaller than a few
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show more variable isotope ratios than mid-ocean ridge basalts (e.g.,
Snow et al., 1994; Stracke et al., 2011; Mallick et al., 2014). However,
whether trace element and isotope ratio variations in these residual
samples could represent the source or are results of mid-ocean ridge
processes remains debated (e.g., Niu et al., 1997; Warren and Shimizu,
2010; Frisby et al., 2016). Therefore, understanding the effect of melting
and melt migration processes beneath mid-ocean ridges on the preser-
vation of chemical heterogeneities is essential to mantle geochemistry.

Models for the fractionation of trace elements during decompression
melting of a heterogeneous mantle have been formulated for one-
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dimensional melting column or bundles of columns. In these models, change the composition of the solid through chemical exchange. The
chemical heterogeneities of prescribed size are represented by vertically resulting chemical heterogeneities recorded in the residue are stretched
stacked Gaussian, rectangular, or sinusoidal signals (DePaolo, 1996; and dispersed (Navon and Stolper, 1987; Liu and Liang, 2017a; Bo et al.,
Liang, 2008; 2020; Liu and Liang, 2017a, 2020; Bo et al., 2018). As the 2018; Liang and Liu, 2018). However, in more complicated but realistic
melt rises faster than the residual solid, the percolating melt would models, melt and solid flow both vertically and horizontally and their
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Fig. 1. Endmember models for mid-ocean ridges. The half-spreading rates for the model in (a) and (b) are 50 mm/yr and 7 mm/yr, respectively. We refer to these
two endmember models as “fast” and “ultraslow” ridge model. The crustal thickness is 7.1 km in (a) and 1.4 km in (b) (not shown). Oceanic lithosphere has a wedge
shape. Solid and dashed lines represent streamlines for the solid and melt, respectively. The pair of thickened red lines under the axis are decompaction channels that
funnel the melt into the axis. (c) Schematic diagram illustrating the distribution of chemical heterogeneities in the source mantle. Left: random shape, size, and
spacing. Right: the current model simulates chemical heterogeneities of a specific size one at a time by inputting circle shaped chemical heterogeneities at different
lateral distances from the central axis (x = 0 km).
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velocity fields diverge at shallow depth beneath the mid-ocean ridge
(Morgan, 1987; Spiegelman and McKenzie, 1987; Braun et al. 2000; Katz
and Weatherley, 2012; Baltzell et al., 2015). Moreover, the melting and
melt migration processes are variable among ridges with different
spreading rates (Parmentier and Morgan, 1990; The MELT Seismic
Team, 1998; Bell et al., 2016; Saikia et al., 2021). More realistic melting
models considering the production, migration, and distribution of melt
would be warranted in studying the effect of melting processes on the
composition and shape of chemical heterogeneities.

The purpose of this study is to demonstrate and quantify deformation
and dispersion of chemical heterogeneities beneath mid-ocean ridges
during decompression melting. We set up 2D ridge model that captures
the first-order processes and features such as the production, distribu-
tion, and migration of melt beneath mid-ocean ridges (Fig. 1). We
explore the dependence of residue composition on several factors
including the melt fraction, the original size, and the type of chemical
heterogeneities. The main results are that (1) chemical heterogeneities
marked by Nd-Hf isotope ratios deform in a systematic pattern and (2)
the melt fraction beneath mid-ocean ridges has a leading-order control
on the dispersion and decoupling of Nd-Hf isotope ratios in the residue.
The current study emphasizes the important effects of melting process
on interpreting geochemical records in residual rocks.

2. Model
2.1. 2D ridge models for melting and melt migration

The degree of melting, melt distribution, and crustal thickness at
mid-ocean ridges vary with spreading rate. Based on the minimum shear
velocities beneath fast-spreading ridges, the maximum volume fraction
of melt in the partially molten mantle or melt fraction is estimated to be
0.8% to 1.4% (The MELT Seismic Team, 1998; Harmon et al., 2009; Bell
et al, 2016; Gao, 2016) (Fig. S1). The melt fraction beneath
slow-spreading ridge is smaller, ranging from 0 to 0.6% based on
geophysical interpretations (Wang et al., 2020; Saikia et al., 2021). For
the 6-7 km thick oceanic crust at fast- and slow-spreading ridges, the
maximum degree of melting is estimated to be 20% (Forsyth, 1993). At
ultraslow-spreading ridge, the thin crust or absence of crust is the result
of small degree of melting or no melting. Since the degree of melting
plays a key role in affecting the melt fraction and crustal thickness, we
set up two endmember ridge models with maximum degrees of melting
of 22% and 4%, respectively. The maximum degree of melting could be
due to a number of factors, such as the lid-effect, potential temperature,
and solidus of the source mantle (e.g., Langmuir et al., 1977; Niu and
Hékinian, 1997). Because upwelling rate is proportional to spreading
rate, higher upwelling rate at fast-spreading ridge would produce
stronger advective heat flux and thinner conduction lid than those at
slow-spreading ridge. Consequently, decompression melting at
fast-spreading ridge is expected to terminate at lower pressure, causing
higher degree of melting compared to slow-spreading ridge given other
factors the same (Niu and Hékinian, 1997). We consider a 200 km wide,
100 km deep mantle domain perpendicular to the ridge axis. The initial
melting depth is 100 km. The final melting depth is 10 and 30 km in the
model with half spreading rate of 50 mm/yr and 7 mm/yr, respectively.

Independent geochemical and petrological observations suggest that
the majority (>70%) of the melt must be extracted into localized
channels (Johnson et al., 1990; Johnson and Dick, 1992; Kelemen et al.,
1997; Braun and Kelemen, 2002; Liang and Peng, 2010). Therefore, we
also incorporate a channel network to model melt extraction. The dis-
tribution of melt channels can be constrained by field and laboratory
observations (e.g., Kelemen et al., 1997; Holtzman et al., 2003), as well
as results of geodynamic models specifically designed to model the
formation of decompaction channels (Sparks and Parmentier, 1991;
Hebert and Montési, 2010). As the mantle upwells, the channels start to
form at 60 km depth or at locations of high shear strain as the mantle
turns sideways (Liu and Liang, 2019). The melt produced in the residual
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matrix is extracted to the channel and flows subvertically until it en-
counters the lithosphere-asthenosphere boundary (LAB). The abrupt
cooling and crystallization at LAB produce a permeability barrier, which
in turn forces the residue beneath the LAB to decompact (Sparks and
Parmentier, 1991; Spiegelman, 1993). The decompaction boundary
layer beneath the sloped LAB then serves as channels that funnel the
melt into the ridge axis. Liu and Liang (2019) used a prescribed
steady-state channel network to explain melt distribution beneath
mid-ocean ridge, the highly fractionated nature of LREE in residual
abyssal peridotites, and U-series disequilibria in MORB. In this study we
adapt their channel distribution in our 2D ridge model.

By modeling variable degrees of melting due to the lid-effect and
melt extraction into a 2D-distributed channel network, our ridge models
reproduce the crustal thickness and melt fraction at fast and ultraslow-
spreading ridges (Fig. S1 in supplementary material). These two cases,
depicted in Fig. 1, are by no means representative of realistic mid-ocean
ridges in every detail. For simplification, we assume all components in
the mantle have uniform melting rate. Therefore, the current model
cannot examine the effect of heterogeneous melting rate on the transport
of trace elements (e.g., Richter and Daly, 1989; Katz and Weatherley,
2012). With these caveats in mind, we refer to these two models as “fast”
and “ultraslow” for convenience of description and discussion. In Sec-
tion 4.5 we will discuss how heterogeneous melting rate and complex
features of mid-ocean ridge would affect results produced by current
models.

Our models also consider chemical disequilibrium induced by slow
diffusion of Nd and Hf in pyroxene in the residue. Previous studies have
examined the role of disequilibrium melting in determining the
composition of residual peridotite (Navon and Stolper, 1987; Qin, 1992;
Iwamori, 1993a,b; Van Orman et al., 2002; Liu and Liang, 2017a,b). In
the present study, we aim to further advance our understanding by
introducing 2D models for melting and melt migration beneath
mid-ocean ridges.

2.2. Modeling chemical heterogeneity

The source mantle could consist of randomly distributed chemical
heterogeneities of various sizes and shapes. The size, shape, and
composition of a chemical heterogeneity change systematically during
decompression melting. In this study, we quantify these changes by
tracking individual heterogeneities in the melting region. Following the
pseudo-2D model for melting a chemically heterogeneous mantle
beneath mid-ocean ridges (Liu and Liang, 2020), we use time-dependent
boundary conditions at the bottom of the model domain to describe the
size and distribution of chemical heterogeneities marked by isotope
ratios such as **Nd/!**Nd or 7®Hf/177Hf. We assume the shape of
chemical heterogeneities is circular below the solidus with diameters
ranging from 1 km to 10 km. This is in line with our recent work on the
prevalent length scale responsible for Nd and Hf isotope variations in
MORB and abyssal peridotites (Liu and Liang, 2017a). The isotopic
composition of the background mantle is the depleted MORB mantle or
DMM (Workman and Hart, 2005). We also assume that the chemical
heterogeneity has either enriched EMII-like isotope ratios (Zindler and
Hart, 1986; Jackson and Hart, 2006) or depleted isotope ratios (e.g.,
Stracke et al., 2011). The abundance of Nd and Hf in the isotopically
enriched endmember (EMII) can be up to three times higher than that of
DMM while the abundance of Nd and Hf in the isotopically depleted
endmember (ultra-depleted mantle, UDM) can be up to 50% less than
that of DMM. It is important to note that the production of enriched or
depleted isotope ratios depends on the elemental concentration and
other factors including the history of melt depletion and crust recycling
(Stracke et al., 2003). Although endmember compositions (Table 1) used
in current models are specific, our conclusions regarding the changing
size and shape of chemical heterogeneities are not sensitive to specific
choices of endmember compositions. We will begin with an EMII-like
enriched endmember for heterogeneities in Section 3 and generalize
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Table 1
Compositions of geochemical endmembers and partition coefficients used in the
model.

EMII UDM DMM*  Partition
coefficient'

Abundance (ppm) ko kp

Nd 0.483 to 1.45 0.241 to 0.483 0.483 0.0247  0.1193

Hf 0.127t0 0.381  0.0635t0 0.127  0.127 0.0304  0.1134
Isotope ratios

145Nd/1*Nd  0.5124 0.5136 0.5133

176Hf/177Hf  0.2828 0.2836 0.2835

“ DMM is the depleted-DMM from Workman and Hart (2005).

 The bulk partition coefficient is calculated as k = (ko — F*k,)/(1-F). F is the
degree of melting. Bulk solid-melt partition coefficient at the onset of melting, ko
and bulk solid-melt partition coefficient, k, for the melting reaction are average
values for melting along the 1300 °C mantle adiabat for the DMM starting
composition (Sun and Liang, 2012, 2014; Yao et al., 2012; Liang and Liu, 2016).

these results through an empirical model for arbitrary isotopic and
elemental compositions of endmembers in Section 4.1.

The governing equations for the conservation of trace elements have
been originally derived in the framework of two-phase flow (McKenzie,
1984; Richter, 1986), and later adapted by several studies (Iwamori,
1993a; Lundstrom, 2000; Jull et al., 2002; Liang, 2003) to incorporate
disequilibrium melting and melt transport in chemically isolated chan-
nels. The set of equations and the numerical methods are the same as a
previous pseudo-2D study except for the inclusion of 2D flows of the
melt and solid (Liu and Liang, 2020) (supplementary material). We focus
on Nd isotope ratio in the residue because it is more resilient to hy-
drothermal alteration than Sr and has better data coverage than Hf
(Mallick et al., 2015; Warren, 2016). Results of Hf isotope ratio will be
compared to available data in Section 4.3. To model an isotope ratio, we
calculate the concentration of the two nuclides (e.g., 143Nd and “Nd)
independently before taking their ratio. The relative error for the con-
centration of Nd and Hf is 10~ which ensures accuracy at the 7th
decimals in 1**Nd/***Nd or 76Hf/77Hf or 2nd digit after decimals in
eng and eyr. The spatial resolution of our numerical models is 300 m
which is sufficient for modeling kilometer size chemical heterogeneities
in this study.

3. Results
3.1. Deformation and dispersion beneath the “fast” spreading ridge

We first present the patterns of deformed chemical heterogeneities
based on the “fast” ridge model (Fig. 2a and b). The trajectory of
chemical heterogeneity follows the flow of the mantle in the lower part
of the melting domain where the flow fields of the melt and solid are
subvertical but is displaced above the streamline of the solid when the
mantle flow turns sideways. If the interstitial melt were in chemical
equilibrium with the residual solid, the effective transport velocity of the
isotopic signal would be a weighted average of the velocity of the solid
and that of the percolating melt (McKenzie, 1984; Navon and Stolper,
1987). The velocity of the interstitial melt relative to the solid is sub-
vertical as it is driven mostly by buoyancy of the melt. The trajectory of
chemical heterogeneities is therefore offset above the streamline of the
mantle (Fig. 3b). Due to the slow lattice diffusion of Nd in the residual
solid, chemical exchange of Nd between the solid and the melt is not fast
enough to attain local equilibrium. Consequently, the melt from the
heterogeneity disperses the chemical and isotopic signal toward the
direction of melt flow (Fig. 3). The dispersion causes the isotopic signal
in the melt to mix with that in the background mantle. The peak enq
inside the heterogeneity, i.e. the isotope ratio most similar to the end-
member, decays from the value of the original heterogeneity toward the
value of background DMM mantle.
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To quantify the deformation pattern, we draw outlines of deformed
chemical heterogeneities and use image analysis to extract the long axis
and short axis of each elliptical shaped heterogeneity (Figs. 3a and b and
4a). The extent of deformation depends on the location where the het-
erogeneity enters the bottom of the melting column. Heterogeneity
below the ridge axis is stretched and dispersed vertically from 100 km
depth to 40 km depth as melting produces higher porosity (Fig. 1a) and
acceleration of the melt, thus faster effective transport velocity. The
stretched shape reaches a maximum length of 13 km or 17 km at 40 km
depth for original diameter 5 km or 10 km, respectively (Fig. 4a).

The upwelling of chemical heterogeneity decelerates above 40 km
depth (Fig. 4a). The porosity decreases (Fig. 1a) and the melt velocity
slows down to match the reduced upwelling rate of the mantle. Conse-
quently, the effective transport velocity for the case of chemical equi-
librium also decelerates. The dispersed heterogeneity is vertically
compressed beneath the ridge axis. This vertical compression is opposite
to the case of constant melting rate where the upward melt velocity
increases all the way to the top of the melting column (Liang and Liu,
2018). At 20 km depth, the length of the heterogeneity is compressed to
9-11 km. As the heterogeneity further rises and reaches the ridge axis, it
would be split into two parts which then move away from the axis with
the oceanic lithosphere (Fig. 2a and b).

Following a chemical heterogeneity entering the melting region at 30
km away from the central axis, it is first sheared by the mantle flow and
forms an oblate ellipse (labeled A2 in Fig. 3a). The elliptical shaped
heterogeneity rises and rotates with the flow of the mantle. Increased
melt flux then creates a subvertical dispersion tail superimposed on the
oblate-shaped heterogeneities (A3 in Fig. 3a). When the heterogeneity is
at 40 km depth, the length of the dispersed signal reaches a maximum of
11 km or 17 km for an original diameter 5 km or 10 km, respectively (A4
in Fig. 3a). Deformation continues as the mantle flow turns sideways
above 30 km depth. The chemical heterogeneity (A5-A7 in Fig. 3a) is in
between the hypothetical heterogeneity traveling at the velocity of the
solid (C5-C7 in Fig. 3c) and that traveling at the effective transport ve-
locity of the melt (B5-B7 in Fig. 3b). The final elliptical shaped hetero-
geneity would be preserved in the oceanic lithosphere (A8 in Fig. 3a).

3.2. Deformation and lack of dispersion beneath the “ultraslow”
spreading ridge

The deformation of chemical heterogeneities in the “ultraslow” ridge
model is controlled by the flow of the mantle (Fig. 2c and d). Because of
the much smaller porosity compared to the case presented in the pre-
vious section, the rate of porous flow is slower. The effective transport
velocity is close to the velocity of the mantle. The transport of chemical
signals follows the streamline of the solid.

Heterogeneity below the ridge axis rises with the upwelling mantle
and is undeformed until it is 10 km within the ridge axis. Then it splits
into two parts and moves away from the axis. The corner flow of the
mantle shears chemical heterogeneities entering the melting region at
some distance away from the central axis. The original circle is sheared
into oblate ellipse with long axis up to double the original diameter
(Fig. 4b). As the strain is controlled by the mantle flow, the shape as
characterized by the aspect ratio is independent of the size of the het-
erogeneity (Fig. 4b). The isotope ratio of incompatible element enriched
heterogeneity is preserved in the residue of the ridge with small melt
fraction (Fig. 4b). In the absence of dispersion, one can in theory map the
spatial distribution of Nd isotope ratios in the residue and reconstruct
the exact shape of chemical heterogeneities in the source by reversing
the shear deformation using the corner flow model.

To summarize, the deformation pattern of chemical heterogeneities
depends on the physical process of melt migration and mantle flow. The
observed melt fraction (~1%) beneath fast-spreading ridge would pro-
duce strong vertical dispersion of chemical heterogeneity. The disper-
sion also causes the isotope ratio of heterogeneity to mix with the
surrounding mantle. Porosity beneath slow and ultraslow-spreading
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Fig. 2. The deformation and dispersion of chemical heterogeneities beneath the “fast” ridge model (a, b) and the “ultraslow” ridge model (c, d). Trains of circle
shaped heterogeneities, originally 5 km (a, ¢) and 10 km diameter (b, d), enter the bottom of the melting region and undergo stretching, shearing, and dispersion
along transport. White dashed lines represent streamlines for the solid. The time interval between two consecutive heterogeneities is 0.1 or 0.7 Myr for fast and
ultraslow ridges. The color scale is for the value of eyq ranging from EMII to the background DMM.

centers is controversial. If the asthenosphere beneath these ridges had
smaller melt fraction (<0.2%), the magnitude of dispersion would be
negligeable, and the deformed shape of chemical heterogeneity would
be the result of shear due to mantle flow.

4. Discussion
4.1. Size and composition of chemical heterogeneity

In general, the ability of chemical heterogeneity to preserve the
endmember isotope ratio increases with the elemental abundance in the
original heterogeneity. Fig. 5 demonstrates the Nd isotopic heteroge-
neity in the residual solid using different elemental abundances (0.29 to
1.7 ppm) or isotope ratios for the heterogeneities in the source. Because
isotopically enriched EMII heterogeneities tend to have higher abun-
dance of Nd than isotopically depleted UDM heterogeneities, the

enriched isotope ratios of EMII are better preserved than the depleted
isotope ratios of UDM. When there is less abundance of Nd in the original
heterogeneity, the decay of isotope ratio in the residue is stronger. The
size of the heterogeneity ends up smaller than the case of higher original
abundance, whereas their overall shape remains the same. Simulations
of Hf isotopic heterogeneities also demonstrate stronger decay of end-
member isotope ratios for lower abundances of Hf in the endmember
(Fig. S2 in supplementary material).

In the following, we conduct a series of simulations using different
sizes for heterogeneity of EMII and UDM isotope ratios, respectively. To
quantify the preservation of isotope ratio in the residue, we focus on the
peak isotope ratio (the most enriched or depleted for EMII or UDM
endmember) in the heterogeneity after mid-ocean ridge processes. As
demonstrated by earlier results, the effect of dispersion is accumulative
and depends on the trajectory of the residual solid. To isolate the effect
of size and composition of chemical heterogeneity, we select a specific
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Fig. 3. Comparing the shape of chemical heterogeneities (a) to imagined pat-
terns produced by equilibrium transport (b) and solid flow (c) beneath the
“fast” ridge model. Filled shapes in panel (a) represent chemical heterogeneities
marked by eng. The value corresponding to the outline is tenth quantile be-
tween the isotope ratio of DMM and that of EMIL. The original shape is 5 km-
diameter circle (the same as Fig. 2a). Dashed lines are streamlines of the
mantle. Solid outlines in panel (b) are the shape of chemical heterogeneities
assuming percolating melt is in chemical equilibrium with the solid. Dotted
outlines in panel (c) are the shape of chemical heterogeneities if there is no
melting. Superimposed on one train of heterogeneities in panel (a) are shapes in
Eanels (b) and (c).

trajectory, which starts at 10 km away from the central axis and ends up
in the wedge-shape lithosphere at ~8 km depth (Fig. 2).

Fig. 6 summarizes results of peak isotope ratios from our numerical
simulations. The abundance of Nd in heterogeneities of EMII isotope
ratio can be variably enriched relative to DMM. Simulations assuming
heterogeneities of EMII isotope ratio has the same Nd abundance as
DMM provide upper bounds for the amount of lost isotopic variability.
For example, a 7 km-diameter heterogeneity with EMII isotope ratio
would lose at most 50% contrast of its isotope ratio with respect to DMM
for the “fast” ridge model. Similarly, assuming a heterogeneity of UDM
isotope ratio has the same Nd abundance as DMM provides lower
bounds for the amount of lost isotopic variability. If a heterogeneity in
the source has UDM isotope ratio and 7 km diameter, it would lose at
least 50% contrast of its isotope ratio with respect to DMM at the “fast”
ridge model. Current results also suggest that residues at slow and ul-
traslow ridges could record larger variation in Nd isotope ratios
compared to residues at fast ridges for the same size and composition of
geochemical endmember.

The systematic variations of the peak isotope ratio in the shallow
residual mantle observed in our numerical simulations can be quantified
by an empirical model similar to that of Liu and Liang (2020) for mixing
of pooled melts from a 2D melting region:

a-p+fe

< >

. . . 143 176 .
where £ is the isotope ratio, such as 14423 or ﬁfr; subscripts D and E

represent the background depleted mantle and the geochemical end-
member of the heterogeneity; Cp and Cg are the concentrations of the
trace element, such as Nd or Hf, in the depleted mantle and the original
heterogeneity, respectively; f, a function of the size of the chemical
heterogeneity, is a weighing factor that varies between 0 and 1. For the
2D ridge model considered in this study, we found that the weighing
factor f can be approximated by the error function (erf):

f=ef(L). @

where L is the diameter of the original heterogeneity; Lp is a dispersion
length scale specific to the ridge model. The magnitude of dispersion is
strongly controlled by the presence of melt. Larger porosity would cause
faster melt flow, stronger dispersion, and larger dispersion length scale
(supplementary material). Because the magnitude of dispersion is not
uniformly distributed, the value of Lp cannot be calculated from a simple
scaling relationship. Below, we will estimate Lp empirically.

Eq. (1) is a generalization of the classic mixing model of Langmuir
etal. (1978). It differs from the mixing equation for pooled melt (Liu and
Liang, 2020) in the choice of the weighing function f. By fitting peak
isotope ratios in numerical results (solid lines in Fig. 6), we find that the
value of Lp for Nd is 14.5 km for the “fast” ridge model and 2.2 km for
the “ultraslow” ridge model. We have also run numerical simulations for
Hf isotope ratios and found that the value of Lp for Hf is 13.4 km and 2.3
km for “fast” and “ultraslow” ridge model, respectively (Fig. S5 in
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Fig. 4. The along-transport variation of the long axis, aspect ratio (long/short), and peak eyng of the chemical heterogeneities beneath the “fast” ridge model (a) and
the “ultraslow” ridge model (b). The color of the line corresponds to the three trains of heterogeneities entering the melting region at x = 0 (orange), 30 km (blue),
and 60 km (green). Their trajectories are highlighted with the same color in Fig. 3a. Dashed and solid lines are for original diameter of 5 km and 10 km, respectively.

supplementary material). According to Eqgs. (1) and (2), if the Nd (or Hf)
abundance in the endmember is the same as DMM, Nd (or Hf) isotope
ratio in the endmember would be preserved when the size of hetero-
geneity is larger than Lp, i.e., 2~15 km. This is consistent with the
conclusion of Liu and Liang (2017a) based on simplified 2D models.

4.2. Implications for observed Nd isotope ratios in residual peridotites

Observations on the Nd isotope ratios of asthenospheric mantle are
mostly from abyssal peridotites sampled at slow and ultraslow-
spreading ridges (Snow et al., 1994; Salters and Dick, 2002; Cipriani
et al., 2004; Warren et al., 2009; Stracke et al., 2011; Mallick et al.,
2014, 2015; Sani et al., 2023). There are fewer Nd isotope data of pe-
ridotites from present-day fast-spreading ridge (Wendt et al., 1999). To
complement these abyssal peridotites, six peridotites from Oman
ophiolite (McCulloch et al., 1981; Yoshikawa et al., 2015) with esti-
mated paleo half-spreading rate of 50-100 mm/yr (Rioux et al., 2012)
are included in this study. Available data suggests that residues at fast
spreading ridge record a smaller range of Nd isotope ratio compared to
those at slow and ultraslow ridges (Fig. 6), which coincides with the
prediction of stronger dispersion and mixing in the “fast” ridge model
compared to “ultraslow” ridge model assuming the same size and
elemental abundance of heterogeneities beneath different ridges.
Therefore, the observed difference in the range of residual compositions
may be attributed to the interplay of different melt migration processes
and diverse sources for various ridge segments (Sanfilippo et al., 2019).

Results shown in Fig. 6 suggest small-scale variations (10-100 m) are
homogenized during melting and melt migration under fast-spreading
ridges. Some abyssal peridotites and massif peridotites exhibit small-
scale chemical variations as a result of exceptionally low porosity in
the melting region or recent metasomatism (e.g., Bodinier 1990; Warren
and Shimizu, 2010). If these peridotites get recycled into the mantle and
enter a melting region beneath mid-ocean ridge, their small-scale
chemical variations are expected to smooth out if melt percolation is
pervasive. Although a single small-scale heterogeneity is homogenized,
a cluster of small-scale heterogeneities may still preserve partially the
geochemical signature and represent a weaker and broader signal in the
residue.

4.3. Can melting and melt migration processes produce decoupled Nd-Hf
isotope ratios in residual peridotites?

Decoupled Nd-Hf isotope ratios in peridotites, defined as those
compositions above or below the mantle array in Nd-Hf diagram, is an
important observation in mantle geochemistry. In general, the depleted
or enriched isotope ratios must be the result of long-term growth fol-
lowed by more recent metasomatism (e.g., Salters and Zindler, 1995;
Bizimis et al., 2004; Stracke et al., 2011). However, decoupled Nd-Hf
isotope ratios could be the result of recent processes such as sea water
alteration, chromatography fractionation, element-dependent disper-
sion, and melt-rock interaction (e.g., Salters and Hart, 1991; Stracke
et al., 2011; Tilhac et al., 2022). Building on our 2D numerical model,
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Fig. 5. Dispersion of chemical heterogeneities with different endmember compositions beneath the “fast” ridge model. The Nd isotope ratio of the original chemical
heterogeneity is EMII (a) or ultra-depleted mantle (UDM) (b). The abundance of Nd in these endmembers ranges from 0.29 to 1.7 ppm. For reference, the abundance
of Nd in DMM is 0.58 ppm (Workman and Hart, 2005). White lines represent streamlines for the solid. The diameter of original heterogeneity is 10 km. We assume
the chemical heterogeneities have the same major element composition and melting rate as depleted mantle. Shown here are representative chemical heterogeneities

at 40 km depth right beneath the ridge or 35 km away from the central axis.

here we explore the potential effects of chromatography fractionation
and dispersion on the decoupling of Nd-Hf isotope ratios in residual
peridotites.

At the location of maximum melt fraction in the “fast” ridge model,
the effective vertical transport velocity of Nd is 5% faster than Hf
(Table S2 in supplementary material). Such small difference is sufficient
to cause chromatography fractionation, i.e., a chemical heterogeneity
defined by Nd isotope ratio is advected ahead of that defined by Hf
isotope ratio (Fig. 7a). Due to different effective transport velocities of
Nd and Hf, the displacement of Nd signal relative to Hf signal gradually
increases along the trajectory. If a 5 km-diameter heterogeneity rises
straight up to the ridge axis (at x = 0), 62% area of the Nd signal ends up
overlapping with the Hf signal. If a heterogeneity of the same size and
original composition enters the melting region 20 km away from the

central axis, only 15% area of the Nd signal overlaps with the Hf signal.
The extent of displacement/overlap also depends on the original size of
the heterogeneity. A smaller heterogeneity marked by Nd could be
completely separated from that of Hf (Fig. S6 in supplementary
material).

Spatially separated signals of Nd and Hf in residues produce decou-
pled isotope ratios in Nd-Hf isotopic space. Assuming the mantle source
contains both enriched and depleted chemical heterogeneities, the
composition of the residue observed in “fast” ridge model forms a pair of
wings in the Nd-Hf isotopic space (Fig. 8a). If the chemical heterogeneity
is EMII, the part of Nd signal ahead or after that of Hf produces com-
positions above or below the mixing line between EMII and DMM. The
overlapping area of Nd and Hf signal produces compositions with
enriched Nd and Hf isotopic signals. These compositions also form an
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Fig. 6. The range of Nd isotope ratio in the residue beneath the “fast” ridge model (a) and the “ultraslow” ridge model (b). The range at given size is defined as the
interval between the peak isotope ratio in the simulation using originally EMII endmember and that using UDM endmembers. The abundance of Nd in the source
heterogeneity in EMII and UDM endmember is variably enriched (1, 2, 3 times) or depleted (1, 0.75, 0.5 time) relative to DMM. Solid lines are calculated using Eqs.
(1-2) with Lp = 14.5 km (a) or 2.2 km (b). Histograms are Nd isotope ratios in samples from a paleo fast-spreading ridge (Oman, N = 6), present-day fast-spreading
ridge (EPR, N = 7), and present-day ultraslow ridges (Gakkel, SWIR, etc. N = 88). Data are from the literature (McCulloch et al., 1981; Snow et al., 1994; Wendt et al.,
1999; Salters and Dick, 2002; Cipriani et al., 2004; Warren et al., 2009; Stracke et al., 2011; Mallick et al., 2014, 2015; Yoshikawa et al., 2015; Sani et al., 2023). One
sample with extreme **Nd/***Nd of 0.5137 from Gakkel ridge (Stracke et al., 2011) is outside of the plotted range.
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Fig. 7. Displacement and decoupling of chemical heterogeneities marked by Nd (yellow filled) and Hf (green outlines) isotope ratios beneath the “fast” ridge model
(a) and the “ultraslow” ridge model (b). In the “fast” ridge model, Nd isotopic signal is physically displaced downwind relative to the Hf isotopic signal that is derived
from the same original heterogeneity. Overlapping areas of Nd-Hf isotopic signals at four trajectories are highlighted in blue. In the “ultraslow” ridge model, Nd and
Hf isotopic signals stay coupled.

area which only covers one-third of the mixing line between EMII and
DMM if the original diameter is 5 km (Fig. 8a). Using the same size but
UDM composition for the original heterogeneity, the compositional
wing on the depleted side only covers 1/10 of the mixing line between
UDM and DMM. These results are consistent with previous findings that
lower abundance of Nd (or Hf) results in stronger decay of endmember
isotopic ratios (c.f. Fig. 5). We found that the size of the compositional
wings increases with the size of the original heterogeneity (Fig. S7 in

supplementary material).

With smaller melt fraction in the “ultraslow” ridge model, the
effective transport velocity of Nd is at most 0.2-0.3% faster than that of

Hf (Table S2 in supplem

entary material). Consequently, Nd and Hf

isotopic signals observed in our simulations stay coupled in both phys-
ical (Fig. 7b) and Nd-Hf isotopic space (Fig. 8b). Paired Nd and Hf iso-

topic ratios are available
ridges (Stracke et al., 2011

for abyssal peridotites sampled at ultraslow
; Mallick et al., 2014, 2015; Sani et al., 2023).

All samples (N = 34) except for five form a trend subparallel to the
mantle array passing through the compositional field of MORB and OIB
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Fig. 8. Nd-Hf isotopic composition of residues beneath the “fast” ridge model (a) and “ultraslow” ridge model (b). The isotopic composition of EMII is the same as the
case shown in Fig. 2. The isotope ratios of UDM are arbitrarily chosen to have 1**Nd/***Nd = 0.5137 and 7°Hf/!””Hf = 0.2845. The abundance of Nd (or Hf) in EMII
and UDM is assumed to be 1.5 and 0.5 times that of DMM. The diameter of original heterogeneity is 5 km in (a). Results of different original sizes are shown by more
examples in Fig. S7 in supplementary material. The shape for Nd and Hf signals in the residue at the “fast” ridge model is illustrated in the insets inside panel (a). If
the diffusivity of Hf is five times smaller (Cherniak and Liang, 2024, manuscript in preparation), the “fast” ridge model produces a vertical trend and a horizontal
trend as a result of almost complete decoupling of Nd and Hf isotopic signals. Resulted shapes of Nd and Hf isotopic signals using smaller diffusivity of Hf are
provided in Fig. S8 in supplementary material. Using the same endmember compositions, Nd-Hf isotopic compositions of the residue beneath the “ultraslow” ridge
model fall on the binary mixing lines between endmembers in the source (b). The diameter of original heterogeneity is 5 km or 2 km. To visually separate results from
different simulations, data points for Nd-Hf isotopic compositions for different diameters and Hf diffusivities are vertically elevated by different amounts. Data for

abyssal peridotites are from literature (Stracke et al., 2011; Mallick et al., 2014, 2015; Sani et al., 2023). The mantle array is chosen from Chauvel et al. (2008).

(Chauvel et al., 2008). Although the “ultraslow” ridge model produces
coupled Nd-Hf isotope ratios, decoupling cannot be ruled out for
ultraslow-spreading ridges if the melt fraction is larger than currently
estimated or the melt flux is stronger than that of the current model.

4.4. Uncertainties in model parameters

A crucial parameter determining the decoupling between Hf and Nd
isotopic signals in the residue is the diffusivity of Hf in pyroxene. A
recent study by Cherniak and Liang (2024) suggests that diffusivities of
Hf in diopside and enstatite are 3-5 times slower than diffusivities of Hf
in diopside reported in Bloch and Ganguly (2014). Simulations with five
times smaller Hf diffusivity show that the transport velocity of Hf iso-
topic signal is slower (Fig. S9 in supplementary material). The slower
diffusion of Hf increases the effective partition coefficient of Hf, making
Hf even more compatible compared to Nd. Consequently, the Hf isotopic
signal is further separated from the Nd isotopic signal. To better un-
derstand the effect of smaller diffusivity, we analyzed a simpler problem
in 1D with constant velocities and uniform melt distribution (supple-
mentary material). We show that the transport velocity of Hf for all
wavelengths is reduced by 15% using slower diffusivity of Hf (Fig. S10 in
supplementary material). The composition of residues produced using
the “fast” ridge model demonstrates strong decoupling in Nd-Hf diagram
(Fig. 8a). The observed trends exhibit two distinct components: a ver-
tical trend and a horizontal trend. The vertical trend signifies a lag in the
Hf signal compared to that of Nd. Conversely, the horizontal trend in-
dicates a forward displacement of the Nd signal with respect to Hf. If the
original size is smaller than 5 km, there would still exist two orthogonal
trends but of shorter length due to stronger decay of Nd and Hf isotopic
signals. However, if the size of the original heterogeneity were much
larger than the observed physical displacement between Nd and Hf
signals, which is 15 km (Fig. S8 in supplementary material), most
compositions of the residue would stay coupled and fall on the binary
mixing lines.

The extremely depleted Hf isotope ratios observed at Gakkel ridge
above the mantle array are not likely to be caused by such strong
decoupling in the most recent ridge process for two reasons. (1) The
effective partition coefficient of Hf would be increased to 0.127 (Liang
and Liu, 2016) which is much higher than the apparent partition coef-
ficient of 0.035 for abyssal peridotites (Workman and Hart, 2005). (2)
The decoupling requires a larger melt fraction not seen beneath Gakkel
ridge. However, it is possible that previous melting events with large
melt fraction (~1%, similar to present-day fast-spreading ridge) pro-
duced strongly decoupled Nd-Hf isotope ratios and the part with sub-
vertical Nd-Hf trend gets recycled into some of the ultraslow ridges at
present day.

The separation velocity at a given melt fraction depends strongly on
the grain size and the choice of permeability model. Current simulation
has utilized the permeability model of Wark and Watson (1998) that is
among the lowest in the literature (von Bargen and Waff, 1986; Miller
et al.,, 2014). Increasing the permeability by an order of magnitude
would enlarge the maximum difference in effective velocities of Nd and
Hf from 5% to 33% for “fast” ridge model (Table. S2 in supplementary
material). For “ultraslow” ridge model, the difference in effective ve-
locities would increase from 0.3% to 3%. Hence, we interpret the above
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results as representing the minimum extent of dispersion and displace-
ment experienced by Nd and Hf signals.

4.5. Further discussion of the ridge model

The 2D ridge model presented in this study only captures the
essential processes of melting and melt migration beneath mid-ocean
ridges. An important simplification of our 2D ridge model is constant
melting rate for all components in the source. The heterogeneous
melting rate has both chemical and dynamic effects. For the chemical
effect, if the enriched heterogeneity had a larger melting rate compared
to the surrounding depleted mantle, its abundance of Nd would be more
depleted relative to that in the surrounding mantle. Consequently, the
enriched Nd isotope ratio in the heterogeneity may be reset by perco-
lating melt with depleted isotope ratio. The higher melt productivity of
the enriched heterogeneity would also increase the local melt flux,
enhance dispersion, and promote mixing of melt and solid of different
isotope ratios. On the other hand, if the ultra-depleted heterogeneity had
smaller melting rate, the abundance of Nd in the heterogeneity would be
higher than the case of uniform melting rate. The ultra-depleted het-
erogeneity would have smaller porosity and permeability, which hinders
percolation of enriched melt through the ultra-depleted heterogeneity.
Therefore, the chemical effect of heterogenous melting rate is to damp
and preserve the isotope ratio of enriched and ultra-depleted heteroge-
neity, respectively.

Heterogeneous melting rate due to a spatially heterogeneous mantle
also produce unsteady-state melt flow characterized by nonlinear
porosity waves. Solitary waves and compaction-dissolution waves may
arise in the melting region where large contrast in permeability exists
(Scott and Stevenson, 1984; Barcilon and Richter, 1986; Spiegelman,
1993; Hesse et al., 2011). The melt flow field is highly time-dependent
and local melt fraction can be considerably higher than that in the
background (Richter and Daly, 1989; Watson and Spiegelman, 1994;
Liang et al., 2011; Jordan et al., 2018). Existing results suggest that the
signal with peak concentration and porosity splits into one carrying the
original concentration traveling at a slow velocity and another
faster-traveling porosity wave carrying concentration the same as the
background (Richter and Daly, 1989). However, these simulations
which assume local chemical equilibrium present a significant compu-
tational challenge. The incorporation of chemical disequilibrium could
further complicate the preservation of chemical heterogeneities in the
melting region, warranting further study.

Finally, realistic ridge segments exhibit a wider range of features,
including oblique spreading, asymmetry about the axis, transform faults,
etc. Oblique spreading at ultraslow ridges reduces the effective
spreading rate which may suppress decompression melting (Montési and
Behn, 2007). Transform faults have a cooling effect (Morgan and For-
syth, 1988). Current models predict negligible dispersion for ultraslow
and slow-spreading ridges. These results remain valid under scenarios
with potentially lower melt fractions arising from factors like oblique
spreading or transform fault thermal effects. Asymmetric melt distri-
bution has been found at EPR (Key et al., 2013). Mantle flow may be
asymmetric and produce different shapes of chemical heterogeneities in
the two sides across the central axis. Since the strength of dispersion
increases with larger melt fraction, chemical heterogeneities in the side
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with larger melt fraction are expected to experience stronger dispersion
and mixing of isotope ratios. Residue rocks sampled at two sides across
such ridge segment have the same source thus could be ideal tests for the
effect of melt distribution. These features should be investigated in a
case-by-case scenario.

5. Conclusions

This study predicts the patterns of deformation and dispersion of
chemical heterogeneities marked by Nd-Hf isotope ratios in the residue
at mid-ocean ridges. To examine the effect of melting and melt migra-
tion processes on the composition and shape of Nd-Hf isotopic hetero-
geneities, we set up two endmember ridge models that may correspond
to fast and ultraslow-spreading ridges. We found that, to the first order,
the melt fraction beneath a ridge controls the deformation pattern, the
magnitude of dispersion, and the extent of Nd-Hf decoupling. Key
findings are summarized as follows.

(1) The percolation of interstitial melt causes upward dispersion of
chemical heterogeneity. The shape of chemical heterogeneity is
dispersed in between the signal traveling at the velocity of the
mantle and that of the percolating melt. Following a circle-
shaped heterogeneity below the axis of a “fast” ridge model
with maximum melt fraction of 1%, the shape is first stretched
vertically. Above the depth of maximum melt fraction, reduced
melt fraction in the residue slows down the effective transport
velocity of incompatible trace elements and causes the vertically
stretched heterogeneity to contract. For chemical heterogeneities
following a corner flow trajectory, a subvertical dispersion tail is
superimposed on the shear-induced oblate shape which then ex-
periences additional shear below the lithosphere.

The strength of dispersion strongly depends on melt fraction. If
there was no melt beneath some amagmatic ridge segment at
ultraslow-spreading centers, no dispersion would occur. In our
“ultraslow” ridge model with maximum melt fraction of 0.2%,
heterogeneities larger than 2 km in diameter experience negli-
gible dispersion. The deformation of the chemical heterogeneity
is controlled by the flow of the mantle. A circle-shaped chemical
heterogeneity ends up as an oblate ellipse. The long axis of the
deformed shape could reach two times the original diameter. This
case is equivalent to perfect fractional melting.

The decoupling of Nd-Hf isotopic signals in physical space de-
pends on the difference in the effective transport velocities of Nd
and Hf, which in turn are strongly controlled by the melt fraction,
partition coefficient, and diffusivity. Beneath the “fast” ridge
model, the effective vertical transport velocity of Nd could be 5%
faster than Hf, which causes considerate chromatography frac-
tionation of Nd and Hf signals. In “ultraslow” ridge model, the
percolation of melt relative to the solid is slow and the effective
transport velocities of Nd and Hf are close (within 0.3%).
Consequently, Nd and Hf isotope ratios in the residue are coupled
in Nd-Hf diagram and inherit the exact isotope ratios of the
source mantle.

Existing data suggests that diffusion of Hf in pyroxene is 2.5~13
times slower than Nd. A previous melting event at an ancient fast-
spreading ridge with ~1% melt fraction could produce the re-
sidual peridotite with extremely depleted Hf isotope ratio that
eventually gets recycled into the asthenosphere beneath a present
day ultraslow-spreading ridge.

The permeability model used in the current study may underes-
timate the separation rate of melt with respect to the solid. If the
permeability is larger than the preferred estimate, Nd and Hf
isotopic signals could be separated beneath slow and ultraslow-
spreading ridges. The possibility of producing extremely decou-
pled Nd-Hf by recent melting processes beneath ultraslow-
spreading ridges cannot be ruled out.

2

—

(3)

(4

—

6]

12

Earth and Planetary Science Letters 644 (2024) 118925

The variation of Nd-Hf isotope ratios in residue samples reflect both
the source and processes. The current study emphasizes the role of mid-
ocean ridge processes in the mixing and decoupling of Nd-Hf isotope
ratios in residues sampled at different ridges. Global circulation of
kilometer-scale chemical heterogeneities of both enriched and ultra-
depleted compositions has produced the heterogeneous mantle source
beneath individual ridges. Since mid-ocean ridges are globally distrib-
uted and have been active for billions of years, heterogeneities in the
mantle are inevitably subjected to ridge processes, possibly multiple
times over. It is necessary to evaluate melting processes before obser-
vations on residual rocks can be used to investigate the mantle beneath
mid-ocean ridges.

One sentence summary

Two-dimensional flows of the solid and melt beneath mid-ocean
ridges cause shearing, stretching, compression, and subvertical disper-
sion of pre-existing Nd-Hf isotopic heterogeneities in the mantle, leading
to decoupled Nd-Hf isotope ratios in the residue.
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