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Abstract This study is motivated by the observed variability in trace element isotopic and chemical
compositions of primitive (SiO2<52 wt %) basalts in southwest North America (SWNA) during the Cenozoic
transition from subduction to extension. Specifically, we focus on processes that may explain the enigmatic
observation that in some localities, basalts with low Ta/Th, consistent with parental melts in a subduction
setting, have KNd signatures consistent with continental lithospheric mantle (CLM). In locations with the oldest
CLM (Proterozoic and Archean), Cenozoic basalts with low Ta/Th have KNd well below zero. We model
channelized magma transport through the CLM using simple 1D transport models to explore the extent to which
diffusive and reactive mass exchange can modify Nd isotopic compositions via open system meltGwallrock
interactions. For geologically reasonable channel spacings and volume fractions, we quantify the reactive
assimilation rates required for incoming melt with a different KNd than the wallGrock to undergo a substantial
isotopic shift during ≈10 km channelized melt transport. In the presence of grain boundaries, enhanced diffusion
between meltGrich channels and meltGpoor surrounding rock contributes to isotopic equilibration, however this
effect is not enough to explain observations; our models suggest a significant contribution from reactive
assimilation of wallGrock. Additionally our models support the idea that the observed covariability in Ta/Th and
KNd in Cenozoic basalts cannot be attributed to transport alone and must also reflect the transition from
subductionGrelated to extensionGrelated parental melts in SWNA.

Plain Language Summary Over the past half century, the abundances and isotopic ratios of trace
elements such as Nd in basalts have been widely used to infer aspects of the source region where mantle melting
occurs. This assumes that when the mantle melts, trace element characteristics of source rocks are inherited by
the generated melts and these are not further modified as melts ascend through the tectonic plate (lithosphere) to
be erupted as basalt. We reassess this assumption inspired by enigmatic observations from southwest North
America, where basalts that have undergone minimal processing (primitive basalts), show trace element
characteristics of both the mantle lithosphere and of the asthenosphere. We use 1D transport models to show that
melts moving in channels through the lithosphere may undergo significant trace element changes by interacting
with the walls as they ascend, thereby explaining the observations with geologically reasonable scenarios.

1. Introduction
Over the past half century, the chemical and isotopic compositions of continental basalts have been widely used to
infer aspects of the physical and chemical evolution of the continental lithospheric mantle (CLM) and underlying
asthenosphere. An implicit assumption in this approach is that, after correction for crustal contamination,
primitive basaltic rocks have incompatible trace element ratios and radiogenic isotopic compositions inherited
from their mantle source rocks, the latter defined here as the portion of the upper mantle in which melting
initiated. However, incompatible element and isotopic ratios of continental basalts need not reflect those values
inherited from a single mantle source region. For example, mantle derived melts that ascend to the surface are
likely aggregates of multiple parental melts that might themselves have different sources (e.g., Stracke, 2021).
Even basaltic melts derived from a single source may be compositionally modified by open system interactions
with their surroundings during extraction, migration and ascent through the mantle (Liu & Liang, 2017; Navon &
Stolper, 1987; Stracke & Bourdon, 2009).

In this paper we are concerned with the latter possibility. A need to reevaluate the role of mantle wall rock
interaction in influencing basalt trace element and isotopic compositions has arisen from a recent reassessment
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of the extensive chemical and isotopic data available from Cretaceous and younger basaltic rocks in south-
western North America (SWNA). It has long been recognized in SWNA that many basalts are characterized
by relatively nonGradiogenic initial 143Ndω 144Nd ratios, and KNd→T↑< 0, interpreted as evidence that their
parental melts were sourced in low KNd→T↑ Precambrian CLM (Figure 1a; Fitton et al., 1988; Menzies
et al., 1983) (In the following, we only refer to timeGcorrected KNd→T↑ values, and will drop the →T↑ for
simplicity). But based on the entire compositional data set now available, it is now apparent that negative KNd
basaltic rocks can be subdivided into two distinct groups based on incompatible high field strength element
ratios, specifically Ta/Th. One Ta/Th group corresponds to low KNd basalts with Ta/Th <0ε2, and with
strongly correlated Ta and Th abundances (“low” Ta/Th group) that occur throughout SWNA (Farmer
et al., 2020). Low Ta/Th values with strongly correlated Ta and Th abundances are characteristic of mafic to
intermediate composition volcanic rocks in oceanic and continental arcs worldwide, and are generally
interpreted as values inherited from melting of asthenospheric mantle wedge fluxed by volatiles derived from
underlying oceanic lithosphere during active subduction (Figure 1b). The second low KNd group has inter-
mediate Ta/Th values, typically from 0.2 to 0.6, with decoupled Ta and Th abundances (“intermediate” Ta/Th
group). Volcanic rocks with intermediate Ta/Th values are rare in oceanic settings, but common in SWNA
where they typically occur after low Ta/Th group volcanism, although the absolute timing of the end of low
Ta/Th and the onset of intermediate Ta/Th volcanism varies with geographic position. Intermediate Ta/Th
volcanism in SWNA has been attributed to in situ melting of CLM metasomatized by fluids derived from
oceanic lithosphere during low angle subduction that affected SWNA in the Late Cretaceous and Early
Cenozoic (Figure 1b; Farmer, 2022; Farmer et al., 2020). The conundrum is that while low Ta/Th basaltic
rocks are attributed to melting in high KNd →KNd > 0↑ asthenosphere and intermediate Ta/Th rocks represent in
situ melting of low KNd CLM, both sets of volcanic rocks have low KNd values (Figure 1a). While a low KNd
value may arise from timeGintegrated effects of subductionGrelated modification of the asthenosphere (Chauvel
et al., 2008; McCulloch & Gamble, 1991; Peate et al., 1997), Late Cretaceous basaltic rocks (with both low
and intermediate Ta/Th values) in SWNA have KNd values that correlate with the age of underlying Pre-
cambrian continental lithosphere: those underlain by Archean lithosphere have consistently lower KNd than
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Figure 1. (a) KNd versus Ta/Th in Cenozoic basalts with SiO2 <52 wt% within SWNA (small black dots, N ↓ 1,528, from
Farmer et al. (2020)). Green boxes indicate range of KNd observed in Cenozoic basalts ascending through older portions of the
CLM, with ages as indicated. (b) Cartoon showing possible relationships between Cenozoic basalt Ta/Th and Nd isotopic
compositions →KNd↑ and CLM in regions underlain by Precambrian lithosphere in SWNA. Left: At end of the Cretaceous Era,
thick low KNd mantle lithosphere was underlain by the subducted oceanic Farallon plate. Hydrous fluids and volatiles drove flux
melting in high KNd asthenosphere, producing low Ta/Th in resulting basalts, which bear a low KNd signature that may be a result
of transport through thick CLM (as investigated here). Middle: Fluids from a lowGangle subducted plate may have variably
metasomatized the overlying CLM. Right: After removal of the Farallon slab, eruption of variable KNd basalts may be due to in
situ melting of metasomatized CLM (low KNd , intermediate Ta/Th) and by upwelling and decompression melting of
asthenosphere beneath thinned CLM (high KNd and high Ta/Th). In each case, orange halos indicate zones where parental melts
may interact extensively with CLM during ascent, as explored in our modeling.
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those underlain by lithosphere of Paleoproterozoic age (Figure 1a). This observation is still best explained by
the derivation of Nd in these rocks from ancient CLM. One way to generate basalts that reflect both subG
lithospheric low Ta/Th magmas and a CLMGlike Nd isotopic signature may be through interaction and
partialGequilibration of high KNd parental magmas during transport through thick, low KNd CLM. Assessing this
scenario is the goal of the current work. Motivated by the observations above, we test the possibility that
lithospheric or subGlithospheric parental melts may experience variable equilibration with thick, ancient CLM
during transport (Figure 1b).

The effects of chemical and isotopic disequilibrium during melt generation and segregation in the mantle have
been explored in numerical models for midGocean ridge and ocean island settings (e.g., Hauri, 1997; Iwa-
mori, 1993; Kenyon, 1993). More recently, numerical models of disequilibrium reactive transport in porous flow
highlight a richness of behavior that arises from diffusive exchange, particularly when it comes to interpreting
trace element compositions (e.g., Oliveira et al., 2020, and refs within). This work builds upon these previous
studies, particularly the approach of Hauri (1997), with the specific goal of considering the effects of chemical and
isotopic disequilibrium during channelized transport of melts through the CLM. It is clear from detailed
geochemical and petrologic characterization of exhumed CLM (e.g., in the Lherz and Ronda massifs) that iso-
topic, chemical, and thermal disequilibrium may exist across contacts between channelized melts and their
surroundings (LeRoux et al., 2007, 2008; Soustelle et al., 2009). Here we use the term “channel” to denote a
spatially limited meltGrich zone with a higherGthanGambient melt volume fraction (porosity), surrounded by
material that is meltGpoor (wall rock). Magma transport through the CLM is likely channelized at the macroscopic
(10↔1–101 m scale) (e.g., Katz et al., 2022, and refs within), probably in systems of ephemeral channels, and we
consider the field relations in exhumed peridotite massifs to represent a primary mode of melt transport in the
lower CLM (e.g., LeRoux et al., 2007, 2008; Soustelle et al., 2009). The models presented here are highly
idealized in that they do not address the origin of channelization and parameterize averaged channel geometries
and average motion of melt through the lower CLM. Our models also ignore thermochemical disequilibrium in
major element compositions between the wallrock and meltGrich channels. Instead, the mass exchange in our
models places limits on one process in particular, namely, trace element exchange by selfGdiffusion. They are,
therefore, far from a complete representation of disequilibrium in channelized transport. Our purpose therefore is
to use these calculations as a feasibility study to show that partial equilibration across channel walls may explain
the conundrum in SWNA basalt trace element and Nd isotopic compositions described above. The openGsystem
interactions we model concern Nd isotopic equilibration during transport and speculate on ways in which a CLMG
like Nd isotopic signature may be imparted to melt within channels, while simultaneously preserving sublitho-
spheric Ta/Th ratios.

We focus on diffusion and reaction (assimilation/precipitation) as two primary mass transfer mechanisms be-
tween channels and their surroundings, and explore the role of each. To investigate diffusive exchange between
wall rock and channels, we consider a scenario where diffusion is strongly controlled by the configurational
anisotropy that arises from the presence of grain boundaries in the wall material. Grain boundaries within the
wallrock should be associated with both segregation of incompatible elements (Alard et al., 2022; Demouchy &
Alard, 2021; Hiraga et al., 2004) and enhanced diffusive transport (Dohmen & Milke, 2010; Hiraga et al., 2007a,
2007b). We show that this leads to enhanced effective diffusivity, allowing diffusive exchange to reach further
into wall rock (e.g., JaseliugnaitC et al., 2022). Diffusive equilibration between an ascending, sublithosphere
derived melt and surrounding CLM (when the two have a large initial isotopic contrast), however, cannot account
for the Nd isotopic composition of basalts in SWNA. Instead, the observations require a role for mass transfer (via
dissolution/precipitation) between wall rock and melt. Our simplified models ignore majorGelement chemical
compositional variability within and between meltGrich and meltGpoor parts of the system, building on
Hauri (1997) (as described below). Our goal is to explore the regimes of behavior within a geologically relevant
parameter space of channel spacing, volume fraction, fluid velocity, and likely Nd chemical and isotopic contrast
across channel walls. Recognizing the limitations of an idealized model, we focus here on the degree of equil-
ibration that may be established in 10 km of transport, a fraction of the CLM thickness. Our work establishes
limits on the role of channelGwall diffusive exchange and reactive exchange, allowing us to assess the potential
importance of isotopic shifts by mechanisms not included here, such as inGsitu CLM melting, in generating lowG
silica basalts with CLMGlike negative KNd.
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2. Idealized Transport Model
We construct an idealized 1D schematic model where open system interactions in a realGworld complex channel
network (Figure 2a) are abstracted into a 1D domain containing meltGrich channels with moving material (here
denoted as “fluid”; subscript f ) and meltGpoor stationary wall rock (“solid”; subscript s); Figure 2b. Our model is
based on similar 1D approaches (Hauri, 1997; Roy, 2022, and references therein), however our work includes
mass transfer (diffusive and reactive exchange) perpendicular to channel walls and diffusion along the transport
direction within each of the fluid and solid domains. We use a set of modified advectionGdiffusion equations:

DCf →x,t↑
Dt ↗ v

DCf →x,t↑
Dx ↓ ↔→1 ↔ w↑us

wu f

1
aex

)KCf →x,t↑ ↔ Cs→x,t↑[ ↗ Df
D2Cf →x,t↑

Dx2 →1↑

DCs→x,t↑
Dt ↓ 1

aex
)KCf →x,t↑ ↔ Cs→x,t↑[ ↗ Ds

D2Cs→x,t↑
Dx2 →2↑

Here transport is assumed to be dominantly 1D (along ↗!x) with average relative velocity, v, between the material
within the channels and outside (in a reference frame stationary with respect to the channel walls; Figure 2b).
C f →x,t↑ and Cs→x,t↑ represent the total concentration (mol/m3) of the relevant isotopes of a trace element, in this
case Nd, within and outside channels. The terms on the right hand sides of Equations 1 and 2 represent: (a)
material exchange across channel walls and (b) diffusion within either the channel or the solid walls along the
transport direction. The exchange term assumes that interaction across channel walls depends linearly on the
degree of thermodynamic disequilibrium )KC f →x,t↑ ↔ Cs→x,t↑[ , where K is the mineralGmelt partition coefficient,

Figure 2. (a) Diagram of meltGrich channels (“fluid” ↓ f , reddish) within a meltGpoor region (“solid” ↓ s, greenish). MeltGrich
channels are spaced an average distance d apart with volume fraction w; material in the channels has an average velocity v
relative to the surrounding rock. The complex meltGtransport system is idealized in a 1D model, valid over a length scale where d
and w maybe considered nearly constant, and which includes processes: (1) diffusion within the solid, (2) solidGfluid diffusion
across the interface, (3) diffusion within the fluid, and (4) fluid advection. (b) Idealized 1D model with channel geometry
parameterized by d, w, and channel material velocity, v. As illustrated, changing d with a fixed w is equivalent to changing the
interphase contact area per unit volume, following Roy (2022). (c) Illustrates a stepGlike perturbation (with riseGtime w0) in KNd
and C f imposed (only) within the incoming channel material at the inlet →x ↓ 0↑. We define t1 (maroon) as the first time the inlet
value reaches the maximum perturbation (e.g., KNd reaches ↗8), and f luid1 as the fluid parcel that enters the domain at t1. In
Figure 4, we track the evolution of this parcel along with f luid2 and f luid3, entering at t2 ↓ t1 ↗ 5 Kyrs (red), and
t3 ↓ t1 ↗ 10 Kyrs (yellow). (d) Definition of the degree of equilibration after 10 km of transport, I10, illustrated in Figures 4
and 5a, based on the evolution of f luid1 as it enters the domain.
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following Hauri (1997) and Kenyon (1993) (see also Roy, 2022, for a similar treatment of thermal disequilib-
rium). The rate of mass exchange across channel walls depends on an exchange timescale, aex, which depends
upon the exchange mechanism (to be defined below). Other parameters include: the average channel spacing, d,
and the average volume fraction of channels, w, fluid and solid densities, u f and us, and spatially uniform
diffusion constants, Df and Ds. Parameters and their values used here and elsewhere are listed in Table 1. We
emphasize here that w is the channel volume fraction, and not the fraction of melt in porous flow within the meltG
poor channel walls. The range of values of w considered, 5%–20%, are not well constrained but are comparable to
those in exposed peridotite massifs (e.g., LeRoux et al., 2007; Soustelle et al., 2009). We assume that the effective
diffusion coefficients (Df , Ds) and bulk mineralGmelt partition coefficient K are nearly indistinguishable for
isotopes with high atomic number (Watkins et al., 2011, 2014, 2017), so these coefficients are assumed to be equal
for all Nd isotopes. The bulk mineralGmelt partition coefficient K used in this work is calculated from the partition
coefficients for Nd in Salters and Longhi (1999) applied to the peridotite composition listed in Farmer
et al. (2020).

To treat isotopic equilibration, we define C→x,t↑ ↓ C144→x,t↑ ↗ C143→x,t↑, and the relative mol fraction of144Nd as
f ↘ C144→x,t↑ωC→x,t↑. Substituting these into Equations 1 and 2 leads to the following expressions for the evo-
lution of f in the fluid and solid, which are similar in form to (Johnson & DePaolo, 1994) (derivation of Equations
S3 and S4 in Supporting Information S1):

Df f

Dt ↗ v
Df f

Dx ↓ 1
C f

]↔→1 ↔ w↑us
wu f

1
aex

Cs ⌊f f ↔ fs⌋ ↗ 2Df
Df f

Dx
DC f

Dx ↗ Df
D2f f

Dx2 Cf⌈ →3↑

Dfs
Dt ↓

1
Cs

⌉ 1
aex

KC f ⌊f f ↔ fs⌋ ↗ 2Ds
Dfs
Dx

DCs
Dx ↗ Ds

D2fs
Dx2 Cs{ →4↑

This system of Equations 1–4 is applied to Nd in this study, but may be generally relevant to trace element
exchange, where the concentration of the element is small. Here, we assume that any gradients in major element
compositions and chemical activities will not affect diffusion of isotopes of Nd, a simplification further discussed
below (but see Watkins et al., 2014). Additionally, by constraining our attention to144Nd and143Nd, we are

Table 1
Material Properties and Nd Diffusion Constants Used in Calculations

Name Symbol Value or range Source/comments
Nd concentration in solid Cs 1 ppm Byerly and Lassiter (2012)
Nd concentration in fluid C f 30 ppm See Text S2 in Supporting Information S1
KNd solid (CLM) KNd,s ↔2 →↔10↑–→↔2↑, D. J. DePaolo and Daley (2000)
KNd fluid (Asthenosphere) KNd,f ↗8 ↗7–↗9, D. J. DePaolo and Daley (2000)
Bulk mineralGmelt partition coefficient KNd 0.0066 Salters and Longhi (1999), composition from Farmer et al. (2020)
InGchannel melt velocity vchannel 1 m/yr 1–102 m/yr, Katz et al. (2022)
{fluid, solid} Density {u f , us} {2,800, 3,300} kg/m3 Lesher and Spera (2015)
Channel flow coefficient P 10 Bodinier et al. (1990) and Hauri (1997)
Separation of meltGrich channels d 1–102 m 10↔1–103 m, LeRoux et al. (2008) and Braun and Kelemen (2002)
Volume fraction of meltGrich channels w 0.05–0.2 Liu and Liang (2017)
Nd diffusivity in fluid Df 10↔11 m2/s Lesher (1994)
Nd diffusivity in crystals Dx 10↔19–10↔17 m2/s Tirone et al. (2005), VanOrman et al. (2002), and Ganguly et al. (1998)
Solid (grain boundary) diffusivity DGB 104Dx DGBω Dx ↓ 103↔8, Hiraga et al. (2007a, 2007b) and Shewmon (1989)
Linear reaction rate R 10↔14–10↔13 m/s Required to achieve Da ↓ ≃0,30⇐ in Figure 5b
Effective solid diffusivity Ds Ds ↓ 10↔17 m2/s Following Hiraga et al. (2007b) and Figure 3
Fluid perturbation rise time w0 1 Kyr
Note. Citations in Supporting Information S1: D. DePaolo and Wasserburg (1976) and Walker et al. (2006).
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assuming that gradients in the concentration of the other isotopes of Nd may be neglected assuming they will
equally affect both isotopes in consideration (e.g., Du et al., 2022).

2.1. Effective Diffusivity in Channel Walls
The diffusivities employed here (Table 1) are based on the selfGdiffusivity of Nd (Lesher, 2010; Zhang, 2010),
assuming that isotopic fractionation between 144Nd and 143Nd due to massGdependent diffusivity is negligible (a
powerGlaw dependence on the mass ratio, e.g., Watkins et al., 2014). Although lattice (grain) diffusivity, Dx, for
Nd is generally very low (Dx ↓ 10↔19–10↔17 m2/s; Ganguly et al., 1998; VanOrman et al., 2002), it has long been
recognized that the effective diffusivity, Ds, for peridotite (assumed channel wall rock) as a polycrystalline
aggregate may be significantly larger. There are likely two mechanisms for this enhanced diffusion which governs
exchange between channels and their surrounding walls: high diffusivity within grain boundaries and segregation
of incompatible elements into interGgranular regions. In polycrystalline aggregates, the presence of grain
boundaries may increase the effective diffusivity of Nd by 103 ↔ 106 above the lattice value (Hiraga et al., 2007a,
2007b), possibly up to a factor of 108 (Shewmon, 1989, although this is not wellGconstrained for mantle minerals;
J. van Orman, personal communication). Additionally, segregation of incompatible elements into highGdiffusivity
grain boundaries can also play an important role in enhancing their mobility (Demouchy & Alard, 2021; Reddy
et al., 2020).

We suggest that an additional (geometryGdependent) effect arises from the configurational anisotropy due to
enhanced diffusion within grain boundaries. We demonstrate this in a 2D mesoscopic model, following Jase-
liugnaitC et al. (2022), to illustrate the firstGorder effect of the presence of grain boundaries in an idealized model
aggregate based on an actual peridotite thinGsection (Figure 3). Hiraga et al. (2007b) suggests that the effective
(bulk) diffusivity of the aggregate should be Ds ≈ Dx ↗ s→3wωn↑DGB, where Dx is the lattice (grain) diffusivity,
DGB is the diffusivity of the interGgrain regions, s is a segregation factor associated with enhanced storage of
incompatible elements at grain boundaries, w is the grain boundary width, and n is the average grain size. We
assume that diffusivity in grain boundaries is enhanced by a factor E ↓ DGBω Dx over the lattice value. If E ↓ 104

(within the expected range 103 ↔ 106), then for aggregates with grain boundary width w on the order of 10↔9 m
and grain size d around 1 mm, Hiraga et al. (2007b) suggests that s→3wωd↑≈ 10↔2 so that the effective diffusivity
Ds should be a factor 102 larger than Dx. Using E ↓ 104 for the model aggregate in Figure 3a, we find that the
actual effective diffusivity Ds is around ≈ 5 ⇒ 102 larger than Dx, driven mainly by the effect of anisotropic
diffusion in the presence of grain boundaries. The configurational anisotropy of highGdiffusivity grain boundaries
increases the wallGrock volume sampled by diffusive exchange (Figure 3c). A grain boundary enhancement of
E ↓ 5 ⇒ 104 leads to an effective diffusivity of Ds ≈ 103Dx. In the following transport model, therefore, we take a
conservative approach and consider a maximum value for the effective diffusivity in the channel walls of
Ds ↓ 2 ⇒ 10↔17 m2/s, about 200 times larger than the lattice diffusivity (Ganguly et al., 1998; VanOrman
et al., 2002), but suggest that further work is needed to assess anisotropyGenhanced effective diffusivity.

2.2. Exchange Time Scale τex and Dahmköhler Number
To solve the system of Equations 1–4, we nonGdimensionalize and use a finiteGdifference approach (Text S3 in
Supporting Information S1), parameterizing the model with a Damköhler number,

Da ↓ →1 ↔ w↑us
wu f

aad
aex

→5↑

a dimensionless ratio of the time scale of melt advection aad ↓ Lωv (L is the domain length) to the time scale of
exchange between the fluid and solid aex. The latter time scale depends upon the mechanism of mass transfer
between material in the channels and the surrounding wall rock. For diffusion the relevant timescale is
ad ↓ d2ω→PDs↑ (Hauri, 1997), where P is a flow coefficient (↓10 for channelized flow; e.g., Bodinier et al., 1990;
Hauri, 1997). For reactive exchange, the timescale is instead ar ↓ dω2R, where R is a linear dissolution/pre-
cipitation rate (Hauri, 1997).

When both mechanisms are present, they each contribute an independent term proportional to the degree of
disequilibrium on the right hand side of Equations 1–4, so that the Dahmköhler number Da depends on an
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effective exchange timescale, aex, where 1ωaex ↓ 1ωar ↗ 1ωad, the harmonic mean of the timescale of both
processes. The harmonic mean is appropriate when the processes are independent and the equilibration is
simultaneously due to the lowerGrate process (diffusion) and the higherGrate process (reaction): in effect, the two
mechanisms are like resistors “inGparallel,” so the effective timescale is not an arithmetic mean but rather a
harmonic one. Through the timescale for diffusive exchange, ad, Da depends on the effective diffusivity in the
wallrock, Ds, discussed above. Strictly, this depends on the diffusing species, and in this work we confine our
attention to trace elements such as Nd. Da is a measure of the intensity of the fluidGsolid mass exchange across
channel walls within the domain relative to advection within the channels. For example, for a fixed volume
fraction of channelized melt, w, if the channel spacing, d, is decreased then the interphase contact area per unit
volume increases (Figure 2b), decreasing aex and increasing Da, leading to more vigorous exchange across
channel walls (see also Figure S1 in Supporting Information S1).

2.3. Initial and Boundary Conditions
We study the transport Equations 1–4 subject to initial and boundary conditions as follows: initially the moving
material in the channels is in equilibrium with the walls (KCf 0 ↓ Cs0), with no time variations (steady state). Then

Figure 3. (a) Computational domain spanning ≈7–10 grains (256 ⇒ 256 elements) representing a random grain boundary configuration (red ↓ grain boundaries,
white ↓ crystals), where crystals have a lattice diffusivity Dx and grain boundaries have a GB diffusivity DGB ↓ 104Dx. The configuration of grains is digitized from a
peridotite thinGsection (from http://microckscopic.ro/). We solve the 2D diffusion equation for (dimensionless) concentration subject to boundary conditions shown on
(a) and initial condition C→x,y,t ↓ 0↑ ↓ 0 everywhere (see Text S4 in Supporting Information S1 for details). (b)–(d): Evolution of C→x,y,t↑ for times indicated (these times
are based on assuming the minimum Dx, 10↔19 m2/s), showing anisotropic diffusion into the domain. (e) RowGaveraged concentration (direction of averaging indicated on
(d)) through time with an effective diffusivity estimated by fitting erf c)yω

}}}}}}}
tDs

⇑ [ (red dashed line) to the concentration profile at time t.
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(at t ↓ 0), the channelized material entering the domain at the inlet →x ↓ 0↑ is subject to an imposed smoothed
stepGperturbation in chemical and isotopic composition (Figure 2c). The perturbation in isotopic and chemical
composition of the fluid at the inlet →x ↓ 0↑ begins at time t ↓ 0, but is associated with a rise time w0, the
perturbation time scale. Therefore, for a given w0, model behavior will be a strong function of the dimensionless
time a⇓ ↓ w0ωaex. Following a transient response governed by two dimensionless numbers Da and a⇓, therefore,
the system eventually returns to steadyGstate (no timeGvariations).

Characteristic values for initial and perturbed Nd chemical compositions are based on observations of mantle
xenoliths and from Cenozoic basalt samples from SWNA (Text S2; Figure S3 in Supporting Information S1).
Initially, KC f →x,0↑ ↓ Cs→x,0↑ and f f →x,0↑ ↓ fs→x,0↑, where we assume Cs→x,0↑ ↓ Cs0 ↓ 1 ppm and initial
KNd,f →x,0↑ ↓ KNd,s→x,0↑ ↓ ↔2 (Table 1). We solve for the response of the system to a smoothed stepGchange
imposed in both C f →0,t↑ and KNd,f →0,t↑ at the inlet →x ↓ 0↑ at t ↓ 0 (see Text S3 in Supporting Information S1
for functional form). The perturbation in KNd,f →0,t > 0↑ changes the fluid value from ↔2 to ↗8 and the perturbation
in C f →0,t > 0↑ changes from 1ωK to 30 ppm (Table 1; Text S2 in Supporting Information S1).

3. Results
To highlight the role of channelGwall mass exchange in determining the evolution of fluid composition, we
present our results tracking the chemical and isotopic evolution of specific parcels of fluid, in a (Lagrangian)
reference frame fixed to each parcel (cf. Farmer et al., 1997) (The subscript l indicates quantities in a given fluid
parcel, e.g., Cf l, while quantities without l are in an Eulerian frame, e.g., Cf . See also Figure S2 in Supporting
Information S1 for Eulerian profiles). Following the stepGperturbation, we track 3 parcels of fluid, f luid1, f luid2,
and f luid3, entering the domain at various times t1, t2, and t3 (Figure 2c). To quantify the degree of isotopic
equilibration a parcel may undergo after, say, 10 km of transport, we define I10,

I10 ↓ 1 ↔ →KNd,lf ↔ KNd,ls↑x↓10 km
→KNd,lf ↔ KNd,ls↑x↓0 km

→6↑

where →KNd,lf ↔ KNd,ls↑ is the (local) contrast between a fluid parcel and the solid wall adjacent to it (In Figures 4
and 5a, the reported I10 values are for the f luid1 parcel in Figure 2c).

Three regimes of behavior are evident, governed by the dimensionless Da and a⇓ numbers, as follows (Figure 4):
(I) small Da and a⇓, with minimal to no equilibration and exchange where chemical and isotopic contrasts be-
tween the fluid parcel and its surroundings are maintained over large transport distances, (II) intermediate Da and
a⇓, with substantial exchange and partial equilibration over the model domain; and (III) large Da and a⇓, char-
acterized by strong transverse mass exchange leading to (spatially varying) local equilibrium across channel
walls.

In regime I, KNd,l values in both the fluid and the solid are barely modified after 10 km of transport, I10 ≈ 0 (no
equilibration; Figure 4a) and the imposed disequilibrium between the fluid and the solid is preserved. By contrast
in regime III, the exchange time scale is much smaller than the advection time scale so that the fluid and the solid
are in nearly instantaneous local equilibrium: the solid composition (unphysically) tracks the perturbed fluid
compositions as the parcel interacts with and passes the solid (I10 < 0; Figure 4d). After f luid1 has modified the
solid domain, f luid2 enters 5 Kyrs later and (unlike f luid1) does not interact with unmodified solid upon entering
the domain, but has to traverse several km before reaching the unmodified solid portion of the domain (e.g.,
Figure 4d). The same process happens for f luid3, which enters 5 Kyrs after f luid2, further increasing the distance
needed to reach unmodified solid. Subsequent fluid parcels would continue needing more and more travel time to
reach unmodified solid until the whole domain has been modified to the perturbation composition and any new
fluid parcels entering the domain will have the same composition at the end of the domain as that at the inlet. The
instantaneous equilibration in regime III (for high Da and a⇓ in Figure 4d) is likely to be unphysical for application
to the real world. In this regime (particularly for large a⇓ where the perturbation timescale is long compared to
exchange), the 1D models would allow infinite exchange, whereas in the real (3D) world equilibration fronts
moving perpendicular to channel walls may meet and exhaust unmodified wallrock, limiting the amount of
possible equilibration. Both regime I and regime III in the longGtime limit are associated with fluid compositions
that remain unchanged through the domain.
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Figure 5. (a) Heat map of the degree of equilibration after 10 km of transport, I10, as a function of dimensionless numbers Da
and a⇓, assuming constant: v ↓ 1 m/yr, Df ↓ 10↔11 m2/s, Ds ↓ 10↔17 m2/s, w0 ↓ 1 Kyr, K ↓ 0.0066. Regimes I, II, and III
(dashed black lines) are determined as discussed in the text. (b) Contours of Da as a function of dimensionless channel spacing
dωL and dimensionless reaction rate Rωv. The red star on the Da ↓ 10 contour corresponds to d ↓ 1 m (for domain length
L ↓ 100 km), v ↓ 1 m/yr and R ↓ 1ε5 ⇒ 10↔13 m/s for a model with w ↓ 0ε1, Ds ↓ 10↔17 m2/s, w0 ↓ 1 Kyr, and K ↓ 0ε0066.

Figure 4. Tracking (Lagrangian) fluid isotopic evolution in response to a smoothed stepGperturbation in both CNd,f and KNd,f ,
within fluid parcels that enter the domain with KNd,l of ↗8 (indicated as f luid1, f luid2, and f luid3 as in Figure 2c). Profiles of
KNd,l,f (solid lines), as well as the KNd,L,s adjacent to the parcel (dashed) are shown versus time since entry →t ↔ tentry↑ . For relative
fluidGsolid velocity v ↓ 1 m/yr, in a Lagrangian reference frame the time since entry in Kyrs is (relative distance traveled in
km)ωv; therefore, the numbers on the x↔axis of the plots can also be read as transport distance, in km. Results are shown for
varying Da and a⇓ ↓ w0ωaex, as indicated; other parameters are as in Table 1: w ↓ 0ε1, Df ↓ 10↔11 m2/s, Ds ↓ 10↔17 m2/s,
w0 ↓ 1 Kyr, K ↓ 0ε0066. In each case, the degree of equilibration after 10 km of transport (shaded gray region), I10 is indicated
for f luid1 (definition in text). Three regimes of behavior are evident: (I) I10 ≈ 0 (in (a), no equilibration), (II) I10 > 0 (in (b) and
(c), partial equilibration), (III) I10 < 0 (in (d), local equilibrium). Corresponding profiles of KNd,f and KNd,s versus position in a
domainGfixed reference frame (Eulerian) at different times are shown in Figure S2 of the Supporting Information S1.
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Regime II on the other hand is associated with partial equilibration during transport: the imposed disequilibrium
between incoming fluid parcels and the surrounding solid persists, but the degree of disequilibrium decreases with
transport (0 < I10 ≤ 1; Figures 4b and 4c). Like regime III, the solid is modified by each passing fluid parcel, so
subsequent fluid entering the domain will not exit the domain with the same composition as fluid entering prior or
after it. These regimes are summarized in a “phase diagram” of model behavior in the Da and a⇓ space (Figure 5a;
for simplicity, we report I10 for f luid1 in Figure 2c, which enters the inlet with KNd,f l ↓ ↗8). Generally, for partial
Nd isotopic equilibration (regime II) between basaltic melts (KNd ↓ ↗8, ≈ 30 ppm Nd) and CLM (here KNd ↓ ↔2,
1 ppm Nd), we require Da > 10 (Figure 5a). As demonstrated in Figure 5b, if we use Ds ↓ 10↔17 m2/s as a
reasonable solid diffusivity, Da ≥ 10 may be achieved for a wide range of geologically reasonable parameters: for
example, Da ↓ 10 for v ↓ 1 m/yr, d ↓ 1 m, and a reaction rate of R ≈ 1ε5 ⇒ 10↔13 m/s.

4. Discussion
The results above suggest that Nd isotopic equilibration during channelized transport maybe be categorized into
three regimes of behavior as a function of the dimensionless Dahmköhler number Da and perturbation timescale
a⇓ (Figure 5). This categorization also appears in other 1D melt transport models (Hauri, 1997; Kenyon, 1993) and
in isotopic advectionGreaction models for hydrothermal fluids moving through rock (Farmer et al., 1997), sug-
gesting they are a generic feature of 1D fluidGsolid advectionGdiffusion/reaction transport models. The applica-
bility of these 1D results, and previous 1D approaches (Hauri, 1997; Kenyon, 1993), to magma transport within
the CLM is limited as the approach is confined to a single transport direction with constant relative velocity v and
constant geometry and material properties within the domain. The 3D effects of channel geometry (sinuosity,
orientation, etc.) are combined into two scalars, d and w, the channel spacing and volume fraction (cf. Roy, 2022).
We mitigate this to some extent in this study, however, by confining our attention to short transport distances
(≈ 10 km) and channel spacings d ≥ 1 m, even though geologic observations support the idea of channelized flow
at the subGmeter scale (e.g., Braun & Kelemen, 2002; LeRoux et al., 2008; Liang et al., 2010). We recognize that
over ≈10 km of transport the ambient temperature in the CLM may vary by several tens of degrees (e.g.,
equilibrium thermal gradient of 5oC/km) and one might expect thermally driven variations of material parameters
(Ds, Df , K; e.g., Van Orman et al., 1998). On the other hand, transient heating due to melt transport (e.g.,
Roy, 2022) may mitigate this effect. The lack of combined heat and massGtransfer across channel walls is a
limitation of these 1D models, and beyond the scope of this study. Therefore, the models above are best regarded
as representing the timeGaveraged effects of a stochastic transport process (e.g., an ensemble of ephemeral dikes or
channels) within the CLM, when transport in a particular direction dominates over others. By considering d ≥ 1 m,
we adopt a conservative approach: our estimates of the degree of isotopic equilibration is likely a lower bound, as
subGmeter spacings would likely lead to higher interphase contact area per unit volume and therefore more ex-
change across channel walls. Unlike melt distributed at the grainGscale (Hirth & Kohlstedt, 2003), the effect of the
meltGrich channels on the overall rheology of the CLM is not wellGunderstood, so it is difficult to quantify how the
range of channel volume fraction w here would affect the overall deformation of the lowermost CLM.
Furthermore, processes such as reactive exchange via dissolution/precipitation may alter the channel geometry
parameters (d and w, assumed constant here). In this model, we ignore such feedbacks. With these caveats in
mind, three robust results emerge for models with geologically reasonable channel spacings d ↓ 1–100 m,
channel volume fractions w ↓ 0ε05–0.2, and a conservative estimate for the effective Nd diffusivity in the channel
walls Ds ↓ 10↔17 m2/s, as follows.

First, partial Nd isotopic equilibration during channelized transport within the CLM is achievable for Da ≥ 10 for
a broad range of perturbation timescales (regime II in Figures 4b and 5a). This situation is likely if the dimen-
sionless linear reaction (assimilation) rate Rωv is higher than 2 ⇒ 10↔6 to 10↔5, which for a channel flow rate of
v ↓1 m/yr leads to R ↓ 1ε5 ⇒ 10↔13 m/s (Figure 5b). This conclusion is unchanged even if Ds ↓ Dx ↓ 10↔19 m2/s
is assumed, as the diffusive timescale is much longer than that for reaction so the exchange timescale, and
therefore Da, is more strongly controlled by ar than ad. While the simulations above assume an inGchannel
advective velocity v ↓ 1 m/yr, we do not specify the physical orientation of the transport direction →↗ !x↑ . The
results are therefore a firstGorder estimate to the degree of isotopic equilibration expected across channels of any
orientation. Vertical melt ascent rates may however be up to 101 m/yr (e.g., Katz et al., 2022) and if transport
direction is dominantly vertical with v ↓ 10 m/yr instead of 1 m/yr (for d ↓ 1 m, w ↓ 0ε1, R ↓ 1ε5 ⇒ 10↔13 m/s),
Da would be reduced from 10 to 1. In this case, reaching regime II would require a larger reaction rate,
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R ↓ 10↔12 m/s. To put these reaction rates in context, the kinetics of transient crystal dissolution and precipitation
driven by chemical disequilibrium in a binary or ternary melt system (Liang, 2003) predict R ≈ 2 ⇒ 10↔11 m/s
(for diffusionGinGsolid limited dissolution) up to R ≈ 2 ⇒ 10↔8 m/s (for diffusionGinGmelt limited dissolution).
Linear reaction rates R ↓ 10↔12–10↔13 m/s needed to achieve Da ↓ 10 for melt ascent rates v ↓ 1–10 m/yr (e.g.,
for d ↓ 1 m, and w ↓ 0.1; Figure 5b), fall well below kinetically constrained dissolution/precipitation rates.
Therefore, partial Nd equilibration in the presence of chemical and isotopic disequilibrium between infiltrating
melts and their surrounding wallrock, a hallmark of regime II behavior in our models (Figures 4 and 5), is
geologically feasible.

Second, if Da ≥ 102, partial equilibration by openGsystem interactions over 10 km of transport is sufficient to
achieve I10 ≥ 0ε5 (Figure 5a). For a fluid parcel that enters the CLM with a maximum initial isotopic contrast of
↗10 epsilon units (e.g., for f luid1 in our models KNd,f 0 ↓ ↗8 and KNd,s0 ↓ ↔2), this is equivalent to an isotopic shift
of 5 epsilon units. The transport distance needed to change the fluid KNd,f by a similar amount in subsequent fluid
parcels, however, would be larger as the surrounding solid equilibrates toward the perturbed fluid value from
earlier fluid parcels, thus decreasing the degree of disequilibrium between laterGentering fluid parcels and the
wallrock.

Third, returning to the observations of Cenozoic basalts in SWNA, this process would predict a temporal shift in
KNd in primitive basalts through time from low to high values, as corroborated by observations in specific lo-
calities such as the southern Rio Grande Rift (e.g., Figure 17 in Farmer et al. (2020)). Additionally, the CLM in
SWNA has undergone significant thinning in Cenozoic time, which also drives the temporal shift in KNd. For
primitive basalts with subductionGrelated low Ta/Th but CLMGlike negative KNd (Figure 1a), our models suggest
that one explanation may be a much lower Da for Ta and/or Th exchange (e.g., regime I, no equilibration) than for
Nd (regime II, partial equilibration) during transport of these rocks. However, it is difficult to envision a scenario
where trace element exchange is significantly slower for Ta and/or Th versus for Nd in the presence of a given
channel network geometry, with wallrockGchannel mass transfer via reactive assimilation and diffusive processes.
An alternate explanation is that the infiltrating asthenospheric melts and lowermost CLM had similar, low Ta/Th
values →<0ε2↑ but the former had higher KNd at the outset. Typical upper mantle has a Ta/Th⟨1 (Farmer et al., 2020)
but there is evidence that subarc asthenosphere, even if initially involved in flux melting during active subduction,
can be subsequently refertilized through interaction with low Ta/Th magmas as active subduction proceeds (Chin
et al., 2014). This process imparts LREE enrichments and low Ta/Th values to the mantle. After cessation of
subduction, and stabilization in continental lithosphere, this mantle develops increasingly negative KNd values and
isotopic disequilibrium with underlying convecting upper mantle, while retaining low Ta/Th values. If at least the
base of the Precambrian mantle lithosphere in SWNA evolved In this fashion, then low Ta/Th asthenosphereG
derived melts infiltrating the low Ta/Th base of the CLM during the Late Cretaceous and Cenozoic would
have Nd isotopic compositions in disequilibrium across channel walls and therefore partially equilibrate, without
substantially modifying the melt Ta/Th values.

The idea that channelized melt and wallrock experience different degrees of disequilibrium in the Nd isotopic and
Ta/Th systems is supported by the observation that, in some parts of SWNA, the transition from low to high KNd
(and the correlated transition from low to high Ta/Th) occur progressively in time (Farmer, 2022; Farmer
et al., 2020). In a subduction setting, where the upper plate CLM is infiltrated by high KNd and low Ta/Th melts
produced in the mantle wedge, our models would predict that regime III behavior is required for a progressive
modification of the wallrock leading to a temporal transition from low to high KNd. However, the end product of
such progressive modification of wallrock would generate basalts with high KNd and low Ta/Th, in contradiction
with the observations (Figure 1a). This effectively rules out regime III behavior as an explanation for the
correlated transition in Nd isotopes and in Ta/Th (Figure 1a). While the simultaneously low KNd and low Ta/Th
may be explained by partial Nd isotopic equilibration between a low Ta/Th (metasomatized) ancient CLM high
Ta/Th (regime II behavior, as we have argued above), our models imply that protracted transport of melts derived
from the mantle wedge through the CLM cannot explain the correlated increase in both KNd and Ta/Th in SWNA
alkali basalts. Instead, a different process must be invoked, namely, that the Ta/Th composition of infiltrating
melts changes through time, from low to high values. A geologically reasonable scenario would be that, as SWNA
underwent a transition from subduction to Neogene CLM thinning and extension, processes generating parental
melts changed from fluxGmelting (low Ta/Th) to decompression melting (high Ta/Th; Figure 1b), with a
concomitant shift in parental melt Ta/Th from low to high values.
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5. Conclusions
We use idealized 1D transport models to provide a strong argument for reassessing the role of openGsystem
interactions between channelized melt and its surrounding wallrock in driving trace element chemical and iso-
topic equilibration. Within the continental lithospheric mantle (CLM), where melt transport is likely to be
channelized, our models constrain the relative importance of mass exchange across channel walls driven by both
diffusion and reactive assimilation processes. We show that configurational anisotropy due to the presence of
highGdiffusivity grain boundaries may enhance the effective diffusivity of the wallrock, however, diffusion alone
cannot drive partial equilibration between infiltrating melts and the CLM. Instead, for geologically reasonable
parameters, we show that reactive assimilation is required for partial equilibration between channelized melts and
the CLM. The models are used to explore the implications of observed Nd isotopic compositions and Ta/Th ratios
in Cenozoic basalts from southwestern North America. Specifically, we show that partial equilibration of Nd
isotopes during transport of parental melts through the CLM provides a mechanism to explain the observation of
primitive basalts that have simultaneously low Ta/Th and low KNd.

Data Availability Statement
Trace element geochemical data used in this study are identical to that in Farmer et al. (2020), with the criterion of
wt. % SiO2<52. These data are originally available from the NAVDAT/EarthChem database (http://portal.
earthchem.org/ using the geographic and temporal criteria for Cenozoic basalts in southwestern North America).
The models use Python and Julia; the codes are available at public repository, Roy (2024).
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