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Abstract14

This study is motivated by the observed variability in trace element isotopic and chem-15

ical compositions of primitive (SiO2 <52 wt %) basalts in southwest North America (SWNA)16

during the Cenozoic transition from subduction to extension. Specifically, we focus on17

processes that may explain the enigmatic observation that in some localities, basalts with18

low Ta/Th, consistent with parental melts in a subduction setting, have εNd signatures19

consistent with continental lithospheric mantle (CLM). In locations with the oldest CLM20

(Proterozoic and Archaean), Cenozoic basalts with low Ta/Th have εNd well below zero.21

We model channelized magma transport through the CLM using simple 1D transport22

models to explore the extent to which diffusive and reactive mass exchange can modify23

Nd isotopic compositions via open system melt-wallrock interactions. For geologically24

reasonable channel spacings and volume fractions, we quantify the reactive assimilation25

rates required for incoming melt with a different εNd than the wall-rock to undergo a26

substantial isotopic shift during ≈10 km channelized melt transport. In the presence of27

grain boundaries, enhanced diffusion between melt-rich channels and melt-poor surround-28

ing rock contributes to isotopic equilibration, however this effect is not enough to our29

models suggest that requires a significant contribution from reactive assimilation of wall-30

rock. Additionally our models support the idea that the observed covariability in Ta/Th31

and εNd in Cenozoic basalts cannot be attributed to transport alone and must reflect32

the transition from subduction-related to extension-related parental melts in SWNA.33

Plain Language Summary34

Over the past half century, the abundances and isotopic ratios of trace elements35

such as Nd in basalts have been widely used to infer aspects of the source region where36

mantle melting occurs. This assumes that when the mantle melts, trace element char-37

acteristics of source rocks are inherited by the generated melts and these are not further38

modified as melts ascend through the tectonic plate (lithosphere) to be erupted as basalt.39

We reassess this assumption inspired by enigmatic observations from southwest North40

America, where basalts that have undergone minimal processing (primitive basalts), show41

trace element characteristics of both the mantle lithosphere and of the asthenosphere.42

We use 1D transport models to show that melts moving in channels through the litho-43

sphere may undergo significant trace element changes by interacting with the walls as44

they ascend, thereby explaining the observations with geologically-reasonable scenarios.45
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1 Introduction46

Over the past half century, the chemical and isotopic compositions of continental47

basalts have been widely used to infer aspects of the physical and chemical evolution of48

the continental lithospheric mantle (CLM) and underlying asthenosphere. An implicit49

assumption in this approach is that, after correction for crustal contamination, primi-50

tive basaltic rocks have incompatible trace element ratios and radiogenic isotopic com-51

positions inherited from their mantle source rocks, the latter defined here as the portion52

of the upper mantle in which melting initiated. However, incompatible element and iso-53

topic ratios of continental basalts need not reflect those values inherited from a single54

mantle source region. For example, mantle derived melts that ascend to the surface are55

likely aggregates of multiple parental melts that might themselves have different sources56

(e.g., Stracke, 2021). Even basaltic melts derived from a single source may be compo-57

sitionally modified by open system interactions with their surroundings during extrac-58

tion, migration and ascent through the mantle (Navon & Stolper, 1987; Stracke & Bour-59

don, 2009; Liu & Liang, 2017).60

In this paper we are concerned with the latter possibility. A need to reevaluate the61

role of mantle wall rock interaction in influencing basalt trace element and isotopic com-62

positions has arisen from a recent reassessment of the extensive chemical and isotopic63

data available from Cretaceous and younger basaltic rocks in southwestern North Amer-64

ica (SWNA). It has long been recognized in SWNA that many basalts are characterized65

by relatively non-radiogenic initial 143Nd/144Nd ratios, and εNd(T ) < 0, interpreted66

as evidence that their parental melts were sourced in low εNd(T ) Precambrian CLM (Fig67

1a; Menzies et al., 1983; Fitton et al., 1988). (In the following, we only refer to time-68

corrected εNd(T ) values, and will drop the (T ) for simplicity.) But based on the entire69

compositional data set now available, it is now apparent that negative εNd basaltic rocks70

can be subdivided into two distinct groups based on incompatible high field strength el-71

ement ratios, specifically Ta/Th. One Ta/Th group corresponds to low εNd basalts with72

Ta/Th < 0.2, and with strongly correlated Ta and Th abundances (“low” Ta/Th group)73

that occur throughout SWNA (Farmer et al., 2020). Low Ta/Th values with strongly74

correlated Ta and Th abundances are characteristic of mafic to intermediate composi-75

tion volcanic rocks in oceanic and continental arcs worldwide, and are generally inter-76

preted as values inherited from melting of asthenospheric mantle wedge fluxed by volatiles77

derived from underlying oceanic lithosphere during active subduction (Fig 1b). The sec-78
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ond low εNd group has intermediate Ta/Th values, typically from 0.2 to 0.6, with de-79

coupled Ta and Th abundances (“intermediate” Ta/Th group). Volcanic rocks with in-80

termediate Ta/Th values are rare in oceanic settings, but common in SWNA where they81

typically occur after low Ta/Th group volcanism, although the absolute timing of the82

end of low Ta/Th and the onset of intermediate Ta/Th volcanism varies with geographic83

position. Intermediate Ta/Th volcanism in SWNA has been attributed to in situ melt-84

ing of CLM metasomatized by fluids derived from oceanic lithosphere during low angle85

subduction that affected SWNA in the Late Cretaceous and Early Cenozoic (Fig 1b; Farmer,86

2022; Farmer et al., 2020). The conundrum is that while low Ta/Th basaltic rocks are87

attributed to melting in high εNd (εNd > 0) asthenosphere and intermediate Ta/Th88

rocks represent in situ melting of low εNd CLM, both sets of volcanic rocks have low εNd89

values (Fig 1a). While a low εNd value may arise from time-integrated effects of subduction-90

related modification of the asthenosphere (McCulloch & Gamble, 1991; Peate et al., 1997;91

Chauvel et al., 2008), Late Cretaceous basaltic rocks (with both low and intermediate92

Ta/Th values) in SWNA have εNd values that correlate with the age of underlying Pre-93

cambrian continental lithosphere: those underlain by Archean lithosphere have consis-94

tently lower εNd than those underlain by lithosphere of Paleoproterozoic age (Fig 1a).95

This observation is still best explained by the derivation of Nd in these rocks from an-96

cient CLM. One way to generate basalts that reflect both sub-lithospheric low Ta/Th97

magmas and a CLM-like Nd isotopic signature may be through interaction and partial-98

equilibration of high εNd parental magmas during transport through thick, low εNd CLM.99

Assessing this scenario is the goal of the current work. Motivated by the observations100

above, we test the possibility that lithospheric or sub-lithospheric parental melts may101

experience variable equilibration with thick, ancient CLM during transport (Fig. 1b).102

The effects of chemical and isotopic disequilibrium during melt generation and seg-103

regation in the mantle have been explored in numerical models for mid-ocean ridge and104

ocean island settings (e.g., Iwamori, 1993; Hauri, 1997; Kenyon, 1993). More recently,105

numerical models of disequilibrium reactive transport in porous flow highlight a richness106

of behavior that arises from diffusive exchange, particularly when it comes to interpret-107

ing trace element compositions (e.g., Oliveira et al., 2020, and refs within). This work108

builds upon these previous studies, particularly the approach of Hauri (1997), with the109

specific goal of considering the effects of chemical and isotopic disequilibrium during chan-110

nelized transport of melts through the CLM. It is clear from detailed geochemical and111
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petrologic characterization of exhumed CLM (e.g., in the Lherz and Ronda massifs) that112

isotopic, chemical, and thermal disequilibrium may exist across contacts between chan-113

nelized melts and their surroundings (LeRoux et al., 2007, 2008; Soustelle et al., 2009).114

Here we use the term “channel” to denote a spatially-limited melt-rich zone with a higher-115

than-ambient melt volume fraction (porosity), surrounded by material that is melt-poor116

(wall rock). Magma transport through the CLM is likely channelized at the macroscopic117

(10−1 to 101 m scale) (e.g., Katz et al., 2022, and refs within), probably in systems of118

ephemeral channels, and we consider the field relations in exhumed peridotite massifs119

to represent a primary mode of melt transport in the lower CLM (e.g., LeRoux et al.,120

2007, 2008; Soustelle et al., 2009). The models presented here are highly idealized in that121

they do not address the origin of channelization and parameterize averaged channel ge-122

ometries and average motion of melt through the lower CLM. Our models also ignore123

thermochemical disequilibrium in major element compositions between the wallrock and124

melt-rich channels. Instead, the mass exchange in our models places limits on one pro-125

cess in particular, namely, trace element exchange by self-diffusion. They are, therefore,126

far from a complete representation of disequilibrium in channelized transport. Our pur-127

pose therefore is to use these calculations as a feasibility study to show that partial equi-128

libration across channel walls may explain the conundrum in SWNA basalt trace element129

and Nd isotopic compositions described above. The open-system interactions we model130

concern Nd isotopic equilibration during transport and speculate on ways in which a CLM-131

like Nd isotopic signature may be imparted to melt within channels, while simultane-132

ously preserving sublithospheric Ta/Th ratios.133

We focus on diffusion and reaction (assimilation/precipitation) as two primary mass134

transfer mechanisms between channels and their surroundings, and explore the role of135

each. To investigate diffusive exchange between wall rock and channels, we consider a136

scenario where diffusion is strongly controlled by the configurational anisotropy that arises137

from the presence of grain boundaries in the wall material. Grain boundaries within the138

wallrock should be associated with both segregation of incompatible elements (Hiraga139

et al., 2004; Alard et al., 2022; Demouchy & Alard, 2021) and enhanced diffusive trans-140

port (Hiraga et al., 2007a,b; Dohmen & Milke, 2010). We show that this leads to enhanced141

effective diffusivity, allowing diffusive exchange to reach further into wall rock (e.g., Jaseliūnaitė142

et al., 2022). Diffusive equilibration between an ascending, sublithosphere derived melt143

and surrounding CLM (when the two have a large initial isotopic contrast), however, can-144
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not account for the Nd isotopic composition of basalts in SWNA. Instead, the observa-145

tions require a role for mass transfer (via dissolution/precipitation) between wall rock146

and melt. Our simplified models ignore major-element chemical compositional variabil-147

ity within and between melt-rich and melt-poor parts of the system, building on Hauri148

(1997) (as described below). Our goal is to explore the regimes of behavior within a geologically-149

relevant parameter space of channel spacing, volume fraction, fluid velocity, and likely150

Nd chemical and isotopic contrast across channel walls. Recognizing the limitations of151

an idealized model, we focus here on the degree of equilibration that may be established152

in 10 km of transport, a fraction of the CLM thickness. Our work establishes limits on153

the role of channel-wall diffusive exchange and reactive exchange, allowing us to assess154

the potential importance of isotopic shifts by mechanisms not included here, such as in-155

situ CLM melting, in generating low-silica basalts with CLM-like negative εNd.156

2 Idealized transport model157

We construct an idealized 1D schematic model where open system interactions in158

a real-world complex channel network (Fig. 2a) are abstracted into a 1D domain con-159

taining melt-rich channels with moving material (here denoted as “fluid”; subscript f)160

and melt-poor stationary wall rock (“solid”; subscript s); Fig. 2b. Our model is based161

on similar 1D approaches(Hauri, 1997; Roy, 2022, and references therein), however our162

work includes mass transfer (diffusive and reactive exchange) perpendicular to channel163

walls and diffusion along the transport direction within each of the fluid and solid do-164

mains. We use a set of modified advection-diffusion equations:165

∂Cf (x, t)

∂t
+ v

∂Cf (x, t)

∂x
= − (1− ϕ)ρs

ϕρf

1

τex
(KCf (x, t)− Cs(x, t)) +Df

∂2Cf (x, t)

∂x2
(1)

∂Cs(x, t)

∂t
=

1

τex
(KCf (x, t)− Cs(x, t)) +Ds

∂2Cs(x, t)

∂x2
(2)

Here transport is assumed to be dominantly 1D (along +x̂) with average relative veloc-166

ity, v, between the material within the channels and outside (in a reference frame sta-167

tionary with respect to the channel walls; Fig. 2b). Cf (x, t) and Cs(x, t) represent the168

total concentration (mol/m3) of the relevant isotopes of a trace element, in this case Nd,169

within and outside channels. The terms on the right hand sides of Eqns (1) and (2) rep-170
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resent: (i) material exchange across channel walls and (ii) diffusion within either the chan-171

nel or the solid walls along the transport direction. The exchange term assumes that in-172

teraction across channel walls depends linearly on the degree of thermodynamic disequi-173

librium (KCf (x, t)−Cs(x, t)), where K is the mineral-melt partition coefficient, follow-174

ing Hauri (1997) and Kenyon (1993) (see also Roy, 2022, for a similar treatment of ther-175

mal disequilibrium). The rate of mass exchange across channel walls depends on an ex-176

change timescale, τex, which depends upon the exchange mechanism (to be defined be-177

low). Other parameters include: the average channel spacing, d, and the average volume178

fraction of channels, ϕ, fluid and solid densities, ρf and ρs, and spatially uniform diffu-179

sion constants, Df and Ds. Parameters and their values used here and elsewhere are listed180

in Table 1. We emphasize here that ϕ is the channel volume fraction, and not the frac-181

tion of melt in porous flow within the melt-poor channel walls. The range of values of182

ϕ considered, 5-20%, are not well constrained but are comparable to those in exposed183

peridotite massifs (e.g., Soustelle et al., 2009; LeRoux et al., 2007). We assume that the184

effective diffusion coefficients (Df , Ds) and bulk mineral-melt partition coefficient K are185

nearly indistinguishable for isotopes with high atomic number (Watkins et al., 2011, 2014,186

2017), so these coefficients are assumed to be equal for all Nd isotopes. The bulk mineral-187

melt partition coefficient K used in this work is calculated from the partition coefficients188

for Nd in Salters & Longhi (1999) applied to the peridotite composition listed in Farmer189

et al. (2020).190

To treat isotopic equilibration, we define C(x, t) = C144(x, t) + C143(x, t), and

the relative mol fraction of 144Nd as f ≡ C144(x, t)/C(x, t). Substituting these into Eqns

(1) and (2) leads to the following expressions for the evolution of f in the fluid and solid,

which are similar in form to (Johnson & DePaolo, 1994) (derivation of Eqns (3) and (4)

in Supp. S1):

∂ff
∂t

+ v
∂ff
∂x

=
1

Cf

(
− (1− ϕ)ρs

ϕρf

1

τex
Cs(ff − fs) + 2Df

∂ff
∂x

∂Cf

∂x
+Df

∂2ff
∂x2

Cf

)
(3)

∂fs
∂t

=
1

Cs

(
1

τex
KCf (ff − fs) + 2Ds

∂fs
∂x

∂Cs

∂x
+Ds

∂2fs
∂x2

Cs

)
(4)

This system of Eqns. (1-4) is applied to Nd in this study, but may be generally rel-191

evant to trace element exchange, where the concentration of the element is small. Here,192

we assume that any gradients in major element compositions and chemical activities will193
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not affect diffusion of isotopes of Nd, a simplification further discussed below (but see194

Watkins et al., 2014). Additionally, by constraining our attention to 144Nd and 143Nd,195

we are assuming that gradients in the concentration of the other isotopes of Nd may be196

neglected assuming they will equally affect both isotopes in consideration (e.g., Du et197

al., 2022).198

2.1 Effective diffusivity in channel walls199

The diffusivities employed here (Table 1) are based on the self-diffusivity of Nd (Lesher,200

2010; Zhang, 2010), assuming that isotopic fractionation between 144Nd and 143Nd due201

to mass-dependent diffusivity is negligible (a power-law dependence on the mass ratio,202

e.g., Watkins et al., 2014). Although lattice (grain) diffusivity, Dx, for Nd is generally203

very low (Dx = 10−19 to 10−17 m2/s; VanOrman et al. (2002); Ganguly et al. (1998)),204

it has long been recognized that the effective diffusivity, Ds, for peridotite (assumed chan-205

nel wall rock) as a polycrystalline aggregate may be significantly larger. There are likely206

two mechanisms for this enhanced diffusion which governs exchange between channels207

and their surrounding walls: high diffusivity within grain boundaries and segregation of208

incompatible elements into inter-granular regions. In polycrystalline aggregates, the pres-209

ence of grain boundaries may increase the effective diffusivity of Nd by 103−106 above210

the lattice value (Hiraga et al., 2007a,b), possibly up to a factor of 108 (Shewmon, 1989,211

although this is not well-constrained for mantle minerals; J. van Orman, pers. comm.).212

Additionally, segregation of incompatible elements into high-diffusivity grain boundaries213

can also play an important role in enhancing their mobility (Reddy et al., 2020; Demouchy214

& Alard, 2021).215

We suggest that an additional (geometry-dependent) effect arises from the config-216

urational anisotropy due to enhanced diffusion within grain boundaries. We demonstrate217

this in a 2D mesoscopic model, following Jaseliūnaitė et al. (2022), to illustrate the first-218

order effect of the presence of grain boundaries in an idealized model aggregate based219

on an actual peridotite thin-section (Fig 3). Hiraga et al. (2007b) suggests that the ef-220

fective (bulk) diffusivity of the aggregate should be Ds ≈ Dx + s(3w/δ)DGB , where221

Dx is the lattice (grain) diffusivity, DGB is the diffusivity of the inter-grain regions, s222

is a segregation factor associated with enhanced storage of incompatible elements at grain223

boundaries, w is the grain boundary width, and δ is the average grain size. We assume224

that diffusivity in grain boundaries is enhanced by a factor E = DGB/Dx over the lat-225
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tice value. If E = 104 (within the expected range 103−106), then for aggregates with226

grain boundary width w on the order of 10−9 m and grain size d around 1 mm, Hiraga227

et al. (2007b) suggests that s(3w/d) ≈ 10−2 so that the effective diffusivity Ds should228

be a factor 102 larger than Dx. Using E = 104 for the model aggregate in Fig 3a, we229

find that the actual effective diffusivity Ds is around ≈ 5×102 larger than Dx, driven230

mainly by the effect of anisotropic diffusion in the presence of grain boundaries. The con-231

figurational anisotropy of high-diffusivity grain boundaries increases the wall-rock vol-232

ume sampled by diffusive exchange (Fig 3c). A grain boundary enhancement of E =233

5×104 leads to an effective diffusivity of Ds ≈ 103Dx. In the following transport model,234

therefore, we take a conservative approach and consider a maximum value for the effec-235

tive diffusivity in the channel walls of Ds = 2 × 10−17 m2/s, about 200 times larger236

than the lattice diffusivity (VanOrman et al., 2002; Ganguly et al., 1998), but suggest237

that further work is needed to assess anisotropy-enhanced effective diffusivity.238

2.2 Exchange time scale τex and Dahmköhler number239

To solve the system of Eqns (1-4), we non-dimensionalize and use a finite-difference

approach (Supplementary Text S3), parameterizing the model with a Damköhler num-

ber,

Da =
(1− ϕ)ρs

ϕρf

τad
τex

(5)

a dimensionless ratio of the time scale of melt advection τad = L/v (L is the domain240

length) to the time scale of exchange between the fluid and solid τex. The latter time241

scale depends upon the mechanism of mass transfer between material in the channels242

and the surrounding wall rock. For diffusion the relevant timescale is τd = d2/(αDs)243

(Hauri, 1997), where α is a flow coefficient (=10 for channelized flow; e.g., Bodinier et244

al., 1990; Hauri, 1997). For reactive exchange, the timescale is instead τr = d/2R, where245

R is a linear dissolution/precipitation rate (Hauri, 1997).246

When both mechanisms are present, they each contribute an independent term pro-247

portional to the degree of disequilibrium on the right hand side of Eqns (1 to 4), so that248

the Dahmköhler number Da depends on an effective exchange timescale, τex, where 1/τex =249

1/τr+1/τd, the harmonic mean of the timescale of both processes. The harmonic mean250

is appropriate when the processes are independent and the equilibration is simultane-251

ously due to the lower-rate process (diffusion) and the higher-rate process (reaction): in252
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effect, the two mechanisms are like resistors “in-parallel”, so the effective timescale is not253

an arithmetic mean but rather a harmonic one. Through the timescale for diffusive ex-254

change, τd, Da depends on the effective diffusivity in the wallrock, Ds, discussed above.255

Strictly, this depends on the diffusing species, and in this work we confine our attention256

to trace elements such as Nd. Da is a measure of the intensity of the fluid-solid mass257

exchange across channel walls within the domain relative to advection within the chan-258

nels. For example, for a fixed volume fraction of channelized melt, ϕ, if the channel spac-259

ing, d, is decreased then the interphase contact area per unit volume increases (Fig. 2b),260

decreasing τex and increasing Da, leading to more vigorous exchange across channel walls261

(see also Supplementary Fig. S1).262

2.3 Initial and boundary conditions263

We study the transport Eqns (1-4) subject to initial and boundary conditions as264

follows: initially the moving material in the channels is in equilibrium with the walls (KCf0 =265

Cs0), with no time variations (steady state). Then (at t = 0), the channelized mate-266

rial entering the domain at the inlet (x = 0) is subject to an imposed smoothed step-267

perturbation in chemical and isotopic composition (Fig. 2c). The perturbation in iso-268

topic and chemical composition of the fluid at the inlet (x = 0) begins at time t = 0,269

but is associated with a rise time w0, the perturbation time scale. Therefore, for a given270

w0, model behavior will be a strong function of the dimensionless time τ ′ = w0/τex.271

Following a transient response governed by two dimensionless numbers Da and τ ′, there-272

fore, the system eventually returns to steady-state (no time-variations).273

Characteristic values for initial and perturbed Nd chemical compositions are based274

on observations of mantle xenoliths and from Cenozoic basalt samples from SWNA (Supp.275

S2; Fig. S3). Initially, KCf (x, 0) = Cs(x, 0) and ff (x, 0) = fs(x, 0), where we assume276

Cs(x, 0) = Cs0 = 1 ppm and initial εNd,f (x, 0) = εNd,s(x, 0) = −2 (Table 1). We277

solve for the response of the system to a smoothed step-change imposed in both Cf (0, t)278

and εNd,f (0, t) at the inlet (x = 0) at t = 0 (see Supp. S3 for functional form). The279

perturbation in εNd,f (0, t > 0) changes the fluid value from -2 to +8 and the pertur-280

bation in Cf (0, t > 0) changes from 1/K ppm to 30 ppm (Table 1; Supp. S2).281
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3 Results282

To highlight the role of channel-wall 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

& DePaolo, 1997). (The subscript l indicates quantities in a given fluid parcel, e.g., Cfl,

while quantities without l are in an Eulerian frame, e.g, Cf . See also Supplementary Fig

S3 for Eulerian profiles.) Following the step-perturbation, we track 3 parcels of fluid, fluid1,

fluid2, and fluid3, entering the domain at various times t1, t2, and t3 (Fig. 2c). To quan-

tify the degree of isotopic equilibration a parcel may undergo after, say, 10 km of trans-

port, we define ∆10,

∆10 = 1− (εNd,lf − εNd,ls)x=10 km

(εNd,lf − εNd,ls)x=0 km
(6)

where (εNd,lf−εNd,ls) is the (local) contrast between a fluid parcel and the solid wall283

adjacent to it. (In Figs 4 and 5a, the reported ∆10 values are for the fluid1 parcel in284

Fig. 2c.)285

Three regimes of behavior are evident, governed by the dimensionless Da and τ ′286

numbers, as follows (Fig. 4): (I) small Da and τ ′, with minimal to no equilibration and287

exchange where chemical and isotopic contrasts between the fluid parcel and its surround-288

ings are maintained over large transport distances, (II) intermediate Da and τ ′, with sub-289

stantial exchange and partial equilibration over the model domain; and (III) large Da290

and τ ′, characterized by strong transverse mass exchange leading to (spatially-varying)291

local equilibrium across channel walls.292

In regime I, εNd,l values in both the fluid and the solid are barely modified after293

10 km of transport, ∆10 ≈ 0 (no equilibration; Fig. 4a) and the imposed disequilibrium294

between the fluid and the solid is preserved. By contrast in regime III, the exchange time295

scale is much smaller than the advection time scale so that the fluid and the solid are296

in nearly instantaneous local equilibrium: the solid composition (unphysically) tracks297

the perturbed fluid compositions as the parcel interacts with and passes the solid (∆10 <298

0; Fig. 4d). After fluid1 has modified the solid domain, fluid2 enters 5 Kyrs later and299

(unlike fluid1) does not interact with unmodified solid upon entering the domain, but300

has to traverse several km before reaching the unmodified solid portion of the domain301

(e.g., Fig. 4d). The same process happens for fluid3, which enters 5 Kyrs after fluid2,302

further increasing the distance needed to reach unmodified solid. Subsequent fluid parcels303
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would continue needing more and more travel time to reach unmodified solid until the304

whole domain has been modified to the perturbation composition and any new fluid parcels305

entering the domain will have the same composition at the end of the domain as that306

at the inlet. The instantaneous equilibration in regime III (for high Da and τ ′ in Fig.307

4d) is likely to be unphysical for application to the real world. In this regime (partic-308

ularly for large τ ′ where the perturbation timescale is long compared to exchange), the309

1D models would allow infinite exchange, whereas in the real (3D) world equilibration310

fronts moving perpendicular to channel walls may meet and exhaust unmodified wall-311

rock, limiting the amount of possible equilibration. Both regime I and regime III in the312

long-time limit are associated with fluid compositions that remain unchanged through313

the domain.314

Regime II on the other hand is associated with partial equilibration during trans-315

port: the imposed disequilibrium between incoming fluid parcels and the surrounding316

solid persists, but the degree of disequilibrium decreases with transport (0 < ∆10 ≤317

1; Fig. 4b-c). Like regime III, the solid is modified by each passing fluid parcel, so sub-318

sequent fluid entering the domain will not exit the domain with the same composition319

as fluid entering prior or after it. These regimes are summarized in a “phase diagram”320

of model behavior in the Da and τ ′ space (Fig 5a; for simplicity, we report ∆10 for fluid1321

in Fig. 2c, which enters the inlet with εNd,fl = +8). Generally, for partial Nd isotopic322

equilibration (regime II) between basaltic melts (εNd = +8, ≈ 30 ppm Nd) and CLM323

(here εNd = −2, 1 ppm Nd), we require Da > 10 (Fig 5a). As demonstrated in Fig324

5b, if we use Ds = 10−17 m2/s as a reasonable solid diffusivity, Da ≥ 10 may be achieved325

for a wide range of geologically-reasonable parameters: e.g., Da = 10 for v = 1 m/yr,326

d = 1 m, and a reaction rate of R ≈ 1.5× 10−13 m/s).327

4 Discussion328

The results above suggest that Nd isotopic equilibration during channelized trans-329

port maybe be categorized into three regimes of behavior as a function of the dimension-330

less Dahmköhler number Da and perturbation timescale τ ′ (Fig. 5). This categoriza-331

tion also appears in other 1D melt transport models (Hauri, 1997; Kenyon, 1993) and332

in isotopic advection-reaction models for hydrothermal fluids moving through rock (Farmer333

& DePaolo, 1997), suggesting they are a generic feature of 1D fluid-solid advection-diffusion/reaction334

transport models. The applicability of these 1D results, and previous 1D approaches (Hauri,335
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1997; Kenyon, 1993), to magma transport within the CLM is limited as the approach336

is confined to a single transport direction with constant relative velocity v and constant337

geometry and material properties within the domain. The 3D effects of channel geom-338

etry (sinuosity, orientation, etc.) are combined into two scalars, d and ϕ, the channel spac-339

ing and volume fraction (cf. Roy, 2022). We mitigate this to some extent in this study,340

however, by confining our attention to short transport distances (≈ 10 km) and chan-341

nel spacings d ≥ 1 m, even though geologic observations support the idea of channel-342

ized flow at the sub-meter scale (e.g., Braun & Kelemen, 2002; Liang et al., 2010; LeR-343

oux et al., 2008). We recognize that over ≈10 km of transport the ambient temperature344

in the CLM may vary by several tens of degrees (e.g., equilibrium thermal gradient of345

5oC/km) and one might expect thermally-driven variations of material parameters (Ds,346

Df , K; e.g., Van Orman et al. (1998)). On the other hand, transient heating due to melt347

transport (e.g., Roy, 2022) may mitigate this effect. The lack of combined heat and mass-348

transfer across channel walls is a limitation of these 1D models, and beyond the scope349

of this study. Therefore, the models above are best regarded as representing the time-350

averaged effects of a stochastic transport process (e.g., an ensemble of ephemeral dikes351

or channels) within the CLM, when transport in a particular direction dominates over352

others. By considering d ≥ 1 m, we adopt a conservative approach: our estimates of353

the degree of isotopic equilibration is likely a lower bound, as sub-meter spacings would354

likely lead to higher interphase contact area per unit volume and therefore more exchange355

across channel walls. Unlike melt distributed at the grain-scale (Hirth & Kohlstedt, 2003),356

the effect of the melt-rich channels on the overall rheology of the CLM is not well-understood,357

so it is difficult to quantify how the range of channel volume fraction ϕ here would af-358

fect the overall deformation of the lowermost CLM. Furthermore, processes such as re-359

active exchange via dissolution/precipitation may alter the channel geometry parame-360

ters (d and ϕ, assumed constant here). In this model, we ignore such feedbacks. With361

these caveats in mind, three robust results emerge for models with geologically reason-362

able channel spacings d = 1 to 100 m, channel volume fractions ϕ = 0.05 to 0.2, and363

a conservative estimate for the effective Nd diffusivity in the channel walls Ds = 10−17
364

m2/s, as follows.365

First, partial Nd isotopic equilibration during channelized transport within the CLM366

is achievable for Da ≥ 10 for a broad range of perturbation timescales (regime II in Figs367

4b and 5a). This situation is likely if the dimensionless linear reaction (assimilation) rate368
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R/v is higher than 2×10−6 to 10−5, which for a channel flow rate of v =1 m/yr leads369

to R = 1.5 × 10−13 m/s (Fig. 5b). This conclusion is unchanged even if Ds = Dx =370

10−19 m2/s is assumed, as the diffusive timescale is much longer than that for reaction371

so the exchange timescale, and therefore Da, is more strongly controlled by τr than τd.372

While the simulations above assume an in-channel advective velocity v = 1 m/yr, we373

do not specify the physical orientation of the transport direction (+x̂). The results are374

therefore a first-order estimate to the degree of isotopic equilibration expected across chan-375

nels of any orientation. Vertical melt ascent rates may however be up to 101 m/yr (e.g.,376

Katz et al., 2022) and if transport direction is dominantly vertical with v = 10 m/yr377

instead of 1 m/yr, (for d = 1 m, ϕ = 0.1, R = 1.5× 10−13 m/s) Da would be reduced378

from 10 to 1. In this case, reaching regime II would require a larger reaction rate, R =379

10−12 m/s. To put these reaction rates in context, the kinetics of transient crystal dis-380

solution and precipitation driven by chemical disequilibrium in a binary or ternary melt381

system (Liang, 2003) predict R ≈ 2 × 10−11 m/s (for diffusion-in-solid limited disso-382

lution) up to R ≈ 2 × 10−8 m/s (for diffusion-in-melt limited dissolution). Linear re-383

action rates R = 10−12 to 10−13 m/s needed to achieve Da=10 for melt ascent rates384

v=1 to 10 m/yr (e.g., for d=1 m, and ϕ=0.1; Fig 5b), fall well below kinetically-constrained385

dissolution/precipitation rates. Therefore, partial Nd equilibration in the presence of chem-386

ical and isotopic disequilibrium between infiltrating melts and their surrounding wall-387

rock, a hallmark of regime II behavior in our models (Figs 4 & 5), is geologically feasi-388

ble.389

Second, if Da ≥ 102, partial equilibration by open-system interactions over 10 km390

of transport is sufficient to achieve ∆10 ≥ 0.5 (Fig 5a). For a fluid parcel that enters391

the CLM with a maximum initial isotopic contrast of +10 epsilon units (e.g., for fluid1392

in our models εNd,f0 = +8 and εNd,s0 = −2), this is equivalent to an isotopic shift of393

5 epsilon units. The transport distance needed to change the fluid εNd,f by a similar amount394

in subsequent fluid parcels, however, would be larger as the surrounding solid equilibrates395

towards the perturbed fluid value from earlier fluid parcels, thus decreasing the degree396

of disequilibrium between later-entering fluid parcels and the wallrock.397

Third, returning to the observations of Cenozoic basalts in SWNA, this process would398

predict a temporal shift in εNd in primitive basalts through time from low to high val-399

ues, as corroborated by observations in specific localities such as the southern Rio Grande400

Rift (e.g., Fig. 17 in Farmer et al., 2020). Additionally, the CLM in SWNA has under-401
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gone significant thinning in Cenozoic time, which also drives the temporal shift in εNd.402

For primitive basalts with subduction-related low Ta/Th but CLM-like negative εNd (Fig403

1a), our models suggest that one explanation may be a much lower Da for Ta and/or404

Th exchange (e.g., regime I, no equilibration) than for Nd (regime II, partial equilibra-405

tion) during transport of these rocks. However, it is difficult to envision a scenario where406

trace element exchange is significantly slower for Ta and/or Th vs for Nd in the pres-407

ence of a given channel network geometry, with wallrock-channel mass transfer via re-408

active assimilation and diffusive processes. An alternate explanation is that the infiltrat-409

ing asthenospheric melts and lowermost CLM had similar, low Ta/Th values (< 0.2)410

but the former had higher εNd at the outset. Typical upper mantle has a Ta/Th ∼ 1411

(Farmer et al., 2020) but there is evidence that subarc asthenosphere, even if initially412

involved in flux melting during active subduction, can be subsequently refertilized through413

interaction with low Ta/Th magmas as active subduction proceeds (Chin et al., 2014).414

This process imparts LREE enrichments and low Ta/Th values to the mantle. After ces-415

sation of subduction, and stabilization in continental lithosphere, this mantle develops416

increasingly negative εNd values and isotopic disequilibrium with underlying convect-417

ing upper mantle, while retaining low Ta/Th values. If at least the base of the Precam-418

brian mantle lithosphere in SWNA evolved In this fashion, then low Ta/Th asthenosphere-419

derived melts infiltrating the low Ta/Th base of the CLM during the Late Cretaceous420

and Cenozoic would have Nd isotopic compositions in disequilibrium across channel walls421

and therefore partially equilibrate, without substantially modifying the melt Ta/Th val-422

ues.423

The idea that channelized melt and wallrock experience different degrees of dise-424

quilibrium in the Nd isotopic and Ta/Th systems is supported by the observation that,425

in some parts of SWNA, the transition from low to high εNd (and the correlated tran-426

sition from low to high Ta/Th) occur progressively in time (Farmer et al., 2020; Farmer,427

2022). In a subduction setting, where the upper plate CLM is infiltrated by high εNd428

and low Ta/Th melts produced in the mantle wedge, our models would predict that regime429

III behavior is required for a progressive modification of the wallrock leading to a tem-430

poral transition from low to high εNd. However, the end product of such progressive mod-431

ification of wallrock would generate basalts with high εNd and low Ta/Th, in contradic-432

tion with the observations (Fig 1a). This effectively rules out regime III behavior as an433

explanation for the correlated transition in Nd isotopes and in Ta/Th (Fig 1a). While434
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the simultaneously low εNd and low Ta/Th may be explained by partial Nd isotopic equi-435

libration between a low Ta/Th (metasomatized) ancient CLM high Ta/Th (regime II be-436

havior, as we have argued above), our models imply that protracted transport of melts437

derived from the mantle wedge through the CLM cannot explain the correlated increase438

in both εNd and Ta/Th in SWNA alkali basalts. Instead, a different process must be in-439

voked, namely, that the Ta/Th composition of infiltrating melts changes through time,440

from low to high values. A geologically-reasonable scenario would be that, as SWNA un-441

derwent a transition from subduction to Neogene CLM thinning and extension, processes442

generating parental melts changed from flux-melting (low Ta/Th) to decompression melt-443

ing (high Ta/Th; Fig 1b), with a concommittant shift in parental melt Ta/Th from low444

to high values.445

5 Conclusions446

We use idealized 1D transport models to provide a strong argument for reassess-447

ing the role of open-system interactions between channelized melt and its surrounding448

wallrock in driving trace element chemical and isotopic equilibration. Within the con-449

tinental lithospheric mantle (CLM), where melt transport is likely to be channelized, our450

models constrain the relative importance of mass exchange across channel walls driven451

by both diffusion and reactive assimilation processes. We show that configurational anisotropy452

due to the presence of high-diffusivity grain boundaries may enhance the effective dif-453

fusivity of the wallrock, however, diffusion alone cannot drive partial equilibration be-454

tween infiltrating melts and the CLM. Instead, for geologically-reasonable parameters,455

we show that reactive assimilation is required for partial equilibration between channel-456

ized melts and the CLM. The models are used to explore the implications of observed457

Nd isotopic compositions and Ta/Th ratios in Cenozoic basalts from southwestern North458

America. Specifically, we show that partial equilibration of Nd isotopes during transport459

of parental melts through the CLM provides a mechanism to explain the observation of460

primitive basalts that have simultaneously low Ta/Th and low εNd.461
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Figure 1. (a). εNd vs Ta/Th in Cenozoic basalts with SiO2<52 wt% within SWNA (small

black dots, N=1528, from Farmer et al. (2020)). Green boxes indicate range of εNd 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 com-

positions (εNd) and CLM in regions underlain by Precambrian lithosphere in SWNA. Left: At

end of the Cretaceous Era, thick low εNd mantle lithosphere was underlain by the subducted

oceanic Farallon plate. Hydrous fluids and volatiles drove flux melting in high εNd asthenosphere,

producing low Ta/Th in resulting basalts, which bear a low εNd signature that may be a result of

transport through thick CLM (as investigated here). Middle: Fluids from a low-angle subducted

plate may have variably metasomatized the overlying CLM. Right: After removal of the Farallon

slab, eruption of variable εNd basalts may be due to in situ melting of metasomatized CLM (low

εNd, intermediate Ta/Th) and by upwelling and decompression melting of asthenosphere be-

neath thinned CLM (high εNd 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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Figure 2. (a) Diagram of melt-rich channels (“fluid”=f , reddish) within a melt-poor region

(“solid”=s, greenish). Melt-rich channels are spaced an average distance d apart with volume

fraction ϕ; material in the channels has an average velocity v relative to the surrounding rock.

The complex melt-transport system is idealized in a 1D model, valid over a length scale where

d and ϕ maybe considered nearly constant, and which includes processes: (1) diffusion within

the solid, (2) solid-fluid diffusion across the interface, (3) diffusion within the fluid, and (4) fluid

advection. (b) Idealized 1D model with channel geometry parameterized by d, ϕ, and channel

material velocity, v. As illustrated, changing d with a fixed ϕ is equivalent to changing the inter-

phase contact area per unit volume, following Roy (2022). (c) illustrates a step-like perturbation

(with rise-time w0) in εNd and Cf 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 per-

turbation (e.g., εNd reaches +8), and fluid1 as the fluid parcel that enters the domain at t1. In

Fig. 4, we track the evolution of this parcel along with fluid2 and fluid3, 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, ∆10, illustrated in Fig 4 and 5a, based on the evolution of fluid1 as it enters the

domain.
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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 con-

figuration of grains is digitized from a peridotite thin-section (from http://microckscopic.ro/).

We solve the 2D diffusion equation for (dimensionless) concentration subject to boundary con-

ditions shown on (a) and initial condition C(x, y, t=0)=0 everywhere (see Supplementary text

S4 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) Row-

averaged concentration (direction of averaging indicated on (d)) through time with an effective

diffusivity estimated by fitting erfc(y/
√
tDs) (red dashed line) to the concentration profile at

time t.
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Figure 4. Tracking (Lagrangian) fluid isotopic evolution in response to a smoothed step-

perturbation in both CNd,f and εNd,f , within fluid parcels that enter the domain with εNd,l of

+8 (indicated as fluid1, fluid2, and fluid3 as in Fig. 2c; corresponding profiles for CNd,fl and

CNd,sl are provided in Figure S1). Profiles of εNd,l,f (solid lines), as well as the εNd,L,s adjacent

to the parcel (dashed) are shown vs time since entry (t − tentry). For relative fluid-solid velocity

v=1 m/yr, in a Lagrangian reference frame the time since entry in Kyrs is (relative distance trav-

eled in km)/v; 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 τ ′ = w0/τex, as indicated; other parame-

ters are as in Table 1: ϕ = 0.1, Df = 10−11 m2/s, Ds = 10−17 m2/s, w0 = 1 Kyr, K = 0.0066.

In each case, the degree of equilibration after 10 km of transport (shaded gray region), ∆10 is

indicated for fluid1 (definition in upper left frame and in text). Three regimes of behavior are

evident: (I) ∆10 ≈ 0 (in (a), no equilibration), (II) ∆10 > 0 (in (b) and (c), partial equilibration),

(III) ∆10 < 0 (in (d), local equilibrium). Corresponding profiles of εNd,f and εNd,s vs position in

a domain-fixed reference frame (Eulerian) at different times are shown in Supplementary Fig. S3.
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Figure 5. (a) Heat map of the degree of equilibration after 10 km of transport, ∆10, as a

function of dimensionless numbers Da and τ ′, 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 deter-

mined as discussed in the text. (b) Contours of Da as a function of dimensionless channel spac-

ing d/L and dimensionless reaction rate R/v. 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 = 1.5 × 10−13 m/s for a model with

ϕ = 0.1, Ds = 10−17 m2/s, w0 = 1 Kyr, and K = 0.0066.
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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 & Lassiter (2012)

Nd concentration in fluid Cf 30 ppm See Suppl S2

εNd solid (CLM) εNd,s -2 (−10) to (−2), D. J. DePaolo & Daley (2000)

εNd fluid (Asthenosphere) εNd,f +8 +7 to +9, D. J. DePaolo & Daley (2000)

Bulk mineral-melt partition coefficient KNd 0.0066 Salters & Longhi (1999), composition from Farmer et al. (2020)

In-channel melt velocity vchannel 1 m/yr 1 to 102 m/yr, Katz et al. (2022)

{fluid, solid} Density {ρf , ρs} {2800, 3300} kg/m3 Lesher & Spera (2015)

Channel flow coefficient α 10 Bodinier et al. (1990); Hauri (1997)

Separation of melt-rich channels d 1 to 102 m 10−1 to 103 m, LeRoux et al. (2008); Braun & Kelemen (2002)

Volume fraction of melt-rich channels ϕ 0.05 to 0.2 Liu and Liang (2017)

Nd diffusivity in fluid Df 10−11 m2/s Lesher (1994)

Nd diffusivity in crystals Dx 10−19 to 10−17 m2/s Tirone et al. (2005); VanOrman et al. (2002); Ganguly et al. (1998)

Solid (grain boundary) diffusivity DGB 104Dx DGB/Dx = 103−8, Hiraga et al. (2007a,b); Shewmon (1989)

Linear reaction rate R 10−14 to 10−13 m/s required to achieve Da = [0, 30] in Fig 5b

Effective solid diffusivity Ds Ds = 10−17 m2/s following Hiraga et al. (2007b) and Fig 3

Fluid perturbation rise time w0 1 kyr

Citations in Supplementary Information: D. DePaolo & Wasserburg (1976); Walker et462

al. (2006)463

Open Research464

Trace element geochemical data used in this study are identical to that in Farmer465

et al. (2020), with the criterion of wt. % SiO2 <52. These data are originally available466

from the NAVDAT/EarthChem database (http://portal.earthchem.org/ using the ge-467

ographic and temporal criteria for Cenozoic basalts in southwestern North America). The468

models use Python and Julia; the codes are available at public repository, Roy (2024).469
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Jaseliūnaitė, J., Povilaitis, M., & Galdikas, A. (2022). Kinetic modeling of grain540

boundary diffusion: Typical, bi-modal, and semi-lamellar polycrystalline coating541

morphologies. Coatings, 12 (7).542

Johnson, T., & DePaolo, D. (1994). Interpretation of isotopic data in groundwater543

–24–



manuscript submitted to Geochemistry, Geophysics, Geosystems

rock systems: Model development and application to sr isotope data from yucca544

mountain. Water Resources Research, 30 (5), 1571-1587.545

Katz, R., Jones, D., Rudge, J., & Keller, T. (2022). Physics of melt extraction from546

the mantle: Speed and style. Annual Reviews of Earth and Planetary Sciences,547

50 , 507-540.548

Kenyon, P. (1993). Trace elements in migrating high-temperature fluids: Effects of549

diffusive exchange with the adjoining solid. JGR, 98 , 22,007-22,020.550

LeRoux, V., Bodinier, J., Tommasi, A., Alard, O., Dautria, J., Vauchez, A., &551

Riches, A. (2007). The lherz spinel lherzolite: Refertilized rather than pristine552

mantle. Earth and Planetary Science Letters, 259 , 599–612.553

LeRoux, V., Bodinier, J.-L., Alard, O., & S.Y. O’Reilly, W. G. (2008). Isotopic de-554

coupling during porous melt flow: A case-study in the lherz peridotite. Earth and555

Planetary Science Letters, 279 , 76-85.556

Lesher, C. E. (1994). Kinetics of sr and nd exchange in silicate liquids: Theory,557

experiments, and applications to uphill diffusion, isotopic equilibration, and irre-558

versible mixing of magmas. JGR, 99 (B5), 9585-9604.559

Lesher, C. E. (2010). Self-diffusion in silicate melts: Theory, observations and appli-560

cations to magmatic systems. Reviews in Mineralogy and Geochemistry , 72 , 269-561

309.562

Lesher, C. E., & Spera, F. J. (2015). Thermodynamic and transport properties of563

silicate melts and magma. In (2nd ed., chap. 5). Academic Press.564

Liang, Y. (2003). Kinetics of crystal-melt reaction in partially molten silicates: 1.565

grain scale processes. Geochemistry, Geophysics, Geosystems, 4 (5).566

Liang, Y., Schiemenz, A., Hesse, M., Parmentier, E. M., & Hesthaven, J. S. (2010).567

High-porosity channels for melt migration in the mantle: Top is the dunite and568

bottom is the harzburgite and lherzolite. GRL, 37 .569

Liu, B., & Liang, Y. (2017). The prevalence of kilometer-scale heterogeneity in the570

source region of morb upper mantle. Science, 3 .571

McCulloch, M. T., & Gamble, J. (1991). Geochemical and geodynamical constraints572

on subduction zone magmatism. Earth and Planetary Science Letters, 102 (3-4),573

358–374.574

Menzies, M. A., Leeman, W. P., & Hawkesworth, C. J. (1983). Isotope geochemistry575

of cenozoic volcanic rocks reveals mantle heterogeneity below western usa. Nature,576

–25–



manuscript submitted to Geochemistry, Geophysics, Geosystems

303 (5914), 205–209.577

Navon, O., & Stolper, E. (1987). Geochemical consequences of melt percolation: the578

upper mantle as a chromatographic column. Journal of Geology , 95 (3), 285-307.579

Oliveira, B., Afonso, J. C., & Tilhac, R. (2020). A disequilibrium reactive transport580

model for mantle magmatism. Journal of Petrology , 61 (9), egaa067.581

Peate, D. W., Pearce, J. A., Hawkesworth, C. J., Colley, H., Edwards, C. M., &582

Hirose, K. (1997). Geochemical variations in vanuatu arc lavas: the role of sub-583

ducted material and a variable mantle wedge composition. Journal of Petrology ,584

38 (10), 1331–1358.585

Reddy, S. M., Saxey, D. W., Rickard, W. D., Fougerouse, D., Montalvo, S. D., Ver-586

berne, R., & Van Riessen, A. (2020). Atom probe tomography: Development and587

application to the geosciences. Geostandards and Geoanalytical Research, 44 (1),588

5–50.589

Roy, M. (2022). Assessing the role of thermal disequilibrium in the evolution of the590

lithosphere-asthenosphere boundary: An idealized model of heat exchange during591

melt-transport. JGR Solid Earth.592

Roy, M. (2024). mousumiroy-unm/endmelttransport: v1.0.1 (v1.0.1). Zen-593

odo(https://doi.org/10.5281/zenodo.13732506).594

Salters, V. J., & Longhi, J. (1999). Trace element partitioning during the initial595

stages of melting beneath mid-ocean ridges. Earth and Planetary Science Letters,596

166 (1-2), 15-30.597

Shewmon, P. (1989). Diffusion in solids. The Minerals, Metals, and Materials Soci-598

ety.599

Soustelle, V., A.Tommasi, Bodinier, J. L., Garrido, C. J., & A.Vauchez. (2009). De-600

formation and reactive melttransport in the mantle lithosphere above a large-scale601

partial melting domain: the ronda peridotite massif, southern spain. Journal of602

Petrology , 50 (7), 1235-1266.603

Stracke, A. (2021). A process-oriented approach to mantle geochemistry. Chemical604

Geology , 579 , 120350.605

Stracke, A., & Bourdon, B. (2009). The importance of melt extraction for tracing606

mantle heterogeneity. Geochimica et Cosmochimica Acta, 73 (1), 218-238.607

Tirone, M., Ganguly, J., Dohmen, R., Langenhorst, F., Hervig, R., & Becker, H.-608

W. (2005). Rare earth diffusion kinetics in garnet: experimental studies and609

–26–



manuscript submitted to Geochemistry, Geophysics, Geosystems

applications. Geochimica et Cosmochimica Acta, 69 (9), 2385–2398.610

Van Orman, J. A., Grove, T. L., & Shimizu, N. (1998). Uranium and thorium diffu-611

sion in diopside. Earth and Planetary Science Letters, 160 (3-4), 505–519.612

VanOrman, J. A., Grove, T. L., Shimizu, N., & Layne, G. D. (2002). Rare earth ele-613

ment diffusion in a natural pyrope crystal at 2.8 gpa. Contrib Mineral Petrol , 142 ,614

416-424.615

Walker, J., Bowers, T., Black, R., Glazner, A., Farmer, G., & Carlson, R. (2006).616

A geochemical database for western north american volcanic and intrusive rocks617

(navdat). Special Paper - Geological Society of America, 397 , 61-71.618

Watkins, J. M., DePaolo, D. J., Ryerson, F. J., & Peterson, B. T. (2011). Influence619

of liquid structure on diffusive isotope separation in molten silicates and aqueous620

solutions. Geochimica et Cosmochimica Acta, 75 , 3103-3118.621

Watkins, J. M., DePaolo, D. J., & Watson, E. B. (2017). Kinetic fractionation of622

non-traditional stable isotopes by diffusion and crystal growth reactions. Reviews623

in Mineralogy and Geochemistry , 82 , 85-125.624

Watkins, J. M., Liang, Y., Richter, F., Ryerson, F. J., & DePaolo, D. J. (2014).625

Diffusion of multi-isotopic chemical species in molten silicates. Geochimica et626

Cosmochimica Acta, 139 , 313–326.627

Zhang, Y. (2010). Diffusion in minerals and melts: Theoretical background. Reviews628

in Mineralogy and Geochemistry , 72 , 5-59.629

–27–



GEOCHEMISTRY, GEOPHYSICS, GEOSYSTEMS

Supporting Information for “Nd isotopic1

equilibration during channelized melt transport2

through the lithosphere: a feasibility study using3

idealized numerical models”4

Mousumi Roy1, G. Lang Farmer2, and Kellen Malone1

1Department of Physics and Astronomy, University of New Mexico, Albuquerque, NM 87109, USA5

2Department of Geological Sciences and CIRES, University of Colorado Boulder, Boulder, CO, USA6

Contents of this file7

1. Mole fraction evolution equations8

2. Chemical and isotopic perturbations9

3. Nondimensionalization and numerical methods10

4. 2D Grain-Scale Model of Effective Diffusivity11

5. Supplementary Figures S1 to S412

September 1, 2024, 4:41pm



X - 2 :

S1. Mole fraction evolution equations

To derive equations for the mole fraction f in the fluid and solid, we start with the pair13

of modified advection-diffusion equations for the concentration of total Nd in the fluid14

and solid and define the LHS sides to equal to some gradients in flux −∂J/∂x:15

∂Cf (x, t)

∂t
+ v

∂Cf (x, t)

∂x
= −(1− ϕ)ρs

ϕρf

1

τex
(KCf (x, t)− Cs(x, t)) +Df

∂2Cf (x, t)

∂x2
≡ −∂Jf

∂x

(1)

∂Cs(x, t)

∂t
=

1

τex
(KCf (x, t)− Cs(x, t)) +Ds

∂2Cs(x, t)

∂x2
≡ −∂Js

∂x
(2)

We are only considering 2 Nd isotopes in the fluid and solid:16

C = C143 + C144 (3)

The LHS of Eqns (1) and (2) after expanding by isotope are:17

∂Cf (x, t)

∂t
+ v

∂Cf (x, t)

∂x
=

∂C143
f (x, t)

∂t
+ v

∂C143
f (x, t)

∂x
+

∂C144
f (x, t)

∂t
+ v

∂C144
f (x, t)

∂x
(4)

∂Cs(x, t)

∂t
=

∂C143
s (x, t)

∂t
+

∂C144
s (x, t)

∂t
(5)

We then expand the RHS of (1) and (2) and separate out the flux into isotopic compo-18

nents19

−∂Jf
∂x

= −
∂J143

f

∂x
−

∂J144
f

∂x
(6)
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−∂Js
∂x

= −∂J143
s

∂x
− ∂J144

s

∂x
(7)

Then equating same isotopes20

∂C144
f

∂t
+ v

∂C144
f

∂x
= −(1− ϕ)ρs

ϕρf

1

τex
(KC144

f (x, t)− C144
s (x, t)) +Df

∂2C144
f (x, t)

∂x2
= −

∂J144
f

∂x

(8)

∂C143
f

∂t
+ v

∂C143
f

∂x
= −(1− ϕ)ρs

ϕρf

1

τex
(KC143

f (x, t)− C143
s (x, t)) +Df

∂2C143
f (x, t)

∂x2
= −

∂J143
f

∂x

(9)

∂C144
s

∂t
=

1

τex
(KC144

f (x, t)− C144
s (x, t)) +Ds

∂2C144
s (x, t)

∂x2
= −∂J144

s

∂x
(10)

∂C143
s

∂t
=

1

τex
(KC143

f (x, t)− C143
s (x, t)) +Ds

∂2C143
s (x, t)

∂x2
= −∂J143

s

∂x
(11)

Next we substitute the isotopic concentrations with21

C143(x, t) = (1− f(x, t))C(x, t) (12)

C144(x, t) = f(x, t)C(x, t) (13)

and using the product rule we get22

∂C144
f (x, t)

∂t
+ v

∂C144
f (x, t)

∂x
= ff

(
∂Cf

∂t
+ v

∂Cf

∂x

)
+ Cf

(
∂ff
∂t

+ v
∂ff
∂x

)
= −

∂J144
f

∂x
(14)
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∂C144
s (x, t)

∂t
= fs

(
∂Cs

∂t

)
+ Cs

(
∂fs
∂t

)
= −∂J144

s

∂x
(15)

and equivalently for the other isotope. The LHS of (14) and (15) are replaced with the23

gradient in flux and rearranged.24

∂ff
∂t

+ v
∂ff
∂x

=
1

Cf

(
−
∂J144

f

∂x
+ ff

∂Jf
∂x

)
(16)

∂fs
∂t

=
1

Cs

(
−
∂J144

f

∂x
+ fs

∂Js
∂x

)
(17)

The isotopic fluxes are replaced with their equivalent exchange and diffusion terms.25

∂ff
∂t

+ v
∂ff
∂x

=
1

Cf

(
−(1− ϕ)ρs

ϕρf

1

τex
(KC144

f (x, t)− C144
s (x, t)) +Df

∂2C144
f (x, t)

∂x2
+ ff

∂Jf
∂x

)
(18)

∂fs
∂t

=
1

Cs

(
1

τex
(KC144

f (x, t)− C144
s (x, t)) +Ds

∂2C144
s (x, t)

∂x2
+ fs

∂Js
∂x

)
(19)

Substituting the isotopic concentrations with the product of f and C and expanding26

with the product rule yields the final equations for f .27

∂ff
∂t

+ v
∂ff
∂x

=
1

Cf

(
−(1− ϕ)ρs

ϕρf

1

τex
Cs(ff − fs) + 2Df

∂ff
∂x

∂Cf

∂x
+Df

∂2ff
∂x2

Cf

)
(20)

∂fs
∂t

=
1

Cs

(
1

τex
KCf (ff − fs) + 2Ds

∂fs
∂x

∂Cs

∂x
+Ds

∂2fs
∂x2

Cs

)
(21)

(1− f)/f then gives the concentration of 143Nd/144Nd in the fluid or solid.28
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1− f

f
=

143Nd
144Nd

(22)
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S2. Chemical and isotopic perturbations

We choose the modal concentration from Cenozoic basalts in SWNA (30 ppm; Fig S3),29

as the perturbation imposed on fluid entering at t > 0, after an initial steady state. Nd30

concentration in the solid is based on mantle xenoliths of (Byerly & Lassiter, 2012) and31

for this work is taken to be 1 ppm. The conversion from ppm Nd to mol fraction is as32

follows:33

30 ∗ 10−6 g Nd

1 g rock
∗ 1 mol Nd

144 g Nd
∗ 1000 g

1 kg
∗ 2800 kg

m3
∗ 23.8 144Nd

100 Nd
= 0.1388

mol 144Nd

m3
(1)

(
εNd,f1

10, 000
+ 1

)
∗ ICHUR ∗ 0.1386mol 144Nd

m3
= 0.07099

mol 143Nd

m3
(2)

Cf1 = 0.07099
mol143Nd

m3
+ 0.1386

mol144Nd

m3
= 0.2096

mol Nd

m3
(3)

Where ICHUR = (143Nd/144Nd)CHUR = 0.511836 (DePaolo & Wasserburg, 1976). Sim-34

ilarly, we calculate Cs0 with an additional step of using an equilibrium condition at the35

fluid-solid interface to calculate the equilibrium fluid concentration Cf0.36

1 ∗ 10−6 g Nd

1 g rock
∗ 1 mol Nd

144 g Nd
∗ 1000 g

1 kg
∗ 3300 kg

m3
∗ 23.8 144Nd

100 Nd
= 0.005454

mol 144Nd

m3
(4)

(
εNd,f0

10, 000
+ 1

)
∗ ICHUR ∗ 0.005454mol 144Nd

m3
= 0.002791

mol 143Nd

m3
(5)

Cs0 = 0.005454
mol143Nd

m3
+ 0.002791

mol144Nd

m3
= 0.008245

mol Nd

m3
(6)
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Cf0 = Cs0/K = 0.008245
mol Nd

m3
/0.025 = 0.3298

mol Nd

m3
(7)
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S3. Nondimensionalization and numerical methods

To nondimensionalize the Equations (??) to (??) in the paper, we define a length scale37

L, the domain length, and time scale T = d2/Ds and define nondimensional quantities38

x′ = x/L and t′ = t/T . We define the dimensionless Dahmkohler number Da in Eqn39

(5) as a weighted ratio of the advective and exchange timescales, τad and τex. The ex-40

change timescale is a function of both diffusion and reaction parameters (Ds, R) and41

channel geometry parameters (d and ϕ). This leads to Da varies as illustrated in Fig S1.42

Substituting x = x′L and t = t′T , Eqns (1), (2), (20), and (21) in 1 become:43

∂Cf

∂t′
+

∂Cf

∂x′ = −Da(KCf − Cs) +
Df

Lv

∂2Cf

∂x′2 (1)

∂Cs

∂t′
= Da

ϕρf
(1− ϕ)ρs

(KCf − Cs) +
Ds

Lv

∂2Cs

∂x′2 (2)

∂ff
∂t′

+
∂ff
∂x′ =

1

Cf

(
−DaCs(ff − fs) + 2

Df

Lv

∂ff
∂x′

∂Cf

∂x′ +
DfCf

Lv

∂2ff
∂x′2

)
(3)

∂fs
∂t′

=
1

Cs

(
Da

ϕρf
(1− ϕ)ρs

KCf (ff − fs) + 2
Ds

Lv

∂fs
∂x′

∂Cs

∂x′ +
DsCs

Lv

∂2fs
∂x′2

)
(4)

The domain length L = 105 m is discretized into N points with dx = L/N , and the44

total simulation time tmax = 105 yrs is discretized into Nt = tmax/dt time steps. The45

numerical scheme implemented is a finite difference explicit time leapfrog, center space on46

the dimensional and nondimensional set of equations described above. Values dx = 0.0547

km and dt = 0.05 years (N = Nt = 2000) are chosen to eliminate numerical instabilities.48
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A smoothed step-change ∆εNd,f in the isotopic composition of the incoming fluid is

represented by

εNd,f (0, t) = εNd,f0 +
∆εNd,f

2

(
1 + tanh

(
t− σ

w0

))
(5)

where εNd,f0 is the initial value and w0 a characteristic rise time (=1 Kyrs; Table ??)

and delay σ (= 5w0; Fig. ??c). For a given perturbation in εNd,f (0, t), the required

perturbation in ff (0, t) is

ff (0, t) =

[(
εNd,f (0, t)

10, 000
+ 1

)
∗ ICHUR + 1

]−1

(6)

where ICHUR = (143Nd/144Nd)CHUR. A change in the chemical composition of the incom-

ing fluid may be represented by a similar smoothed step function:

Cf (0, t) = Cf0 +
∆Cf

2

(
1 + tanh

(
t− σ

w0

))
(7)

where Cf0 is the starting value calculated from applying the equilibrium condition between49

the fluid and the solid concentrations, KCf0 = Cs0, where Cs0 is taken from mantle50

xenolith Nd concentrations in (Byerly & Lassiter, 2012). ∆Cf is taken from the mode of51

NAVDAT basalt Nd abundances (S2). Solutions for the evolution of εNd,f and εNd,s after52

the imposed perturbations are illustrated as a function of time and position within the53

domain in Fig S2.54
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S4. 2D Grain-Scale Model for Effective Diffusivity

To estimate the role of enhanced diffusivity and segregation of trace elements associated

with grain boundaries, we set up a simple 2D diffusion calculation within a square domain

with dimensionless width and height L = 10, discretized into N cells (N = nx ∗ny, where

nx = ny =256, 512, etc.). The model solves the diffusion equation for the evolution of a

hypothetical tracer concentration C(x, y, t):

∂2C(x, y, t)

∂t2
= ∇⃗ · (D(x, y)∇⃗C(x, y, t)) (1)

using the finite-difference method. The space derivatives utilize the ParallelStencil pack-55

age (https://github.com/omlins/ParallelStencil.jl) in a Julia code. The concen-56

tration C(x, y, t) function is obtained subject to an initial condition of C(x, y, 0 = 057

everywhere and a boundary condition of C(x, L, t) = 1 at the top edge. The diffusivity58

array D(x, y) is based on the configuration of grains in a thin section of a peridotite (from59

http://microckscopic.ro/). For each node in the model, we classify it as either within a60

grain boundary region or within a crystal. We assume that diffusivity in grain boundaries61

is enhanced by a factor E = DGB/Dx over the lattice value. We also allow for an (op-62

tional) segregation factor at grain boundaries. Time evolution utilizes a leapfrog method63

(see also Roy (2022)), with the time step dt chosen to stabilize the solution. Results in64

Fig 3 are shown for nx = ny = 256. We confirm that this resolution is sufficient and the65

results are independent of discretization (Fig. S4).66
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5. Supplementary Figures

Supplementary Figures S1 to S4.81
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Figure S1. For a domain length L=100 km and relative fluid-solid velocity of v=1 m/yr, the

Dahmköhler number is shown for various model parameters as indicated. Overall, it is a stronger

function of the linear reaction rate R than the wallrock diffusivity Ds (compare top left panel to

bottom and right).
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Da	=	3.3e1	
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Da	=	1.3e2	
	=	1.26e-1	𝑤0 /𝜏𝑒𝑥

Da	=	3.3e3	
	=	3.16	𝑤0 /𝜏𝑒𝑥
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Figure S2. Profiles of εNd,f (solid lines) and εNd,s (dashed lines) as a function of position

within the model domain in a fixed (Eulerian) reference frame, plotted at three times as indicated.

These profiles, with the Dahmköhler numbers as indicated, correspond to those in Fig. ?? in the

text.
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a. b.
N=2331 N=470

Figure S3. (a) Histogram of the number of basalt samples with a given Nd concentration in

ppm from a subset of samples from the NAVDAT database Walker et al. (2006). (b) Histogram

of Nd-isotopic composition of low silica basalts in (a) (wt % SiO2 ≤ 52 from Farmer et al. (2020)

.
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C(x,y,t)

t=295 yt=295 y

256 x 256 512 x 512

Figure S4. Resolution test comparing model results at equivalent times, but with different

resolutions, nx = ny = 256 (left) vs. nx = ny = 512.
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