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Key Points: 

¥! Reaction infiltration instability develops in experiments on wehrlites and harzburgites 

¥! Channelization establishes large compositional variations over short distances in the 
crystalized phases as well as in local melt.  

¥! Channelization greatly increases the modal abundance of olivine in the partially molten 
rock. 
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Abstract 

To investigate channelization during migration of a reactive melt, we performed a series 
of Darcy-type experiments in which an alkali basalt infiltrated partially molten harzburgites and 
lherzolites at a confining pressure of 300 MPa, temperatures of 1200û and 1250ûC, and pore 
pressure gradients of ~2 to 60 MPa/mm. We compare our results to those from previously 
published experiments performed on wehrlites. In all experiments, irrespective of the exact 
mineralogy, a planar reaction layer composed of olivine + melt developed in which all of the 
pyroxene was consumed. Under specific conditions controlled primarily by the melt flow 
velocity, finger-like channels composed of olivine + melt also developed. In wehrlites, these 
reaction infiltration instabilities formed at 1200û and 1250ûC at pressure gradients >25 and >5 
MPa/mm, respectively. In harzburgites, channelization occurred only at 1250ûC at a pressure 
gradient of 35 MPa/mm. In lherzolites, a planar melt-filled vein developed at 1250ûC; no finger-
like channels formed under a pressure gradient of ~25 MPa/mm. Both the finger-like channels 
and the planar vein led to very efficient extraction of melt from the reservoir. Channelization 
established large compositional variations over short distances in the crystalized phases as well 
as in the local melt and greatly enhanced the abundance of the reaction product, olivine, similar 
to dunite channels in the Earth. The range of chemical-mechanical responses displayed by this 
array of compositions provides a set of targets for reactive transport and mechanical modeling 
studies.   

1 Introduction  

Tabular dunites (>90% olivine) occur in many mantle sections of ophiolites as well as 
peridotitic massifs and typically form elongated bodies contained within the surrounding 
harzburgitic and lherzolitic mantle rock sequences (Nicolas 1986, Kelemen et al. 1992, 
Kruckenberg et al. 2013, Dygert et al. 2016). These dunite bodies are thought to represent high-
permeability channels that allow rapid extraction of melt from a partially molten mantle (Quick 
1982, Kelemen et al. 1992, 1995, Kelemen and Dick 1995), consistent with isotope disequilibria 
(Sims et al. 2003, Elliott and Spiegelman 2014). The presence of the dunite channels helps to 
explain one of the conundrums of mid-ocean ridge basalt (MORB) extraction; namely, MORBs 
are inferred to be undersaturated in the orthopyroxene phase, if they equilibrated at pressures less 
than at the Moho (!  1 GPa). However, orthopyroxene is abundant in the mantle through which 
the melts have to migrate. If the bulk of the migration occurs through dunite channels devoid of 
pyroxene, chemical disequilibrium can be maintained (Kelemen et al. 1995).  

It was postulated that the channels emerge due to a positive feed-back reaction in which 
pyroxene dissolves into the melt thus increasing local permeability. Subsequent elevated melt 
flow promotes further reaction in the region ultimately leading to reaction infiltration instabilities 
or RIIs (Ortoleva et al. 1985, Aharonov et al. 1995). Some controversy still persists regarding the 
relative importance of fracturing, reactive flow, and shear stress-driven melt segregation in the 
formation of dunite bodies (Nicolas 1986, Suhr et al. 1999, 2003, Holtzman et al. 2003, 
Kohlstedt and Holtzman 2009). The composition of the percolating melts and the total melt flux 
accommodated by the dunite channels in nature is diverse in a variety of tectonic settings 
producing reaction products with distinct mineralogies and structural relationships (Suhr 2003, 
Morgan et al. 2008, Abily and Ceuleneer 2012, Le Roux et al. 2014, Dygert et al. 2016). 
Nonetheless, the dunites appear to represent an important melt-migration feature in the upper 
mantle and as such have been the focus of several experimental investigations (Daines and 
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Kohlstedt 1994, Morgan and Liang 2003, 2005, Lundstrom 2003, Van Den Bleeken et al. 2010) 
and numerical modeling studies (e.g. Speigelman et al. 2001, Liang and Guo 2003, Speigelman 
and Kelemen 2003, Schiemenz et al. 2011, Hesse et al. 2011, Liang et al. 2010, 2011, Baltzell et 
al. 2015, Jordan and Hesse 2015, Rees Jones and Katz 2018).  

Until recently, however, experimental studies did not produce the channelization 
expected based on theoretical analyses of these systems, with one exception (Daines and 
Kohlstedt 1994), suggesting the possibility that either the numerical models or the experimental 
designs missed some critical component(s). Recently, we demonstrated that, under specific 
conditions governed primarily by an applied pressure gradient (and hence melt flow velocity), 
the pyroxene-consuming reaction does indeed lead to channelization of melt in wehrlitic (olivine 
+ clinopyroxene) rocks providing an important benchmark for the models (Pec et al. 2015, 
2017).  

In this manuscript, we expand on our previous work on reactive melt channelization by 
exploring the effects of varying mineralogy. As the mantle is composed mostly of olivine (Ol), 
orthopyroxene (Opx) and clinopyroxene (Cpx), we synthesized rocks that are composed of these 
minerals in various fractions. We used a single melt composition in order to maintain a 
manageable number of experiments. Given the scarcity of experimental evidence of reactive melt 
channelization in mantle lithologies, our goal is to a) determine if channelization occurs in 
lithologies other than wehrlite (Pec et al. 2015, 2017), b) compare the microstructural and 
chemical characteristics of the channels formed in various lithologies, and c) provide results for 
benchmarking models of RII with data from simplified systems investigated with well-defined 
boundary conditions.  

2 Materials and Methods 

2.1 Experimental details 

 We conducted a series of high-pressure, high-temperature, Darcy-flow type experiments 
in a gas-medium apparatus with a pore pressure actuator (Fisher and Paterson 1989, Paterson 
1990) by sandwiching a partially molten rock between a melt source (reservoir) and a rigid, 
porous-alumina melt sink. The pressure in the rigid porous-alumina sink was controlled 
independently of the confining pressure that acts on the whole sample assembly. A pressure 
difference between the source and the sink was hence established (see Pec et al. 2017 for details 
of the experimental design). The experiments were run at temperatures, T, of 1200û and 1250ûC, 
a confining pressure, Pc, of 300 MPa, and downstream pore pressures, Ppdownstream, of 0.1 - 300 
MPa for 0.5 - 7 hours; specifics are provided in Table 1.  

We synthesized partially molten samples of harzburgitic and lherzolitic compositions by 
hot pressing fine-grained (<10 µm) powders at Pc = 300 MPa and T = 1200ûC for 200 minutes. 
The harzburgitic samples were fabricated from a 50:50 vol% mixture of Ol (San Carlos) and Opx 
(Bamble enstatite) plus either 4 or 20 vol% of alkali basalt. The lherzolitic samples were 
prepared from a 65:25:10 vol% mixture of Ol, Opx and Cpx with a trace amount of chromite 
(Damaping lherzolite).  Previous experiments were carried out on wehrlitic samples hot pressed 
from a 50:50 vol% of Ol (San Carlos) and Cpx (Sleaford Bay pyroxenite) plus 4, 10 or 20 vol% 
alkali basalt (Pec et al. 2015, 2017). Because the mineral phase used to synthesize the 
harzburgitic and wehrlitic samples came from different tectonic settings, chemical equilibration 
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during hot pressing of these powders leads to some zonation in the minerals, especially in Cpx 
(Pec et al. 2017). Because all of the phases in the lherzolitic samples were derived from the same 
rock, the mineral phases are closer to chemical equilibrium. The mineral fractions were chosen 
as starting points for exploring the behavior of each synthetic rock system; with our results in 
hand, future studies will be well equipped to study other geologically important mineralogies. 

Alkali basalt powders (Hualalai AD 1800Ð1801 lava flow, Hawaii) with or without 1 
wt% of ytterbium (added as Yb2O3) or praseodymium (added as Pr2O3) were hot pressed at Pc = 
300 MPa and T = 1200ûC for 75 minutes to obtain a melt source for our infiltration experiments. 
Alkali basalt is undersaturated in silica at the experimental P-T conditions and thus dissolves 
Cpx as well as Opx to achieve equilibrium, as described by the general reaction (Longhi 2002) 

"#$%&' ( ')*+,-#.# '! '"#$%/ ' ( '0$121.#    (1) 

The addition of Yb or Pr to the alkali basalt for the experiments identified in Table 1 improved x-
ray attenuation for subsequent analyses of melt flow using x-ray computed tomography (!CT).  

2.2 Analytical methods 

For some samples, we captured !CT  images with a voxel size of ~5 !m  in order to 
reconstruct the channel morphology in three dimensions. Informed by the 3-D reconstruction, we 
cut and polished a surface of each sample parallel to the applied pressure gradient such that as 
many channels as possible were exposed on a polished surface passing close to the center of the 
sample. This surface was subsequently imaged using reflected light and scanning electron 
microscopy to map the distribution of quenched melt (glass at room P-T conditions) and of the 
individual minerals in the sample. In addition, the chemical compositions of the glass and 
minerals were determined using wavelength dispersive spectroscopy (WDS) with an electron 
microprobe (EMPA) in order to quantify the chemical changes accompanying reactive melt 
migration.     

3 Initial permeability and melt flow velocity calculations 

To calculate the initial permeability of the partially molten rocks at experimental P-T 
conditions, we used the porosity Ð permeability relationship  

    3 4
5/ 6 7

8
,  (2) 

where k is permeability, d is grain size, "  is melt fraction, m is the melt fraction exponent, and C 
is a tortuosity factor (Wark and Watson 1998, Miller et al. 2014, 2016) with C = 200 and m = 3 
(Wark and Watson 1998, see also discussion in Rudge 2018). We measured grain sizes of the 
starting samples, Figure 1, from high-magnification backscattered electron (BSE) images, 
recalculating the area of individual grains to obtain an equivalent circle diameter, dequ. The 
starting mean grain sizes in wehrlites were ~5 !m for Ol and ~3 !m for Cpx, in harzburgites ~5 
!m for Ol and ~3 !m for Opx, and in lherzolites ~5 !m for Ol, ~5 !m for Opx, and ~5 !m  for 
Cpx. To estimate the initial permeability, we used the volume weighted mean of the grain sizes 
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of all phases present. Hence, wehrlites and harzburgites had bulk starting grain sizes of ~4 !m 
and lherzolites of ~5 !m , respectively. 

As summarized in Table 1, the melt fraction ranged from 5 to 25 vol% determined via image 
analysis. These results are consistent with previously reported values under similar conditions 
(Zimmerman and Kohlstedt 2004) as well as thermodynamic calculations using pMELTS 
(Ghiroso et al. 2002). Note that this approach leads to a higher melt fraction in our wehrlitic 
samples than reported in our previous studies (Pec et al. 2015, 2017). In our previous studies we 
reported the amount of basalt added. 

To calculate the initial melt flux due to porous flow, we used DarcyÕs law 

    9 4
: 3

;
<

=>

=?
',  (3)       

where q is the Darcy velocity, ! is melt viscosity, and  
=>

=?
'is the pressure gradient that drives melt 

flow. We calculated melt viscosities of ! 1200ûC = 75 Pa s and !1250ûC = 33 Pa s based on the 
measured chemical composition of the melt and the experimental temperature using the model of 
Giordano et al. (2008). Finally, we calculated the macroscopic pressure gradient by dividing the 
difference between the confining pressure and the pore pressure in the sink by the length of the 
partially molten rock with the values summarized in Table 1. The macroscopic pressure gradient 
across the sample is thus (Ppupstream - Ppdownstream)/sample length, where Ppupstream = Pc and 
Ppdownstream = pressure in the pore pressure actuator. To calculate the pore-scale flow velocity, w0, 
we divided the Darcy velocity by the melt fraction, assuming that all of the pore space is 
interconnected and participates in melt flow. Note that the applied pressure gradients in the 
experiments are necessarily much larger than the body force driving melt flow in nature due to 
buoyancy ("#gh, where "# is the density difference of the solid and liquid phase), which are on 
the order of ~5 kPa/m.  The calculated melt flow velocities in our experiments (10-3 Ð 10 !m/s, 
that is, 0.3 Ð 300 m/year), nevertheless overlap with inferred melt flow velocities in nature (~1 Ð 
>10 m/year, Elliott and Spiegelman 2014, Rees Jones and Rudge 2020) due to the lower 
permeabilities of our fine-grained experimental samples. It is worth noting that this calculation 
only applies at time t = 0 and serves as an initial condition from which the system evolves. Once 
channelization occurs, the flow field is spatially heterogeneous. 

4 Results 

4.1 Melt migration on the sample scale 

The calculated melt velocity plotted in Figure 2 as a function of the pressure gradient for 
all of the experiments reveals a clear pattern; channelization does not occur on the timescale of 
experiments if the pressure gradient is low and, hence, melt flow is slow. A comparison of 
Figure 2a with Figure 2b reveals that channelization occurs more readily at 1250ûC than at 
1200ûC. Channels formed in wehrlites at both temperatures, while channelization occurred in 
harzburgites only at 1250ûC, and no reactive melt channels developed in lherzolite. Lherzolite 
with no basalt added has the lowest initial melt fraction and hence the lowest permeability ; 
furthermore, lherzolite also has the lowest fraction of soluble pyroxenes with ~0.35 of Opx + 
Cpx. In one of the lherzolite experiments, a thin, planar feature with elevated melt fraction 
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developed, which we refer hereafter as a vein. The vein led to very efficient extraction of melt 
from the melt reservoir, similar to that produced by the reactive infiltration instabilities.  

4.2 Reaction layers  

In every sample, a reaction layer forms at the interface between the melt reservoir and the 
unreacted partially molten sample (inflow boundary). Representative examples of reaction layers 
for all three lithologies are documented in Figure 3. Subtle differences in the reaction layer 
morphologies among samples provide clues to the variations in the ongoing reactions and melt 
pathways that develop in the sample interiors. To understand the mineralogy and permeability 
evolution due to reaction, we analyzed the reaction layers in detail. Four features change in these 
layers with respect to the unreacted partially molten rock: a) mineralogy, b) chemical 
composition of the grains and of the interstitial melt, c) grain size, and, d) melt fraction, 
illustrated in Figures 3 and 4 and discussed in further detail below.  

a)! In all experiments, dissolution of both pyroxene phases results in the development of 
an olivine + melt rich reaction layer progressively changing the mineralogy of the 
partially molten rock from a harzburgite, wehrlite, or lherzolite to a dunite. The 
thickness of these reaction layers increases with increasing temperature and with 
increasing time, forming 0.2 Ð 5.5 vol% of the partially molten rock, as shown in 
Table 1.  

b)! Olivine in the reaction layers with all lithologies have distinctly elevated FeO content 
(Mg# # 83) compared to the olivine present in the unreacted partially molten rock 
(Mg# # 87). Some larger grains show zonation; a diffuse core with a higher Mg# is 
surrounded by material with a lower Mg# indicating that olivine initially present in 
the partially molten rock diffusively equilibrates with the incoming melt from the 
reservoir. No significant differences associated with lithology were observed in the 
compositions of olivine grains, indicating that the composition of the olivine in the 
reaction layer is controlled by the alkali basalt, which is the common denominator for 
all experiments. Al l grains exhibit a very thin FeO-rich rim, which is a result of 
modification during the quench. Melt in the reaction layers exhibits complex 
gradients in composition as shown in Figure 5 below and in Figure 16 of Pec et al. 
(2017). 

c)! Grain size in all reaction layers is larger than in the unreacted partially molten rock. 
For a given time and temperature, olivine grains in reaction layers with wehrlites are 
the largest, followed by olivine grains in reaction layer with harzburgites. Olivine 
grains in reaction layers with lherzolites are the smallest. Time dependent grain 
growth occurs in all reaction layers, as illustrated in Figures 4a and 4d for 
experiments performed at 1200û and 1250ûC. There is a clear correlation between 
grain size and melt fraction in the reaction layer: samples with a high melt fraction in 
the reaction layer (see below) also have a larger grain size than samples with a lower 
melt fraction in the reaction layer, as is evident in Figure 4a and d. 

d)! The melt fraction is always higher in the reaction layer than in the unreacted partially 
molten rock, irrespective of the lithology and initial melt fraction. For a given 
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pressure gradient and anneal time, the melt fraction is largest in reaction layers with 
wehrlites, and smallest for lherzolites (Figure 4b and 4e). Thus, the vol% of 
pyroxenes and their type (Opx vs. Cpx) in the partially molten rock appear to 
determine the melt fraction in the reaction layer. The melt fraction in the reaction 
layer increases with increasing time, as documented in Figure 4b and 4e. Only a weak 
correlation exists between the initial melt fraction in the rock and the melt fraction in 
the reaction layer; however, the scatter in the data is large, particularly at 1200ûC.  

A necessary condition for RII development is that the local permeability increases as the 
reaction progresses. All reaction layers are more permeable than the unreacted partially molten 
rocks, as shown in Figures 4c and 4e, indicating that this condition is likely to be met. We 
calculated the permeability from the grain size and the melt fraction in the reaction layer as 
plotted in Figure 4 according to Equation 2. We then calculated the permeability ratio kRL / kinitial, 
where kRL is the permeability of the reaction layer and kinitial is the initial permeability of the 
unreacted partially molten rock. The above described trends in grain-size and melt-fraction 
evolution are also apparent in the increase in total permeability. The highest increase in 
permeability occurs for the wehrlites with a low initial melt fraction while smaller increases in 
permeability occur for harzburgites and lherzolites, as reported in Figures 4c and 4f.  

4.3 Melt-rich channels in harzburgites and wehrlites 

Melt-rich channels reaching significantly past the reaction layer formed in a number of 
experiments at elevated melt-flow velocities, as documented in Figure 2. The channels are 
always composed of olivine + melt; all of the pyroxene dissolved into the melt phase. The 
olivine precipitating in the channel in harzburgite has a different chemical composition than the 
olivine in the starting material, with the Mg# of olivine in the channel of ~83 compared to that in 
the matrix of ~87.  A similar trend in Mg# was also observed in channels developed in wehrlites 
(Pec et al. 2017). Hence the petrological signature of the channels is identical to that of the 
reaction layers described in Section 4.2. Furthermore, the olivine in the channels developed in 
harzburgite has a higher NiO content than the olivine in the matrix, as shown in Figures 5 and 6. 

4.3.1 Partitioning of melt flux into the channels 

The bulk of the melt transport through the sample occurs in the channels. In samples for 
which Yb was added to the melt source, we can trace the path traveled by the doped melt as it 
migrated from the source through the partially molten rock into the porous sink. Melt that flowed 
from the reservoir into the channel was effectively isolated from melt in the surrounding partially 
molten rock. This point is evident by investigating the Na and Yb maps in Figure 5: Na is a good 
tracer of all melt (Figures 5d), while Yb is an exclusive tracer for the melt from the reservoir 
(Figure 5e). Yb is clearly present only in the melt reservoir, reaction layer, and the channel; it is 
absent in the matrix of the partially molten rock as seen in the Na map (Figure 5d and Figure 6). 
Therefore, there is a large gradient in melt composition between the partially molten rock and the 
channel. A comparison of the channels developed in harzburgite with those developed in 
wehrlite (Fig. 9 a,b and Figs. 12 & 16 of Pec et al. 2017) reveals that the melt fraction in the 
channels in harzburgite is smaller than the melt fraction present in channels in wehrlite, 
analogous to the observed trends in melt fraction differences in the reaction layers, as discussed 
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in Section 4.2. Furthermore, the spacing between channels in the harzburgite is smaller than that 
in the wehrlite, as documented in Figure 7.  

4.3.2 Influence of channelization on the abundance of reaction products 

 We can quantify the total volume occupied by channels and reaction layers from the 
!CT images and use these data as a proxy for the abundance of olivine throughout the samples. 
A striking feature of channelization is the increase in modal abundance of olivine in samples in 
which channels developed relative to samples without channels. Initially the harzburgites and 
wehrlites are mixtures of 50:50 pyroxene and olivine. Analyses of the !CT images in Figures 7 
and 8 provide an estimate of the volume occupied by the channels of 1 to 5.5 vol% of the rock, 
depending on temperature and lithology (Table 1). This percent occupied by the channels is in 
addition to the 0.3 Ð 3.4 vol% occupied by the planar reaction layer in samples for which these 
data are available, as presented in Table 1. The volume of the partially molten rock replaced by 
the newly precipitated olivine + melt is up to 5 times greater in experiments in which 
channelization occurred than in experiments without channelization resulting in a #53:47 Ol:Opx 
ratio. These estimates are only available for samples for which high-quality CT scans with good 
contrast between the partially molten rock and the doped-melt reaction layer and channels were 
available. A caveat regarding these volume estimates from CT data is the difficulty in resolving 
the exact melt fraction in the channels due to the relatively low resolution (voxel size of ~5 !m) 
of the CT scans. Hence, the volume estimates of olivine present in the channels is accurate for 
harzburgite for which the melt fraction does not vary significantly in the channels and is similar 
to that in the reaction layer; however, it is likely overestimated in wehrlites for which the 
channels develop a melt core lacking olivine crystals (compare Figures 9a and 9b). Nevertheless, 
the increase in abundance of olivine in partially molten rocks is also evident from 2-D 
observations that document channels composed of olivine + melt in harzburgites and wehrlites 
reaching significantly past the reaction layers, as shown in Figures 5, 7, 8, and 9. 

4.4 Melt-filled vein in lherzolite 

Melt-rich channels did not develop in the two experiments performed on lherzolites. 
Since no melt was added to the hot-pressed lherzolite samples, they contained the lowest starting 
melt fraction at the P-T conditions studied.  In addition, the lherzolite samples have a smaller 
fraction of pyroxenes (0.35) that dissolve in the reaction with the basalt than the wehrlite and 
harzburgite samples do (0.5). In one experiment with a pressure gradient of 25 MPa/mm, melt 
drained rapidly from the reservoir after ~3 h at P-T conditions. The !CT images presented in 
Figures 8 and 9 reveal a thin, planar, melt-filled feature. As documented in Figures 9c and 10, 
the planar feature visible in !CT is not traceable as a single trans-granular crack that would 
clearly separate two surfaces, but rather appears as a thin zone of elevated melt fraction (Figure 
9c and 10). SEM and EMPA observations of this feature in Figures 9 and 10 further reveal that 
both pyroxene phases are absent in a wedge-shaped region narrowing from the inflow boundary 
towards the planar region. The melt-filled vein is much thinner, planar, and contains a smaller 
melt fraction than RIIs in the harzburgite and wehrlite samples, as documented in Figure 9, and 
represents a significantly different mode of melt extraction. Without the detailed orthogonal 
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images (Figure 8) and 3-D reconstructions of the morphology of the fracture, the tabular melt-
filled vein could have been difficult to distinguish from a finger-like RII in 2-D sections.  

5 Discussion  

In these and previous experiments, we demonstrated channel formation due to a reaction-
dissolution-precipitation process. In this paper, we explored three different compositions that are 
nominally representative of the range of mantle rocks in melt source regions. As described 
above, two of the three sample types develop RII-related channels, while the third (lherzolite) 
produced features evocative of a fracturing process. These three systems behave differently from 
each other in ways that provide tractable benchmarks for modeling studies. In this discussion 
section, we synthesize our questions on (5.1) differences among three compositional systems 
over a similar range of thermo-mechanical conditions, (5.2) relations to other laboratory studies, 
and (5.3) relations to existing theories. 

5.1 Differences among studied lithologies 

Unfortunately, we could not obtain images of each system at the same point in their 
evolution because it is very difficult to know when the channels begin to form in any given 
experiment. Therefore, we make inferences from less direct observations and attempt to 
extrapolate from the observed trends.  

5.1.1 Reaction driven melt segregation 

A necessary condition for producing the RIIs is that the local permeability increase as the 
reaction progresses (Ortoleva et al. 1985). In all experiments, the permeability indeed increases 
with ongoing reaction with respect to the unreacted partially molten rock, as shown in Figure 4. 
Two major factors influence permeability per Equation 2, grain size and melt fraction; both 
increase with increasing reaction time. However, RII channels formed only in harzburgites and 
wehrlites suggesting that permeability increase is a necessary Ð but not sufficient Ð condition for 
RII development in the timeframe of experiments.  

Once the channels develop in the wehrlite and harzburgite experiments, the mesoscopic 
permeability structure of the partially molten rock is modified, such that rapid melt extraction 
occurred as soon as the first channel reached the sink. Several observations indicate that 
advective flow and deformation of the granular framework occurred in our experiments. Large 
(~50 !m), iron-rich (~Fo78) olivine phenocrysts present in the melt reservoir are useful for 
tracking flow of melt in the channels (Figure 7, Pec et al. 2017). In Figures 5 and 9, some of 
these large phenocrysts were observed in the channels several hundreds of microns past the melt 
reservoir Ð partially molten rock interface, suggesting that flow involves significant advective 
transport of solid grains. Since the melt fraction in the channels is high ("   $ 0.3), this flow likely 
occurs as a magmatic suspension making its way through the partially molten rock by dissolving 
pyroxenes and advecting olivine grains as melt flows down the pressure gradient. The melt flow 
from the reservoir through the channels, which is highlighted by the Yb map in Figure 5, reveals 
that channel flow is fast enough that the melt present in the partially molten rock and in the 
channel do not homogenize. This process sets up a large concentration gradient and establishes 
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conditions for diffusive interaction between melt flowing through a channel and melt present in 
the wall rock.  

The volume of rock replaced by the olivine + melt is up to a factor of 5 larger in samples 
in which channelization occurred that in samples from our experiments with no imposed pressure 
gradient. This difference in the amount of reaction product is likely caused by two factors: a) As 
channels develop, the contact area between the partially molten rock and the melt from the 
reservoir increases. b) Fast melt flow shortens diffusive length scales and increases concentration 
gradients due to flow of unreacted melt from the reservoir. Both processes cause a significant 
increase in the abundance of reaction products. Unfortunately, we lack the data to make 
quantitative estimates about the influence of lithology on the abundance of reaction products in 
experiments in which channelization occurred. 

Why did RII channels not develop in experiments on lherzolite? Our interpretation is that 
we simply did not reach the right conditions for their formation in this limited experimental 
dataset. Given our observations in the wehrlite and harzburgite systems, we expect that 
channelization is possible in lherzolites. Increasing the melt fraction in the sample (and thus its 
permeability) by the addition of basalt or increasing temperature or increasing the melt flow 
velocity by increasing the pressure gradient would likely aid the formation of RIIs in lherzolite. 
The morphology of the melt-filled vein (i.e., thin, planar feature with a large length to thickness 
ratio) in the lherzolite sample is easily distinguished from the morphology of the RII (i.e., finger-
like or tube-shaped feature) in the wehrlite and harzburgite samples using 3-D reconstructions 
from x-ray CT images, as illustrated in Figs 8 and 9. As discussed in Section 4.4, this 
morphology on the sample scale is more complicated on the microscopic scale where the planar 
feature appears as a thin zone of elevated melt fraction, much as would be expected for a tensile 
crack (Figure 9c and 10). Thus, it is clear that the feature formed at high temperature, suggesting 
that the partially molten rock fractured, and the wedge developed by the dissolution reaction as a 
flow-through feature. It is currently unclear what triggered the magma-fracture after ~3 hours at 
stable experimental conditions. One possibility is that the fracture formed by sub-critical crack 
growth, which occurred at stresses smaller than the tensile strength, over extended periods of 
time due to chemical reactions weakening the bonds at the crack tip (Atkinson 1984). Draining 
of the reservoir through the vein resulted in a rapid loss of the gradient in pressure between 
source and sink, a characteristic similar to that observed for draining of the sink through RIIs.  

It is interesting to note the diversity of melt migration features in a relatively limited set 
of experiments; clearly more experimental work is needed to outline in finer detail the conditions 
under which planar melt migration features and finger-like melt migration features develop. To 
our knowledge, this is the first observation of a melt-filled vein that occurred during a HP Ð HT 
conditions in experiments on mantle systems (Morgan and Liang 2003 report a melt-filled vein 
that developed during pressurization). Brittle behavior can be important in magma extraction 
from partially molten rocks in the mantle as suggested by geological evidence and theory 
(Nicolas 1986, Sleep 1988, Rubin 1995, Havlin et al. 2013). Brittle behavior at HT-HP 
conditions is currently only poorly constrained by experiments.  

Our experiments demonstrate that channelization as well as veining  creates large 
concentration gradients, thus establishing conditions for diffusive interaction between melt 
flowing through a channel and the adjacent wall rock. Large gradients are also observed in field 
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transects over dunite channels (MaalÏ  2005, Suhr et al. 2003, Dygert et al. 2016) and are 
inferred to exist from theory and modelling (Kenyon 1990, Spiegelman and Kenyon 1992). 
These gradients induced by the channelization process set up conditions that facilitate diffusive 
exchange, which could have important implications for global scale geochemical cycling 
(Burnard 2004, Dygert et al. 2018).  

5.1.2 Melt-rock reactions 

The systematic variations observed in the final microstructures provide information on 
the nature of the melt-rock reactions among partially molten rock with different compositions. 
We look at the reaction layers for insight into the microstructural trends in the open-system 
evolution during an experiment. 

Pyroxenes dissolve and olivine precipitates in the partially molten rock samples as a 
result of melt Ð rock reactions in all of our experiments -- irrespective of the exact mineralogy, 
macroscopic pressure gradient, or temperature -- confirming that the reaction described by 
Equation 1 holds at our experimental conditions. The chemical composition of the interstitial 
melt in the reaction layers varies significantly among the lithologies depending on the pyroxene 
type being dissolved. Quench modification of the melt composition is evident from the presence 
of dendritic crystals, as shown in Figure 3, which contribute to the complex gradient in melt 
composition.   

While the general reaction described by Equation 1 holds for all our experiments, subtle 
differences in melt fraction and grain size in the reaction layer exist among the three different 
lithologies employed. The melt fraction in the reaction layer is strongly correlated with the type 
(Opx vs. Cpx) of the pyroxene in the sample, as shown in Figure 4. For a given time and 
temperature, the melt fraction in the reaction layer is largest in wehrlites (Cpx fraction of 0.5) 
followed by harzburgites (Opx fraction of 0.5). Comparison to the results from the lherzolite 
experiments is complicated by the presence of both pyroxenes and a lower pyroxene content 
(Opx + Cpx fraction of 0.35); nevertheless, lherzolites have the lowest melt fraction in the 
reaction layer as documented in Table 1, suggesting that the modal abundance of pyroxenes 
influences the melt fraction in the reaction layer as well.  

The relative amount of olivine dissolved and pyroxene precipitated in a simple ternary 
FeO, MgO, SiO2 system can be calculated as "H = M Opx "H Opx Ð MOl "H Ol (Kelemen 1990), 
where "H is the change in enthalpy of the reaction and "HOpx and "HOl are heats of fusion of 
Opx and Ol and MOpx and MOl are the masses of Opx dissolved and Ol precipitated. If the 
reaction is isenthalpic, then Mopx / Mol = "H Ol / "H opx; Kelemen (1990) estimated that MOpx / MOl 

# 1.3. While a similar analysis cannot be applied to the Ol:Cpx system due to presence of Ca in 
Cpx, our microstructural observations suggest that the MCpx / MOl > 1.3. 

The enthalpy-based estimates above do not consider flux through the reaction layer or the 
channels, which can create a non-equilibrium situation in which the relative amounts of reaction 
products may be governed by kinetics more than the possible equilibrium states. The amount of 
melt in the reaction layer primarily results from dissolution Ð precipitation reactions between the 
partially molten rock and the infiltrating alkali basalt and not from differences in the melting 
temperatures of the different partially molten rocks because a) the partially molten rocks were 
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hot pressed at P = 300 MPa and T = 1200ûC, such that the background melt fraction in the 
partially molten rock is set prior to the infiltration experiment, b) the melt fraction in the reaction 
layer does not differ systematically with the amount of melt added to the partially molten rock, 
and c) the melt fraction in the reaction layer is always significantly higher than the melt fraction 
in the partially molten rock, as documented in Figure 4 and Table 1.  

5.2 Relations to prior laboratory studies 

Prior experiments aimed at studying melt-rock reactions employed a closed-system 
design in which a disc of reactive melt was placed in contact with a sample composed of olivine 
plus pyroxene without an imposed pressure gradient. Melt was drawn into the sample by surface 
tension (e.g., Daines and Kohlstedt 1994, Morgan and Liang 2003, 2005, Lundstrom et al 2003). 
The exact dissolution Ð precipitation reactions and reaction products are quite complex and 
depend on a number of variables including melt and rock composition, pressure, temperature, 
oxygen fugacity, water fugacity, and silica activity (Liang 2003, Wang et al. 2016, Lambart et al. 
2012). Under shallow upper mantle P-T conditions (P = 0.3 - 0.8 GPa, T = 1200û - 1300ûC), 
reactive dissolution of peridotites in tholeiitic and alkali basalts involves dissolution of 
pyroxenes and formation of a planar layer of olivine + melt (Morgan and Liang 2003, 2005, 
Lundstrom 2003, Van den Bleeken et al. 2010). The petrological consequences of melt-rock 
reactions in our experiments are largely expected based on results from previous studies, 
confirming that Equation 1 holds also for our lithologies and P-T conditions. The fact that the 
modal abundance of pyroxene in the partially molten rocks influences the melt fraction produced 
during melt-rock reaction is consistent with the observations of Daines and Kohlstedt (1994), 
who document an increase in melt fraction in the reaction layer from ~0.04 to ~0.28 as the 
orthopyroxene to olivine ratio was increased from 0.05 to 0.95.  

With a single exception (Daines and Kohlstedt, 1994), reactive infiltration instabilities 
did not form in these closed system experiments. Thus, the present experiments (Pec et al. 2015, 
2017, this study) enable us to investigate for the first time the formation of RIIs in a range of 
mantle-like lithologies with well-controlled laboratory experiments. Our experimental set-up is 
designed to simulate an open system in which melt percolates through a rock and leaves the 
system, a significant advancement in experimental design. 

Comparison of the results from RII experiments on different materials -- salt and glass 
beads (Kelemen et al. 1995), plaster / gypsum + water (Daccord and Lenormand 1987, Daccord 
et al. 1993, Li et al. 2019), and carbonate + acid (Hoefner and Fogler 1988) -- reveals a number 
of similarities to our RII channels formed at HP-HT conditions in mantle lithologies. In all 
systems, the penetration of a RII channel through the sample is marked by an abrupt drop in 
pressure difference between source and sink as the permeability of the channel is vastly higher 
than the permeability of the rock matrix. The RII channels are branching, tube-like features in 
which fluid segregates and reaction products concentrate. These channels coarsen over time in 
our experiments as well as in the analog material studies. In contrast to the cylindrical form of 
the RII channels, shear deformation of partially molten rocks produces planar melt-enriched 
bands (Holtzman et al. 2003, King et al. 2010, Qi et al. 2014). Possibly tabular dunites in 
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ophiolites form by synergistic interaction between reactive melt infiltration and shear 
deformation (Kohlstedt and Holtzman, 2009). 

5.3 Relations to existing theories of RII formation 

Theories and numerical studies attempt to capture the formation of RIIs in geological of 
systems (Ortoleva 1985, Aharonov e al. 1995, Spiegelman et al. 2001, Liang et al. 2011, 
Szymczak and Ladd 2013, Rees Jones and Katz 2018). Two main formulations can be 
distinguished in the literature: one in which the RII develops in a solubility gradient (Aharonov 
et al. 1995, Spiegelman et al. 2001, Liang et al. 2011, Rees Jones and Katz 2018) and another in 
which a RII grows out of a thin, propagating reaction front (Ortoleva 1985, Szymczak and Ladd 
2013). Our experimental design is better described by the latter, though the former is more 
generally applicable to upwelling, melting mantle conditions such as mid-ocean ridges 
(Aharonov et al. 1995; also see extensive discussion in Pec et al. 2017 on this topic).  

Irrespective of the details of the formulation of the RII problem, all of the theories have 
one common feature rooted in the fluid mechanics approach to the problem; namely, the 
evolution of the system is cast in terms of two non-dimensional parameters that quantify the 
reaction rate relative to advection rate (Damkšhler number) and advection rate relative to 
diffusion rate (PŽclet number). Following Aharonov et al. (1995), the Damkšhler number is 
expressed as 

@A4 '
BCDDE

FDGHIJKLMN
, (4) 

where Reff is the effective reaction rate constant, L is length-scale of interest, #fluid is the density 
of the melt, " 0 is the melt fraction at t0 (the start of the experiment) and w0 is the background 
flow velocity at t0 (see Pec et al. 2017 for further details). In Equation 4, Reff = r #solid SSA %, 
where r is the linear dissolution rate, #solid is the density of the dissolving solid, SSA is the 
specific surface area available for reaction, and % is the ratio of solid-liquid interface area to the 
total surface area because only wetted grains can dissolve in the melt. The PŽclet number is 
expressed as 

OP4 '
MLE

Q
, (5) 

where D is ÒhydrodynamicÓ dispersion, taken as the diffusion coefficient of the slowest diffusing 
species in the melt (Si).  

The conditions under which channels emerge is governed by values of these two non-
dimensional quantities. One complication that arises in designing experiments is the physical 
interrelationships that exist amongst parameters that define the Damkšhler and PŽclet numbers 
such that they cannot be varied completely independently in rocks: For example, varying the 
grain size influences the permeability (via Equation 2) and hence the melt flow velocity, w0, as 
well as the effective reaction rate (via. SSA in Equation 4). Hence, the amount of Da-Pe space 
that can be investigated is limited (for further examples, see below as well as Pec et al. 2017).  

We calculated the Da and Pe numbers for our experiments from Equations 4 and 5 
following the methodology described in detail in Pec et al. 2017; the results are plotted in Figure 
11. It is worth pointing out that the only independently measurable parameters in our 
experiments are the sample size, pressure gradient, grain size, and melt fraction; all other 
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quantities necessary to calculate Da and Pe are either taken from literature data (r, #solid, #liquid, 
D) or are derived from the primary observables (RSTUUVT'%). Close examination of Figure 11 
reveals several interesting aspects:  

¥! Data from experiments on harzburgite and wehrlite samples plot along a line with 
a slope of -1 in log Da - log Pe space. This scaling is the consequence of the ~5 
orders of magnitude in the range of the calculated melt flow velocity (Figure 2), 
which largely determines the extent of these non-dimensional numbers since Da 
& 1/w0 and Pe & w0 / 1. At a given Pe and T, the Da for harzburgite is slightly 
smaller than the Da for wehrlite because Reff  is smaller in the former due to the 
smaller melt fraction and thus smaller % in the reaction layer, and because of the  r 
which is slower for Opx than for Cpx (Edwards and Russel 1996). 

¥! Temperature does not shift the trend significantly. It appears that the increase in 
Reff, which affects Da, and the increase in D, which affects Pe, roughly offset 
each other. Indeed, the increase in D from 1200û to 1250ûC is ~1 order of 
magnitude (Morgan and Liang 2003), while the increase in Reff resulting from 
increases in r (Chen and Zhang 2009) and in  % (due to increased melt fraction) is 
also ~1 order of magnitude for Cpx. 

¥! The Da at a given Pe is about an order of magnitude smaller for lherzolite than for 
wehrlite and harzburgite. This situation is the consequence of the smaller 
pyroxene fraction (0.25 Opx + 0.1 Cpx) in lherzolite samples than in harzburgite 
and wehrlite samples (0.35 vs. 0.5) as well as the lower melt fraction in the 
reaction layer (~0.1 vs. #~0.3 at 1250ûC and close to t0). The fraction of pyroxene 
enters Da through SSA; the melt fraction enters Da through % in Equation 4. 
Since the fraction of pyroxenes does not appear in Pe (Equation 5), we can shift 
the relative magnitude of Da and Pe with respect to each other by varying 
mineralogy of the rocks.  

 

The above bullet points highlight the complex interrelationships between physical 
quantities that are used to calculate Da and Pe for mantle lithologies. Matters are further 
complicated because Da and Pe evolve with ongoing reaction. Current RII theory is based on 
linear stability analysis, which considers only the early onset of instability (Aharonov et al. 1995, 
Rees Jones and Katz 2018). As mentioned in Section 3, calculated permeabilities and hence melt 
flow velocities, which feed into both Da and Pe, are calculated for the system at t0. As grain size 
and melt fraction increase with ongoing reaction, the permeability and hence the melt flow 
velocity increase leading to an increase in Pe and a decrease in Da. Concurrently, the 
consumption of pyroxene decreases Reff leading to a decrease in Da (Figure 11). Depending on 
the rates at which dissolution and permeability evolve, the partially molten rocks will  likely 
evolve toward a lower Da and a higher Pe. Comparison to theory and models will be 
complicated by the fact that Da and Pe are spatially variable in the samples.  

 

At first glance, Da and Pa appear to be relatively poor predictors of channel formation in 
our experiments, as no apparent correlation between Da and Pe and channel formation is 
apparent in Figure 11. One possibility is that the uncertainties in all of the parameters used for 
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calculating Da and Pe are simply too large to obtain useful results; for example, uncertainties in 
the thermodynamic data for the dependence of Reff and D on T could shift results from the two 
explored temperatures with respect to each other, revealing currently hidden correlations. 
Another possibility is that the degree of local chemical disequilibrium in these experiments leads 
to local structure and pattern formation at the scale of grain interfaces that render SSA and/or % 
non-constant possibly causing non-linear effects. This suggestion is speculative and not observed 
directly, but if it exists, may be a source of differences between mantle and experimental 
conditions that would need to be considered. Lastly, it is plausible that our mineralogical 
systems, which are appropriate for EarthÕs mantle, behave in a more complex manner than 
captured by Da and Pe, which are rooted in fluid dynamics.  

A more direct comparison to numerical studies of melt migration in the mantle is not 
straightforward given the significant difference in the range of parameters,  such as the pressure 
gradient driving melt flow and grain size, that exists between our experiments and numerical 
studies designed to capture values applicable for nature. Our experiments provide benchmarks 
for future computational models of open-system melt-rock interaction at mantle conditions. If a 
model can successfully simulate the experimental observations obtained under the relatively 
simple and controlled conditions of our experiments, then it can more confidently be applied to 
more complex natural systems.  

6 Conclusions 

We performed a series of experiments exploring the consequences of reactive melt migration 
through partially molten samples of harzburgite, wehrlite, and lherzolite under open-system 
conditions.   
 

¥! Finger-like, melt-rich channels formed in experiments on harzburgites and wehrlites due 
to a RII.  

¥! We documented the pyroxene-consuming, olivine-precipitating reaction that increases the 
local permeability irrespective of the exact mineralogy. In all studied lithologies, an Ol-
bearing, melt-rich reaction layer formed at the interface between the partially molten rock 
and the reactive melt source.   

¥! The melt fraction in the reaction layer, as well as in the channels, depends on the fraction 
and type of pyroxene present in the rock. 

¥! As the reactive melt infiltrated the harzburgite or the wehrlite, melt-rich channels formed 
that are petrologically analogous to dunite channels in nature. If the melt were fully 
extracted from the channels, dunite bodies would be left behind.  

¥! Large variations in the composition of the melt and significant increase in the abundance 
of crystalized phases are produced on short time scales and at small length scales during 
RII development. Such gradients drive slow diffusive equilibration between melt in a 
channel and that in the wall rock. 

¥! Melt flow through RII channels enhanced the reaction rate because of the increased 
contact area between the reactive melt and the partially molten rocks.  

¥! Da and Pe are relatively poor predictors of channel formation in our experiments.  
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Figure 1. Starting materials composed of Ol Ð olivine, Cpx Ð clinopyroxene, Opx Ð 
orthopyroxene, Sp Ð spinel, and melt Ð quenched Glass. a) Wherlite with 20 vol% basalt added. 
b) Harzburgite with 20 vol% basalt added.  c) Lherzolite with no basalt added. Scale bar applies 
to all images. 
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Figure 2. Calculated melt flow velocity as a function of the pressure gradient. All experiments 
were performed at confining pressure of 300 MPa with variable pore fluid pressure. Results for  
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experiments performed at a) 1200ûC and b) 1250ûC. Errors in pressure gradient are smaller than 
the symbol size, melt velocity is susceptible to the porosity-permeability relationship used.  

 

 

 

 

 

 

 

 

Figure 3. Backscattered electron images of melt reservoir Ð partially molten rock interfaces for a) wehrlite, b) 
harzburgite, and c) lherzolite. The reaction layers are highlighted by orange.  dashed lines. As illustrated in Figure 4, 
the melt fraction in the reaction layer decreases from wehrlite to harzburgite to lherzolite. 



Confidential manuscript submitted to Geochemistry, Geophysics, Geosystems 

 25 

 
 
 
 
 
 

 

Figure 4. Summary of results of measurements of a) and d) grain size, dequ = equivalent diameter 
circle, error bars show % st. dev, and b) and e) melt fraction in the reaction layer, % st. dev less 
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than the symbol size, c) and f) Calculated permeability increase in the reaction layer due to 
reaction. Gray dashed lines highlight trends in data. 

 

Figure 5. Electron microprobe (EMPA) wavelength-dispersive spectroscopy (WDS) element 
maps of the reaction layer and a melt-rich channel developed in harzburgite sample #1161. 
White dashed line in b) marks the position of the concentration profiles that are plotted in Figure 
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6. a) SiO2 map with red = orthopyroxene, blue = olivine, and green to orange = glass. Note the 
absence of pyroxene in the reaction layer as well as in the channel. b) NiO map. NiO is enriched 
in the olivine that precipitated in the channel. Large olivine phenocrysts in the melt reservoir 
have distinct Ni-rich rims that formed during quenching of the sample. c) FeOtot map. Notice the 
large iron-rich phenocrysts at the entrance to the channel as well as the FeO enrichment of Ol in 
the channel and in the reaction layer. d) Na2O map. This map provides a good proxy for melt 
distribution in the sample because Na2O is only present in the melt. e) Yb2O3 map. This map 
traces the movement of melt, which was doped with ~1wt% Yb2O3, from the reservoir. Note that 
some isolated melt pockets in the Na2O map do not appear in the Yb2O3 map, indicating that 
mixing does not occur between the melt in the partially molten rock and the melt in the reservoir. 
f) CaO map. Notice the enrichment of CaO in the channel. g) Reflected light image of the 
sample. Red dashed rectangle shows the position of EMPA maps in a) to f). Orange dashed lines 
highlight melt rich channels. Black are cracks and pluck-out formed during quenching and 
polishing.  
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Figure 6. Concentration profiles along  the transect marked in Figure 5b from the channel into 
the wall rock. The red line delineates the RII on the left from the wall rock on the right.   
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Figure 7. Channel morphology reconstructed from CT images, color coding indicates the 
distance from the reaction layer (inflow boundary), which is yellow. The symbol size is 
proportional to the cross-sectional area of the channel in a 2-D plane along the z-direction, that 
is, larger symbols indicate more voluminous channels. a) Channel morphology in a harzburgite 
after ~25 min of melt infiltration, and b) channel morphology in a wehrlite after ~300 min of 
melt infiltration. 
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Figure 8. !CT images of RIIs and a melt-filled fracture. "  in rock refers to the melt fraction 
present in sample at t = 0. a) Sample exposed by dissolution of the Fe jacket and Ni capsule. The 
red dashed rectangle marks the approximate position of CT images in b)  through d),  that is, at 
the partially molten rock Ð melt reservoir interface (inflow boundary). b) Channels developed in 
wehrlite (#961), c) Channels developed in harzburgite (#1161), and d) Melt-filled vein developed 
in lherzolite (#1168).   
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Figure 9. Channel morphology imaged by SEM-BSE. The orange dashed lines highlight 
the reaction layer and channel boundaries. Red dashed line highlights the melt-filled fracture. 
Morphology of a) channel in a wehrlite, b) channel in a harzburgite, and c) melt-fi lled vein in 
lherzolite.  
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Figure 10: SEM-BSE and EMPA chemical concentration maps of the melt-filled vein in 
lherzolite. Scale bar applies to all images. a) BSE image, b) SiO2 map, c) MgO map, d) FeOtot 
map, e) Cr2O3 map, f) Na2O map, g) Yb2O3 map, and h) Al2O3 map. Color scale is on the right. 
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Figure 11: Calculated Damkšhler and PŽclet numbers for our experiments. Contours show the estimated trends for 
rocks with varying clinopyroxene content. Black arrows indicate hypothetical paths in the evolution of lherzolite as 
the reaction progresses. Reff is effective reaction rate and SSA is specific surface area available for reaction, w0 is 
background melt flow velocity in Equations 4 and 5. Any path within the orange triangle is possible and similar 
paths would occur for other compositions originating on different contours. 
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Table 1: Summary of performed experiments. Melt source was alkali basalt and confining 
pressure, Pc was 300 MPa in all experiments. Yb Ð Yb-doped melt source, Pr Ð Pr-doped melt 
source.  Pp Ð pore pressure, "  Ð melt fraction, l Ð partially molten rock length, !P  Ð pressure 
difference, RL Ð reaction layer, dequ Ð grain size.  

 

 

 

 

 

 

 
 

 

 


