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ABSTRACT

We have determined the three-dimensional form of leucosome in two migmatites produced by
syntectonic anatexis of different protoliths: (1) stromatic migmatite derived from pelite, which com-
prises sheets of leucosome (quartzofeldspathic layers with Grt) with walls of melanosome (Bt-rich
selvages) in mesosome (schistose layers of Bt + Pl + @iz + Crd) and (2) a migmatitic garnet-
amphibolite derived from basalt, which is composed of spindle-shaped leucosomes (Qtz + Pl), spa-
tially associated with peritectic Grt, in melanosome (Hbl + €px). Three-dimensional images
were generated from two-dimensional representations of spatial data obtained by two methods: (1)
serial grinding and (2) high-resolution X-ray computed tomography (HR X-ray CT). Projections of
three-dimensional images of stromatic migmatite derived using data from either method show the
planar nature of leucosome throughout the sample; melt transport through this rock when it was
partially molten could be modeled as flow in parallel conduits. In the image derived from HR X-ray
CT data, garnet in leucosome is only rarely in contact with melanosome, which suggests these garnet
grains were suspended in melt during flow. Projections of three-dimensional images of the migmatitic
garnet-amphibolite do not reveal the full extent of leucosome connectivity, due to the irregular geom-
etry of leucosome. Connectivity in this sample can be shown, however, by virtual slicing of the three-
dimensional images perpendicular to the plane of the two-dimensional representations (approximately
parallel to the lineation defined by the leucosome), and by using three-dimensional projections of a
single leucosome connectivity “tree” constructed by projecting leucosome patches from slice to slice
and noting the overlap. Based on leucosome geometry and volume, we estimate effective porosity for
flow in this rock to have been 20 vol% at stagnation. Leucosome in the migmatitic garnet-amphibo-
lite occurs in strain shadows around garnet, which are inferred to have been obstacles to flow along
linear paths. Blocking of inferred flow channels by garnet contributes to the high degree of path-
length tortuosity in this sample € 2—6), which is expressed visually by the complex form of the
leucosome in three dimensions. Cross-sectional areas for individual inferred melt flow paths are
highly variable (over 2—3 orders of magnitude) and minimum channel radius is changeable (by ~1
order of magnitude), meaning there was large variability along the channels and implying strong
local flow divergences. Based on these data, unusually straight and uniform channels would have
dominated the mesoscopic melt flux through this rock when it was partially molten.

INTRODUCTION are mixed rocks that comprise: (1) leucosome, representing

One of the fundamental geophysical observations mad@rmer melt or its cumulate product, in some cases including
of the Earth is the stratified nature of the continental crust, if¢Sidual and peritectic melting products; (2) melanosome, rep-
which the lower crust comprises denser, more mafic materié?semi”g residual material, possibly includ@ng peritectic melt-
and the upper crust comprises less dense, more felsic matdd Products; and, (3) mesosome, representing the least depleted
rial. This chemically differentiated layered structure is develMaterial that most closely resembles the protolith in chemical
oped and maintained by partial melting at depth and the ascéifMPosition. Exposed segments of the deep crust typically are
of magma to shallower crustal levels. In this paper, we ar@igmatitic, which suggests they preserve evidence of the to-
concerned with the movement of melt in the deep crust whilg0logy of syntectonic melt flow networks. _
it was in a partially molten state. Information to address this 1 e differentiation process begins with anatexis of the deep

issue is potentially available from anatectic migmatites, whicl¢rust and ends with granite plutonism or rhyolite volcanism:
these steps have been studied extensively (e.g., the volumes

edited by Ashworth and Brown 1990; P.E. Brown and Chappell
*E-mail: mbrown@geol.umd.edu 1992; Brown et al. 1995a, 1996; Bouchez et al. 1997). Inter-
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vening steps involve melt segregation in the source region, For escape of large batches of melt, an internal intercon-
transport through the partially molten zone, and ascent acrossted melt flow network representing the storage porosity must
the subsolidus crust to an eventual resting place. Our understdredlinked to the escape conduit. One factor that controls the
ing of these steps is limited by the scarcity of data concernifigx of melt through the interconnected melt-flow network is
the properties of crustal melts and the movement of magma the permeability of partially molten crustal materials, but this
der conditions appropriate to the deep crust (e.g., Bagdassgrakameter is not well constrained for the dynamic conditions
and Dorfman 1998). Consequently, understanding the mectigt characterize natural anatexis during orogenesis. Permeabil-
nisms and rates of melt segregation, the types of melt transpiyrivaries during the melting cycle as melt volume fluctuates;
paths, and the mechanisms and rates of magma ascent, partidacreases markedly above the interconnective threshold,
larly during contractional orogenesis, remain important goalghich is the porosity at which a surface-energy controlled,
of petrology (e.g., Brown and Solar 1998b, 1999). grain-boundary interconnected melt-flow network is established
Granite that is stuck in veins, between boudins, along fofsfon Bargen and Waff 1986; Laporte and Watson 1995;
axial surfaces, in shear zones, and in channels and pipes recbugailescu and Watson 1999). Although a large positive vol-
the plumbing that enabled meso-scale pervasive melt flaune change accompanies dehydration melting of muscovite-
through the deep crust (e.g., Brown 1994; Obata et al. 199€aring assemblages, the volume change associated with
Collins and Sawyer 1996; Brown and Rushmer 1997; Brovdehydration melting in biotite-bearing assemblages may be
and Solar 1999). Where migmatite structures have been degligible, so that 10 vol% or more of melt may be retained in
scribed quantitatively, the distribution of leucosome is scaland along grain boundaries during partial-melting of biotite-
invariant with distinct fractal dimension (e.g., Tanner 1999hearing protoliths (Rushmer 1999). Thus, the development of
However, because these granite-filled structures define a can-interconnected melt flow network at the onset of dehydra-
nected network of structurally controlled flow paths, it is urtion melting is likely only in muscovite-bearing protoliths
likely that transport was driven by buoyancy forces alone, b{Rushmer 1999). For a variety of reasons, therefore, melt seg-
more likely was a response to deformation of a heterogeneoegation may be inefficient at low melt fractions and, without
source subjected to applied differential stress (e.g., Sawyleformation to assist flow, melt in the crust may be nearly stag-
1994; Brown et al. 1995b; Brown and Rushmer 1997; Rutteant below ~10 vol% (e.g., Brown et al. 1995b; Laporte et al.
1997; Brown and Solar 1999). 1997; Rushmer 1999). To further develop models of melt flow
Field observations of granite in migmatites show that thesethe deep crust, we need to know the nature of the porosity
melt flow networks feed larger planar and cylindrical conduitegtworks in the source rocks, bearing in mind that these net-
which suggests that batches of magma move through plastorks may change in response to deformation.
cally deforming, partially molten crust by viscous flow (Brown
and Solar 1999). In contrast, at temperatures below the wet L EUCOSOME—MELT RELATIONSHIP
solidus, magma may be transported in tensile and/or dilatantSeveral issues must be addressed before any results based
shear fractures (e.g., Brown and Solar 1998b). The chemioal studies of migmatites can be used in the quantification of
composition of typical crustally derived granites suggests 1@aelt flow through the deep crust. To interpret the leucosome
25 vol% melting of the source, which requires a source va@leometry as remnant evidence of an active interconnected melt-
ume of four to ten times the volume of the pluton. Thufiow network in the anatectic zone, we must be sure that the
extensive lateral migration of melt through the anatectic zoleicosome represents part of the melting/crystallizing system
to a site of ascent is implied (Brown and Solar 1999). in partially molten crust. A primarily anatectic origin for many
The three-dimensional surface defined by the wet solidoggmatites is evidenced by their microstructure (e.g., Vernon
represents the periodically drained boundary to the partiaipd Collins 1988; McLellan 1989; Harte et al. 1991; Brown
molten zone. It is the zero porosity limit for percolative melt998; Sawyer 1999; Vernon 1999), suggested by geochemical
flow, due to congelation of melt. The wet solidus represents data (e.g., Dougan 1979, 1981; Weber et al. 1985; Sawyer and
unstable interface where flow instabilities may develop. AnBarnes 1988; Sawyer 1998), permitted by estimateB-of
plification of these flow instabilities may enable ascent afonditions (e.g., Ashworth 1985; Ashworth and Brown 1990;
magma by viscous flow (e.g., Paterson and Miller 1998; Browfielzeuf and Vidal 1990), and indicated by accumulation of
and Solar 1999). Alternatively, magma may be transportgdartzofeldspathic material in dilatant sites formed during syn-
through tensile and dilatant shear fractures, if melt pore preswatectic deformation of the protolith (e.g., Brown 1994; Saw-
sure increases to a level sufficient to induce melt-enhancger 1994; Brown et al. 1995b; Brown and Rushmer 1997; Snoke
embrittlement in previously plastically deforming rockst al. 1999; Vernon and Paterson 1999). Leucosome geometry
(Davidson et al. 1994; Rutter 1997; Brown and Solar 1998l).these migmatites is inferred to record evidence of active melt
Magma extraction is probably a cyclic process, in which tHw, rather than stagnant melt, if: (1) bulk-rock compositions
escape of batches of magma moderates local melt pore pes-consistent with depletion in felsic components, implying
sure. How this escape is initiated in partially molten rock that leucosome was not simply a product of in situ segregation
understood poorly. It may relate to viscous compaction in terring partial melting; and (2) leucosomes preserve textures
anatectic zone and large variation in melt pore pressure nessulting from the presence of melt, such as mineral “pseudo-
the zero porosity limit for percolative melt flow, which maymorphs” of melt as thin films along grain boundaries and/or
enable magma transport into the subsolidus crust by an elasttd-melt reaction textures (e.g., Powell and Downes 1990;
shock (Connolly and Podladchikov 1998). Harte et al. 1991, Ellis and Obata 1992; Schnetger 1994; Nyman
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et al. 1995; Brown and Dallmeyer 1996; Hartel and Pattison POROUS MEDIA
1996; Carson et al. 1997; Brown 1998; Sawyer 1999). We ac-porosity () is the pore volume per unit rock volume, which
knowledge, however, that textural analysis in migmatites rg-ysyally taken to be equivalent to the melt fraction in a par-
mains an uncertain science in which care must be exercisegdgy molten rock. Permeability, which has the dimensions of
distinguish textures related to melting from those produced Qbéa, is a measure of the conductivity of the porous medium to
subsolidus processes alone (e.g., Dallain et al. 1999). Sofigj flow through it. Although permeability is related to the
migmatites exhibit evidence of melt-enhanced embrittlemeﬁgometry of the pore system, and not to the properties of the
(e.g., Davidson et al. 1994) and leucosomes commonly Shi(q in the pores, the relationship between porosity and per-
microstructures that suggest flow in the magmatic state (€geapility is not fixed. For any given material the relationship
Blumenfeld and Bouchez 1988; Sawyer 1996; Brown and S@spends on many factors, including pore sizes, and their ge-
lar 1998a, 1998b). ) N ometry, distribution, and connectivity. The porosity does not
Leucosome modes and/or chemical compositions commogjy,e any information concerning these factors, so that a par-
are interpreted to reflect dominance of cumulate and/or resinghy molten protolith may have low porosity, but if the pores
solid phases after melt escape, rather than melt compositigps large and freely connected, the permeability may be high.
(e.g., Powell and Downes 1990; Ellis and Obata 1992; Carspiys, partially molten rocks of different protolith composition
et al. 1997). This is problematic for several reasons. Durign have a similar melt fraction, representing the porosity, but
active flow, the inclusion of solid material in the melt may afgifferent transport properties, such as permeability. Neverthe-
fect the viscosity of the resultant magma, depending upon {B§s for similar partially molten protoliths with similar melt-
relative proportions of solid and melt (Bagdassarov anghy network structures, it is reasonable to expect that higher
Dorfman 1998). Furthermore, because viscosity of the magW&osity (i.e., higher vol% melt) will translate to higher per-
is an important control on magma flow rate, the effect of efeability.
trained solids becomes important as magma flow rate wanespermeability is a transport property that relates the fluid
and the proportion of solid to melt increases (Vigneresse et@ly o the driving force—the fluid pressure gradient. For slow,
1997; Petford and Koenders 1998). With decreasing flow raigady, unidirectional laminar (Poiseuille) flow of melt through
and/or increasing proportion of solid, transport will follow ong non-deforming zone, the volume of melt per unit time across
of two mechanisms: (1) flow of melt around solid particleg section of porous medium perpendicular to the direction of
particularly if these are pinned in the melt-flow channels; g\, the flux,q, is linearly proportional to the pressure gradi-

(2) melt-assisted granular flow (i.e., bulk flow; Rutter 1997)—nt parallel to the direction of flowpPddx. If the viscosity of
similar to “suspension flow” as used in the igneous petrologye melt s,

literature for inequant crystals such as feldspar in residual melt
(e.g., Nicolas and lldefonse 1996). We address the issue of flow q= k dP @
around solids in the migmatites used in this study, but the ques- podx

tion of b_U|k flow is not addressed here (see Means and Pgjkere the scaling factdk, is the intrinsic permeability of the
1994; Nicolas and lldefonse 1996; Rutter 1997). solid medium. This is Darcy’s law where the elevation head
For the leucosome geometry in a migmatite to be a usefdlm is held to be negligible compared with the pressure head
proxy for the syntectonic melt-flow network, it must reflecterm The flux is not the actual velocity of the fluid in the pores,
the volume (porosity), topology, and connectivity of that ne{yhich is g* = g/@. As the porosity is probably in the range
work; however, this may not be the case for several reason$g_o5 vol% in common crustal rocks undergoing anatexis
Multiple melt production/extraction cycles may be representgghger granulite facies conditions (where porosity is equivalent
by leucosome in any migmatite. During anatexis, a rock mgy melt volume at conditions of 8@050°C in the deep crust:
undergo cyclic melt-enhanced embrittlement and melt escapgamens et al. 1997; Barboza and Bergantz 1998; Spear et al.
Magma-filled channels of different generations may or mayggg), the average velocity of the fluid in the pores probably is
not be interconnected during a particular episode of melt flojetween four and ten times larger than the flux. Thus, for a
By working at the meso-scale, represented by hand specimgign pressure gradient, the melt flux is essentially controlled
of migmatite in which leucosome is related to one metamqjy the permeability of the matrix (the porous medium) and the
phic cycle, we assume that the risk of analyzing some compiscosity of the melt. We will not discuss viscosity further, and
nation of melt flow networks of different generations is reduceghe reader is referred to the recent literature (e.g., Baker 1996;
If melt has leaked from the system during crystallization, th€emens et al. 1997; Scaillet et al. 1997; Bagdassarov and

melt flow network may have had a larger volume (porosity)orfman 1998). This paper is concerned primarily with fac-
and higher permeability during active flow, in comparison witfys that influence the permeability.

that implied by the preserved leucosome volume and derived

permeability. Although angular relations among leucosomes PERMEABILITY IN MIGMATITES

may change during melt escape and shear-enhanced compagso|jowing pioneering experiments to study initial melting
tion, the principal effect of melt escape is likely to be the rey grain boundaries in natural plutonic rocks and the resulting
duction of channel aperture. For these reasons, we interpretd[g%qui”brium melt textures (Mehnert et al. 1973; Biisch et al.
melt-flow network inferred from the leucosome geometry 19974y exhaustive experimental studies in simple mineral-melt
represent only a minimum estimate of the porosity and coystems involving equilibrium melt textures under applied hy-
nectivity of the meso-scale active melt-flow network. drostatic stress conditions have shown that silicic melt will form
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an interconnected grain-boundary network in common crustaiced by the pore microstructure, a factor that is not readily
protoliths (e.g., Holness 1997; Laporte et al. 1997). Rock-fornmcorporated into these models. The pore microstructure is the
ing minerals, particularly ferromagnesian minerals and feldesult of diagenetic processes during burial of sedimentary
spars, show some degree of anisotropy of surface energiegks, syntectonic solid-state processes that involve
which leads to the development of planar, rational, low-enerdgvolatilization reactions in metamorphic rocks, and syntec-
faces in contact with the fluid (Wolf and Wylie 1991; Laportéonic melting-crystallization processes during progressive fu-
and Watson 1995). Thus, under applied hydrostatic stress ceion of anatectic rocks. Assuming connected porosity,
ditions, the geometry of melt-filled pores may be controlled lgharacteristics of the pore microstructure, such as pore-volume
the kinetics of reaction and growth of the ferromagnesian misurface area (which affects the drag force), path-length tortu-
erals and the feldspars, and the interconnected melt-flow nesity (a measure of the effective flow-path length taken by a
work will comprise grain-edged tubes and planar pores alofigid particle through a porous medium), variation in mean pore
crystal faces (Brown and Rushmer 1997). Although we assunaglius and minimum channel cross-section (which cause local
that active deformation will not change the basic geometry fdéw divergence and imply significant lineation-parallel non-
the interconnected melt-flow network at the grain scale, wmiformities), and pore-surface roughness (which reduces the
recognize that this depends on the rate of textural equilibratioverall efficiency of the flow channels), strongly affect the per-
versus the strain rate. Active deformation should change tineability of sedimentary rocks (e.g., Carman 1937; Thomp-
rate of melt flow relative to the matrix, however, because tisen et al. 1987; Diedericks and Du Plessis 1995; Aharonov et
compactional or dilational part of the deformation of the mad. 1997; Clennell 1997). These characteristics are likely to af-
trix should impart momentum to the melt in the pores. THect fluid flow in the metamorphic realm and melt flow in the
results of these experimental studies should be relevant to satatectic zone similarly, although magma viscosity and the zero
regation of melt into discrete macroscopic pockets and layepsyosity limit for percolative melt flow—the solidus—are also
assuming strain rate is low enough that diffusive mass transfaportant in controlling the rate of magma flow through, and
can maintain an approach to textural equilibrium, which magechanisms of magma escape from, the anatectic zone. Finally,
be important in the early stages of melt segregation. Once the permeability of crustal materials typically is anisotropic,
increasing volume of melt leads to a reduction in strength aadd we expect that the permeability would be greater parallel
an increase in strain rate, textural equilibrium is unlikely to e the tectonite fabric than across it, particularly if flow is de-
maintained. formation-assisted and governed by strain partitioning, as sug-
For non-texturally equilibrated materials, the permeabilitgested by field observations in orogenic belts (e.g., Brown and
cannot be derived analytically (Holness 1997). For such manlar 1998a, 1998b, 1999).
rials, the standard approach is to develop models that relateAttempts to infer the geometry of melt-filled pores from
permeability to features of the pore geometry and the porosigxtural studies of crystallized melt-bearing rocks have been
network, and to compare results from these models with éwrhibited because microstructures are altered during final so-
perimental determinations of transport properties. To placelidification and subsolidus modification (e.g., Hunter 1987;
context the work we report here on natural samples, we brieHyarte et al. 1991; Means and Park 1994; Bryon et al. 1996;
review permeability models (see Appendix 1), which are dficolas and lldefonse 1996). We can reduce these problems by
two kinds. In network models of partially molten materialsegarding the topology of the melt flow network in equigranular,
the permeability is described using different pore shapes wisiotropic crystalline protoliths as analogous to pore-space ge-
different pressure sensitivities to mimic the pore structure ari@etry in a sedimentary rock (e.g., Thompson et al. 1987).
ing from the interconnected melt in a crystalline matrix (th€onsider such a protolith that melts to leave a residue of pre-
porous medium), and the model is an approximation to the reaiminantly quartz, feldspar, and garnet. At moderate melt frac-
system (e.g., Guéguen and Dienes 1989; Bernabé 1991, 1986}, the variation of permeability with melt fraction may be
Equivalent porous-medium models use the idea of a hydrawdigproximated by a simple power-law permeability-porosity
radius (e.g., Walsh and Brace 1984), in which the pore struetationship (e.g., Laporte 1994). At low melt fractions, how-
ture is represented by tubular conduits of different radii. Thouglver, the behavior is more complex. This is because of an ac-
topologically unrealistic, these are easily visualized models ttalerated reduction in permeability, which no longer can be
capture many features of pore-space structure in partially mekpressed as a simple function of porosity, becomes increas-
ten materials. The fundamental difference between these tingly sensitive to pore geometry, tortuosity, and variation in
groups of models is the multiply connected nature of pore spat@nnel cross-section.
in the network models. Using permeability models such as theseThis approach does not consider two important factors: dy-
is one method to investigate melt flow in the transition fromamic permeability, and the heterogeneous nature of the crust.
grain-scale segregation of melt in discrete pockets to me&niring orogenesis, melt migration in the anatectic zone occurs
scale flow of magma in planar- and pipe-like conduits. at low-to-moderate melt fractions through texturally evolving
In basic geometric models, such as flow in parallel-sidedcks with dynamic permeability, which is a consequence of
cracks or cylindrical tubes, simple relationships between péine syntectonic and progressive nature of the partial fusion pro-
meability and porosity can be derived, elgl] ¢* andk 00 ¢*  cess. The dynamic permeability characteristic of the anatectic
respectively (e.g., Guéguen and Palciauskas 1994). The profire is a result of coupling between deformation and melt flow.
lem with such geometric simplifications is that most of thén partially molten crust that is deforming inhomogeneously,
macroscopic physical properties of crustal materials are infline effective stress generally changes from one point to an-
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other (Ord and Henley 1997). During plastic deformatioallmeyer 1996). The migmatitic garnet-amphibolite, which
changes in volume are associated with changes in pore pkeas derived from a basaltic protolith, comprises spindle-shaped
sure, which cause changes in the effective stress that leagdokets of leucosome (primarily Qtz + PI), spatially associated
further plastic deformation and volume change. The changegh peritectic garnet, in melanosome (Hbl + @€px). It is
in pore pressure associated with this process contribute to &mel > S tectonite, reflecting constrictional deformation. Peak
pressure gradients that drive melt flow according to Darcysetamorphic conditions were ~800 and ~1000 MPa (Will-
Law (Ord and Henley 1997). In this way, a feedback relatioams et al. 1995).
couples deformation and melt flow. Additionally, during de- Jones and Brown (1990) and Williams et al. (1995) presented
formation, the heterogeneity of crustal materials is likely tevidence that the leucosomes in the samples used in this study
result in the formation of highly conductive flow paths, in whictare products of partial melting reactions. P@aK conditions
the critical parameter that controls permeability is not averagee consistent with melt-producing reactions for both rock types,
porosity but the geometry of the network of highly conductiveelt flow is suggested by leucosome in syn-deformational dila-
flow paths. tant sites, and textural evidence exists for solidification of
In summary, theoretical permeability models based on sifeucosomes from a melt. In the stromatic migmatite, microstruc-
plified pore geometry (see Appendix 1) may not be a good reapres that suggest the presence of melt during leucosome crys-
resentation of percolative melt flow through the anatectic zotadlization include optically continuous, interstitial quartz
during syn-anatectic deformation. To understand melt flow {interstitial-xenomorphic texture) between plagioclase crystals,
the anatectic zone, we must determine the geometry of meltme of which show well-developed euhedral crystal faces, and
flow networks in different crustal protoliths (e.g., pelite anduartz films along plagioclase-plagioclase grain boundaries in-
amphibolite) and characterize their pore microstructure. Agerpreted to represent former melt (Figs. 1¢ and 1d). Williams et
proaches that combine three-dimensional images of natural lel-(1995) interpreted the microstructure in the leucosomes in
cosome geometries, as proxies for pore structure distributitime migmatitic garnet-amphibolite principally as reflecting
with numerical modelling, particularly using cellular automatasubsolidus plastic deformation. In the sample of migmatitic gar-
in which global fluid-flow behavior is governed by local internet-amphibolite used in this study, however, the primary evi-
action rules (Kostek et al. 1992; van Genabeek and RothrmiEnce for subsolidus plastic deformation is undulose extinction
1996), may yield a more realistic picture of the nature of meft quartz found in leucosome spatially associated with garnet in
segregation and migration in partially molten crustal protolitrsrain shadows. Plagioclase exhibits compositional zoning and
(e.g., Miller 1997). One difficulty with such an approach is thievinning, and does not show preferred crystallographic orienta-
distinction between grain-boundary melt and the porous mn, although plagioclase and quartz show dimensional orienta-
dium, although careful textural analysis of migmatitéion parallel to the lineation (Fig. 1e). We interpret these features
leucosomes suggests that residual melt commonly has beéthe microstructure to be consistent with syntectonic magmatic
“pseudomorphed” by monomineralic films along grain boundrystallization and weak subsolidus strain. Subsolidus modifi-
aries, so that this distinction should be possible in some casaton of the microstructure in leucosomes increases away from
(e.g., Harte et al. 1991; Sawyer 1999). Our approach shotiié strain shadows around garnet. The effects of possible
enable us to derive the mesoscopic permeability, although th@st-crystallization deformation will be addressed in the discus-
may greatly underestimate the mean permeability of the largsien below.
scale interconnected melt-flow network in the deep crust. How- ) ] ) ] )
ever, since melt must permeate through the mesoscopfi€e-dimensional images from two-dimensional
permeability to segregate into larger conduits, transport prdPresentations of spatial data
erties derived from studies at the meso-scale are necessary tdo image geological materials in three dimensions, we may
constrain the evolution of magma extraction from the crust.use either destructive or non-destructive methods. One destruc-
tive approach is to collect spatial data concerning characteris-
L EUCOSOME GEOMETRY OF NATURAL MIGMATITES tics of a sample from surfaces of a sequence of parallel slices
As a first step, we report three-dimensional images of tvibrough the sample, using various imaging methods. Reassem-
structurally different migmatites, a stromatic migmatite frorbling two-dimensional representations of these spatial data by
the migmatitic core of the southern Brittany metamorphic bedomputer using appropriate protocols yields a three-dimensional
(Fig. 1a, Brown 1983; Jones and Brown 1990), and a migmadtirage of the microstructure of the sample (Marschallinger
tic garnet-amphibolite from the Striding-Athabasca mylonit#998a). These destructive methods have been used to under-
zone, northern Saskatchewan (Fig. 1b, Williams et al. 1995%tand better the pore structure of sandstone (e.g., Ohashi 1992;
o Cooper and Hunter 1995), the textural development of granite
Sample description (Bryon et al. 1995), the pore structure associated with magma
The stromatic migmatite is a pelitic rock that comprisasingling in a microdiorite enclave (Petford et al. 1996; Pugliese
sheets of leucosome (quartzofeldspathic layers with Grt) witimd Petford 1997), the form of monomineralic plagioclase
walls of melanosome (biotite-rich selvages flanking thehains in partially melted basalt (Philpotts et al. 1998), and the
leucosomes) in mesosome (schistose layers composed of Btree-dimensional patterns of porphyroblast growth and mi-
Pl + Qtz+ Crd £ Grt and accessory minerals). It is an S > krostructure development in metamorphic rocks (e.g., Johnson
tectonite, reflecting flattening deformation. Peak metamorphl®93; Marschallinger et al. 1993; Johnson and Moore 1996;
conditions were ~850C and ~800-1000 MPa (Brown andDaniel and Spear 1998; Marschallinger 1998b, 1998c). The
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FIGURE 1. (a) Cobble of stromatic migmatite from southern Brittany, France (scale bar is 40 b)nBlo¢k of migmatitic garnet-
amphibolite from the Striding-Athabasca mylonite zone, northern Saskatchewan, Canada (scale bar isc®huotgm(icrograph of blocky
plagioclase and interstitial quartz, which locally extends along plagioclase-plagioclase grain boundaries (white arrosth@adjidrmigmatite
(length of photomicrograph is 5 mmyl)(Interstitial-xenomorphic texture of quartz around euhedral plagioclase and quartz along plagioclase-
plagioclase grain boundaries (white arrowheads) in stromatic migmatite (length of photomicrograph is€} Weak imensional preferred
orientation of quartz and zoned plagioclase crystals (plagioclase shows polysynthetic twinning) parallel to the lineattbiydstiain
shadows around garnet in migmatitic garnet-amphibolite (length of photomicrograph is 5 mm, Grt is garnet).
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FIGURE 2. (a) Cropped, low-resolution, gray-scale representation FIGURE 3. (a) Cropped, low-resolution, gray-scale representation
of the stromatic migmatite. The representation was created by optiohthe migmatitic garnet-amphibolite. The representation was created
scanning of the first slice of a serially ground block of epoxy in whichy optical scanning of the first slice of a serially ground block of epoxy
the sample was embedded (upper center of field of view). The whitewhich the sample was embedded (center of field of view). The white
linear features in the epoxy (lower center of field of view) are triangullnear features in the epoxy (right of field of view) are triangular glass
glass slides used to measure slice thickness. The full-size, high#ides used to measure slice thickness. The three evenly spaced white
resolution, color representation can be found at URLs httplihes that cross the scan are reference lines for the cross-sections
www.minsocam.org and http://www.geol.umd.edu/~maryanne/AMiepicted in Figure 11. The full-size, higher-resolution, color
manuscript.html. if) Animated gif of contrast-enhanced gray-scaleepresentation can be found at URLs http://www.minsocam.org and
representations of 39 serially ground slices of the stromatic migmatitétp://www.geol.umd.edu/~maryanne/AM/manuscript.htrmd) (
at URLs http:www.minsocam.org and http://www.geol.umd.eduAnimated gif of contrast-enhanced gray-scale representations of 42
~maryanne/AM/manuscript.html. First and last slices are outlined $erially ground slices of the migmatitic garnet-amphibolite, at URLs
white. Animation cycles from first to last slice. http://www.minsocam.org and http://www.geol.umd.edu/~maryanne/

AM/manuscript.html. First and last slices are outlined in white.
Animation cycles from first to last slice.

principal non-destructive method of analysis is high-resolution Methods for obtaining two-dimensional representations
X-ray computed tomography (HR X-ray CT; e.g., Flannery ef spatial data Two methods for obtaining two-dimensional
al. 1987; Carlson and Denison 1992), which has been applsghtial data were used. A cobble of stromatic migmatite and
to determine the geometric structure of pores in sandstone (englf a large sample of the migmatitic garnet-amphibolite speci-
Spanne et al. 1994; Auzerais et al. 1996) and to study textumen were analyzed by the destructive technique of serial grind-
of metamorphic and igneous rocks (e.g., Denison et al. 19873. Subsequently, a second cobble of stromatic migmatite and
Denison and Carlson 1997; Bauer et al. 1998; Proussevitchihat remaining migmatitic garnet-amphibolite were imaged us-
al. 1998). ing the non-destructive technique of high-resolution X-ray com-
Presentation of resultsIn this paper we display our resultsputed tomography at the University of Texas, Austin. Because
as two-dimensional representations of spatial data, sequertti@ destructive serial-grinding method was attempted before
displays of stacked two-dimensional representations (“fliphe non-destructive HR X-ray CT method, the three-dimensional
books™), projections of three-dimensional images, and animetages produced are not of the same volumes of rock, but are
tions of three-dimensional images. These figures are proffeffeoin similar samples. The samples were oriented similarly in
in two groups. The first group of figures is included in the hatabth methods. For the stromatic migmatite, the serial cuts and
copy part of the paper, whereas the second group of figures fothmesHR X-ray CT scans were oriented perpendicular to the stro-
the web-based part of the paper, which may be viewed at URnhatic layering and approximately perpendicular to the mineral
http://www.minsocam.org and http://www.geol.umd.eduélongation lineation. For the migmatitic garnet-amphibolite, the
~maryanne/AM/manuscript.html. serial cuts and the HR X-ray CT scans are in the plane approxi-
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mately perpendicular to the lineation defined by the orien
tion of hornblende crystals and the spindle-shaped leucosor

During serial grinding, each sequential two-dimensional |
(Figs. 2 and 3) was produced by shaving ~1.5 mm off ei
sample using a rock saw. To enhance contrast, spray var
was applied to the newly exposed surface before it was ph
graphed and scanned, using a flatbed scanner, to provide ¢
manent record of each slice. Because the sample had t
removed from the saw carriage after each slice, the sam
were embedded in a rectangular block of epoxy to aid in
precise replacement of the block in the carriage. Triangular g
slides were included in the epoxy matrix oriented perpendi
lar to the grinding plane, so that slice thickness could be ca
lated. Irregularities in both the block of epoxy and the s:
carriage resulted in variations in thickness of slices betwt
~1 and 2 mm and in the angle of the grinding plan&1®f.
The scans created were 24-bit color TIFF files to maximi
image quality. Each scan was associated with its own uni
color look-up table. Because the look-up tables were differ
among the files, standardized image-analysis processes, inc
ing comparison of images and compilation of scans ir
three-dimensional images, were not feasible. Therefore,
scans were converted to gray scale. Image analysis of ¢
scans would have been possible with the use of 8-bit color T
files with a standard look-up table.

Two-dimensional representations of spatial data were
duced by HR X-ray CT (Figs. 4 and 5), which is an imagi
technique that maps the variation of X-ray attenuation witt....
solid objects (Carlson and Denison 1992; Denison et al. 1997). g \gure 4.(a) HR X-ray CT scan of stromatic migmatite. Thickness
X-ray attenuation depends on mass density and mean atopjigcan is 0.45 mmbj HR X-ray CT scan with gray scale inverted so
number, and the X-ray beam energy; in petrologic applicationisat leucosome appears light, melanosome appears gray, and garnet
each mineral is commonly characterized by a small and d#ppears darkc] Animated gif of representation of 108 HR X-ray CT
tinctive range of attenuation values. In a typical CT scan,seans of the stromatic migmatite in which the gray scale was inverted,
fan-shaped X-ray beam passes through an object, and the tréh§IRLs http://www.minsocam.org and http://www.geol.umd.edu/
mitted X-ray intensity is measured by an array of collectorgmaryanne/AM/manuscript.html. First and last slices are outlined in
then compared with the intensity of the incident beam to detdfaite. Animation cycles from first to last slice.
mine the total amount of attenuation. The object is rotated in
the X-ray beam, and the resultant attenuation is measured along
several paths. Computed tomography calculates the X-ray gttow a range of color from white to rust due to weathering,
tenuation at tens of thousands of points in a two-dimensionatich created a problem when attempting to identify leuco-
virtual slice through the object. Each slice is of a fixed thiclksome by its color. The slight amount of weathering, which was
ness, determined principally by the resolution required. Benough to discolor some leucosomes in our samples, was not
cause each measurement is an average over the width ofatheugh to alter the minerals, so the mass density and mean
slice, thinner slices can image smaller objects in the samptemic number of the leucosome minerals did not change with
and produce sharper edges between objects that have a coniagtee of weathering. As a result, we could identify leucosome
oblique to the plane of the slice. For the stromatic migmatiteore consistently in the two-dimensional representations de-
we used a 115 mm field of view and produced 108 virtual slicesed from the HR X-ray CT scans.
at a spacing of 0.45 mm. For the migmatitic garnet- amphibo- An additional problem in serial grinding using a saw is the
lite, we used an 80 mm field of view and produced 112 virtuedmoval of a uniform layer to produce slices of constant thick-
slices at a spacing of 0.45 mm. The two-dimensional represaess. This may be problematic for quantitative analysis of the
tations produced are gray-scale TIFF files of 8B42 pixels. three-dimensional image produced from the two-dimensional

Comparison between methodsSerial grinding does not representations if variation in the orientation of the surfaces
require sophisticated instrumentation, as needed for HR X-regnnot be accommodated. Furthermore, the spacing between the
CT, but it is a labor-intensive process, whereas producing eawafo-dimensional representations limits the quality of the three-
virtual slice for samples similar to those used in this studgimensional image that can be produced. In serial grinding, the
after calibration of the machine, takes ~1-4 minutes. In thépacing between surfaces is determined by the method of re-
study, several difficulties were experienced with the opticatoval of material (saw or large lap), so that the thickness be-
scans produced in the serial-grinding method. The leucosonmesen the two-dimensional images may be greater than (saw) or




BROWN ET AL.:IMAGES OF LEUCOSOME GEOMETRY IN MIGMATITES 1801

approach is likely to be a combination of each method, with
selection of critical areas that can be examined in detalil, e.g.,
by serial grinding or cutting petrographic thin sections, and the
location of specific sites of interest for chemical analysis within
a sample volume being based on a three-dimensional image
produced from two-dimensional representations of spatial data
obtained using HR X-ray CT.

Compilation of three-dimensional images from two-
dimensional representations of spatial dataTwo-dimen-
sional representations of spatial data done at the University of
Maryland were analyzed on a Macintosh computer using the
public domain NIH Image program developed at the U.S. Na-
tional Institutes of Health (available on the Internet at http://
rsb.info.nih.gov/nih-image/). Three-dimensional images created
from the two-dimensional representations of spatial data done
at the University of Texas (Figs. 9, 10, 16, and 17) were cre-
ated using VoxBlast software.

The first step in creating three-dimensional images of leuco-
some geometry from two-dimensional representations of spatial
data is to establish criteria for determining what is to be regarded
as leucosome in each two-dimensional representation
(thresholding). Gray-scale thresholding was applied to both types
of representations using a protocol similar to the p-tile method
(Doyle 1962; Sahoo et al. 1988). This method assumes a knowl-
edge of the areal proportion of the objects of interest in a repre-
sentation, and the threshold between objects and background is
the value at which the percentage of pixels below this value
matches the known areal percentage for the object. For both types
of migmatite, however, the areal percentage of leucosome in the
two-dimensional representations is unknown. Therefore, the
threshold could not be determined automatically. To place the
threshold at the edge of the leucosome, its position was manipu-
lated manually while viewing the image, and its position was
adjusted until it was at the edge of the leucosome. This presented
a problem in dealing with the two-dimensional representations
2cm produced by HR X-ray CT, because they show a “beam-harden-
) . . ing” effect in which the centers of the representations are darker
FIGURE 5.(a) HR X-ray CT scan of migmatitic garnEt"“mpmbo“tethan the edges (Denison et al. 1997). This is due to the polychro-

Thickness of scan is 0.45 mn) (HR X-ray CT scan with gray scale . t f the X b din th .
inverted so that leucosome appears light, melanosome appears graﬂ%tﬁc nature or the X-ray beam used In the scanning process.

garnet appears darkc)(Animated gif of representation of 112 HR x- e lower energies of the imaging X-ray beam spectrum are more
ray CT scans of the migmatitic garnet-amphibolite in which the gr&fongly absorbed, changing the energy spectrum of the beam
scale was inverted, at URLs http://www/minsocam.org and http@iiring the scan. Using more elaborate scanning techniques than
www.geol.umd.edu/~maryanne/AM/manuscript.html. First and lagtere applied in this pilot study, such beam-hardening artifacts
slices are outlined in white. Animation cycles from first to last slice. generally can be eliminated. In this study, an empirically deter-
mined radial correction factor was applied to the HR X-ray CT
representations, so that leucosomes could be isolated using
similar to (large lap) those produced by HR X-ray CT. Finallghresholding (Fig. 6).
the number of X-ray scans may be limited by the cost involved, A three-dimensional image of the leucosome was produced
whereas the number of serially ground surfaces is limited ori@yr each sample, using NIH Image for the serial sectioning (Figs.
by the time involved. 7 and 8) and VoxBlast for the HR X-ray CT (Figs. 9 and 10). The
The main disadvantage of the serial-grinding techniquetigo-dimensional representations from each sample were as-
its destructive nature. Samples imaged with HR X-ray CT c&gmbled into a stack with slice spacing equal to the average slice
be used later for chemical and isotopic analysis, whereas stickness. A threshold was selected for each stack based on the
ally ground samples are lost in the grinding process. Seriagéthods described above, with only slight variation in the thresh-
grinding does offer one unique advantage, which is the oppeld values for the individual slices in three of the four stacks.
tunity to examine in detail multiple serial surfaces through ther the stack of images of the serially ground stromatic migmatite,
rock sample. Furthermore, a permanent photographic rect@vever, it was necessary to change gray-scale levels of some
can be made of each of these rock surfaces. Overall, the edividual slices of that stack to create a more uniform threshold
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FIGURE 6. (a) Representation of HR X-ray CT scan of migmatitic garnet-amphibolite with gray scale inverted. Note that the center of the

representation appears lighter than the edges due to beam-hardgritiyX-ray CT scan corrected by application of an empirically determined
radial correction factor.cf Thresholding applied to the uncorrected scan; arrow shows area where thresholding did not identify leucosome

(black). d) Thresholding applied to corrected scan; arrow shows identification of leucosome at edge of scan.

value for the stack (see Fig. 2b for altered images of the st&@F are more closely spaced and allow interpolation from scan
matic migmatite). All pixel values that were above the threshald scan to “complete” the three-dimensional image). The prob-
value were rendered transparent, and projections were credg¢ed of spacing between the two-dimensional representations
in which the stack is rotated through 3&0ound a horizontal derived by each method is exacerbated by using NIH image
axis within the plane of the computer screen. The projectiofts stacking the representations derived from serial grinding,
have a “light source” near the eye of the viewer so that objectdiecause, unlike VoxBlast, NIH image does not calculate a vir-
the front of the rotating sample are brighter. tual volume for the three-dimensional image.

The three-dimensional images that result for each sample
are different in contrast and amount of detail. These differen
reflect the use of NIH image versus VoxBlast (images producedIn projections of the three-dimensional images of the stro-
in VoxBlast have greater contrast) and the spacing between figtic migmatite, several leucosomes traverse each image and
two-dimensional representations (scans produced by HR X-fgsent a clear illustration of their planar nature (Figs. 7 and 9).

cosome geometry in stromatic migmatite
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Leucosome in the stromatic migmatite clearly is connectdéapped with leucosome in that slice, the two leucosomes were
across the sample. Melt flow through this rock when it wa®onsidered part of a three-dimensional structure that spans two
partially molten could be modeled as flow in parallel conduitslices. To determine overlap, each leucosome was offset in the
direction of the lineation before being compared with the next

scan. Connectivity across the entire sample was determined in

For the migmatitic garnet-amphibolite, leucosome connegyis way. This method is directional from one side of the sample
tivity across the sample is difficult to establish from prelimito the other and, because leucosome structures branch, allows
nary inspection of the projections of the three-dimensiongjr dead ends to be included in the connected channels. The
images based on the serial-grinding method. To clarify the lesgme procedure was run in the opposite direction on the estab-
cosome connectivity, the stacks of two-dimensional represg@ahed channel to eliminate dead ends (Fig. 13). To determine
tations of the migmatitic garnet-amphibolite sample wefige ratio of effective porosity to total porosity, the area of the
“resliced” perpendicular to the grinding plane, and some gfiminated dead ends was compared with the area of the total
these slices suggest connectivity across the sample (Fig. 1&¢hannel.

Further analysis to determine connectivity, effective poros- paths that link the centers of leucosomes, identified as the
ity for flow, and tortuosity of inferred flow paths was done ogenter of the best-fit ellipse with the same area, through the
the two-dimensional representations of the HR X-ray CT viconnected channel were constructed and measured. The result-
tual slices through the migmatitic garnet-amphibolite. Effe@nt flow-path length was divided by the distance from the cen-
tive porosity is the percentage of the pore space that is parteaf of the leucosome on the first slice to the center of the
the connected pore system. Therefore, the measure of effeckertecosome on the last slice to determine the path-length tortu-
porosity depends upon the extent of connectivity. For migmatitgsity. The path-length tortuosity is similar to hydraulic tortu-
the leucosome records residual porosity as melt flow wanesity as used in the Kozeny-Carman equation (see Appendix
and the flow network congealed. Thus, the leucosome topd)s rather than geometrical tortuosity (see Appendix 1 and dis-
ogy represents a snapshot only, and non-connected leucosonssion in Clennell 1997).
could have been connected previously. Using this measure ofAmbiguity concerning the connected nature of the leuco-
effective porosity in reservoir studies is useful because it$sme in the migmatitic garnet-amphibolite is due to the com-
linked to the fluid that can be extracted from a rock, but it plex, irregular shape of the leucosome (Figs. 8 and 10) and its
less useful when attempting to determine melt flow ratspatial association with garnet (Fig. 5c). By projecting the
through a rock because it includes dead ends within the ctgucosomes from each slice onto the next and noting their over-
nected pore system that do not support flow. The purposelap, in the stack of two-dimensional representations derived
this study is to define parameters that will constrain melt flofkom the HR X-ray CT, we have determined connectivity across
rates through migmatites; therefore, we seek to calculate the sample. Tracing the connectivity of a single leucosome from
effective porosity for flow, i.e., the connected porosity minuthe first HR X-ray CT scan through the stack of scans leads to
the porosity associated with dead ends. Pore roughness teendiscovery of a connectivity tree with several branching struc-
decrease the effective porosity for flow (Aharonov et al. 199jres (Fig. 14). If leucosome in this sample records a fossil
but flow separation may be a consequence (Middleton 199@elt-flow network, the interconnective threshold was clearly
pore roughness was not included in our analysis. Finally, wgceeded. By comparing the areal extent of leucosome in each
have determined the path-length tortuosity of 20 through-gslice with the total slice area, we have determined that leuco-
ing channels in the migmatitic garnet-amphibolite. some comprises 22% of the migmatitic garnet-amphibolite. In

Effective porosity and tortuosity determinations require th&o connectivity trees, leucosome in dead ends was 9% and
identification and characterization of any through-going chat1% of the whole leucosome volume, suggesting that a rea-
nels in the sample. The HR X-ray CT scans of the migmatisonable estimate for the minimum effective porosity for flow
garnet-amphibolite, however, were not perpendicular to the lifi-e., at stagnation) in the migmatitic garnet-amphibolite was
earity of the leucosomes, assumed to be the direction of grezdi-vol%.
est connectivity. We determined the direction of the lineation A single inferred melt flow path traced through this tree is
by a three-step process, after leucosome in each image siasious (Fig. 15). We have determined path-length tortuasity,
identified by thresholding as described above. First, bestfi#tee Appendix 1), for twenty measured flow paths, which lie in
ellipses were created for each leucosome in the first HR X-rdne range from 2.2 to 5.9 (Table 1). If we examine the effect of
CT scan and the average long dimension determined (Fig. I29n the volumetric fluxg, using Equation 1 and an equivalent
Then the stack of scans was digitally resliced perpendiculamdorous-medium model of permeability, such as the modified
the plane of the original scans, and parallel to the long diméfezeny-Carman Equation All1af two produces a flux four
sion of leucosomes in the first scan, and the average longtdires slower than through a straight channel, ando& six
mension of the leucosomes in this slice was determinedraduces flux rate by a factor of thirty six. This relationship
above. The direction of this long dimension in space is the limplies that tortuosity, or in broader terms the geometry of the
eation direction. melt-flow network, can affect melt flow rates in the anatectic

Assuming melt flow was parallel to the lineation, we coreone. Besides high tortuosity, individual inferred flow paths
structed the geometry of individual melt-flow paths as followsave: (1) highly variable cross-sectional areas (by two-to-three
We compared two adjacent slices; if the area correspondingtders of magnitude, Table 1), and (2) changeable minimum
leucosome on one image projected onto the next slice and owdannel radius (by approximately one order of magnitude, re-

Leucosome geometry in migmatitic garnet-amphibolite
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FIGURE 7.Projections of the three-dimensional image of the stromatic migmatite. This image was created using NIH Image to compile into
a stack the two-dimensional representations created by scanning after serial grinding. Each slice in the stack can bastoogbtmixel-
thick plane separated by the thickness of material cut off the sample (~1.5 mm). The stack was rotated around a virtahbhizizothe
plane of the page through 3@t 10 intervals to produce viewa—d. A scale bar is not presented because these are projections of a three-
dimensional image (Fig. 2a contains the scale for the first image in the stack). The light colored parts of the mignat@m@eard felsic
minerals in the mesosome) are represented as white and gray. The dark parts of the migmatite (melanosome and mafithemesasame)
are represented as transparent. Because the melanosome is transparent, these projections present the three-dimeresimfriadstidotir
planar leucosomese)(Animated gif of projection of three-dimensional image rotating through, #880JRLs http://www.minsocam.org and
http://www.geol.umd.edu/~maryanne/AM/manuscript.html.
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FIGURE 8. Projections of three-dimensional images of the migmatitic garnet-amphibolite. This image was created using NIH Image to
compile into a stack the two-dimensional representations created by scanning after serial grinding. Each slice in theesthdughhof as
a one-pixel-thick plane separated by the thickness of material cut off the sample (~1.5 mm). The stack was rotated anathdrézwintal
axis in the plane of the page througtt 3010 intervals to produce views-d. A scale bar is not presented because these are projections of a
three-dimensional image (Fig. 3a contains the scale for the first image in the stack). The leucosome and felsic minenalsosotne are
represented as white and gray. The melanosome and garnets are transparent. Because the leucosome is irregulartdt pediéficalthe
leucosome connectivity in three dimensio®y Animated gif of projection of three-dimensional image rotating through, 28QJRLs http://
www.misocam.org and http://www.geol.umd.edu/~maryanne/AM/manuscript.html.
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FIGURE 9. Projections of three-dimensional image of the stromatic migmatite. This image was created using VoxBlast to compile into a
stack the two-dimensional representations of the HR X-ray CT scans. The three-dimensional image produced is superiaréatbd osigg
NIH Image using two-dimensional representations created by scanning after serial grinding (Fig. 7) because the HR X-ray@Thso@n
closely spaced and VoxBlast calculates a virtual volume from the stack of two-dimensional representations. The stacldveasuonthse
virtual horizontal axis in the plane of the page througha8Q.C intervals to produce views-d. A scale bar is not presented because these are
three-dimensional projections (Fig. 4b contains the scale for the first image in the stack). The less-dense parts ofiteglsugosime and
felsic minerals in the mesosome) are represented as white and gray. The denser parts of the migmatite (melanosome agrdis afithein
mesosome) are transparent. Because the melanosome is transparent, these projections present the three-dimensionahditrigttate of
planar leucosomese)(Animated gif of projection of three-dimensional image rotating through, 280JRLs http://www.minsocam.org and
http://www.geol.umd.edu/~maryanne/AM/manuscript.html.
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FIGURE 10.Projections of three-dimensional image of the migmatitic garnet-amphibolite. This image was created using VoxBlast to compile
into a stack the two-dimensional representations of the HR X-ray CT scans. The three-dimensional image produced isbaperocreated
using NIH Image using two-dimensional representations created by scanning after serial grinding (Fig. 7) because the fiRca&mayaf(e
more closely spaced and VoxBlast calculates a virtual volume from the stack of two-dimensional representations. The atekd \wasund
a virtual horizontal axis in the plane of the page througha8Q0 intervals to produce views-d. A scale bar is not presented because these are
projections of a three-dimensional image (Fig. 5b contains the scale for the first image in the stack). The leucosoncenzindriksin the
melanosome are represented as white and gray. The melanosome and garnets are transparent. Because the leucosomésigliffiegitlar, i
to perceive the leucosome connectivity in three dimensien&n{mated gif of projection of three-dimensional image rotating through, 260
URLSs http://www.minsocam.org and http://www.geol.umd.edu/~maryanne/AM/manuscript.html.
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FIGURE 12.Schematic representation of the identification of the
lineation through the migmatitic garnet-amphibolite. The oval on the
top of the cube represents the long dimension of the leucosomes in the
top scan in the stack of HR X-ray CT scans of the migmatitic garnet-
amphibolite sample. The vertical slice directly beneath that represents
a reslice of the stack, similar to the reslicing in Figure 11. The oval in
the reslice represents the long dimension of the leucosome. This is the
lineation defined by leucosome in the sample.

In the stromatic migmatite, the spatial relationship of the
garnet crystals to the leucosome boundaries is made clear in a
FIGURE 11. Leucosome connectivity of migmatitic garnet-projeCtion of ?’ three_d.imenSional image (Fig. 16) by rendering
amphibolite shown in computer-generated virtual slices perpendicu‘Qte_ IOW-(.:ienSIFy material (Ieuco_some) tra_‘nSparen_t and empha-
to the grinding plane. Each of the original two-dimensionalZing with brighter color the high-density material (garnet).
representations of the serially ground surfaces was assigned a thickG@aEnet grains in the leucosomes are only locally in contact with
in pixels based on slice thickness. These virtual slabs were tg melanosome or mesosome (Fig. 16); apparently they are
compiled into a stack and digitally resliced using NIH Imagec) never in contact with melanosome or mesosome on both sides
The vertical cross-sections in the locations depicted in Figure 3(a) dfythe leucosome. Jones and Brown (1990) suggested that one
the right, center, and left white lines. Although the virtual slices througlaction responsible for the production of melt was Bt + Als +
the sample are closely spaced, connectivity only occurs in the cemtiz (+ Pl) = Grt+ Kfs + L. The garnet observed in the
slice. This is to be expected in this migmetitic garnet-amphibolite ASucosomes is likely to be the product of this moderate-to-low
the leucosomes are sinuous and do not lie in any single plane. awo, incongruent, biotite-dehydration melt-producing reaction,
which suggests that its present geometry represents suspen-
flected in minimum cross-sectional areas that vary by up $n in melt. Although this might have affected the viscosity of
fifty times, Table 1). These features mean there were large vatige melt, it did not affect the tortuosity of the channel through
tions along the channels, which imply strong local flow divewhich the melt/magma flowed. If the leucosome walls had
gences. Consequently, we anticipate that unusually straight #n@inged on the garnet, in-plane tortuosity would have in-
uniform channels would dominate the volumetric flux, becaugeeased, as melt would have had to flow around the pinned
the velocity of melt in these channels is larger. garnet grains (Cook et al. 1990). Since the permeability struc-
ture is largely planar, the effect of pinned garnets in the chan-
DisCussION nels will be minor unless the volumetric proportion of crystals
Besides the powerful ability of HR X-ray CT to provide ds high. In contrast, pinned crystals of tabular feldspar, whether
stack of virtual slices that may be used for quantitative analysigsidual, peritectic, or cumulate, potentially will increase in-
in three dimensions, both the two-dimensional representatigiigne tortuosity and inhibit expulsion of residual melt during
and the three-dimensional images of leucosome distributiontiie waning stages of flow and lock-up.
migmatites are valuable sources of qualitative information. For |t could be argued that the planarity of the leucosomes is
example, the relationship between garnet and leucosome is dist a primary feature of the melt-flow conduits but a second-
tinctly different in the stromatic migmatite (Figs. 4c and 16) angty feature due to subsolidus deformation. This is unlikely to
the migmatitic garnet-amphibolite (Figs. 5¢ and 17). be the case because the microstructure of the leucosomes is
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largely magmatic, with some plagioclase crystals that have
euhedral faces against quartz and some quartz that occurs as
grain boundary films between plagioclase crystals; quartz shows
only slight undulose extinction. Based on these observations,
we infer that any post-crystalline deformation has not modi-
fied the leucosome structure.

In the migmatitic garnet-amphibolite, leucosome is next to
garnet in strain shadows (Williams et al. 1995). The spindle-
shaped pockets of leucosome define a linear fabric (Figs. 5¢c
and 17). In sections cut approximately perpendicular to the lin-
eation, garnet crystals cut close to the center plane are in direct
contact with the surrounding melanosome, with no leucosome
next to the crystal faces unless that leucosome is associated
with another garnet grain (Fig. 5c). This pattern of spindle-
shaped pockets of leucosome is consistent with constrictional
strain. If we consider the leucosome in these strain shadows to
represent former melt, the garnet crystals in the current geom-
etry represent obstacles to flow along a linear path. Even if the
porosity of the active melt-flow network was higher than we
infer from the leucosome volume, blocking of the channels by
garnet would have contributed to the high degree of tortuosity
of melt-flow paths through this sample.

Although the details of partial melting in amphibolite
protoliths and the formation of melt lenses are beyond the scope
of the present paper, leucosomes in the migmatitic garnet-am-
phibolite may have formed by a mechanism similar to that de-
scribed in quartzo-feldspathic gneiss by Hand and Dirks (1992).
In this model, melt-producing reactions occur initially in re-
gions of higher strain where the melting reaction activation
energy was first overstepped. Once nucleation of reaction prod-
FIGURE 13. Schematic two-dimensional re . L%cts has occurred, these zones become the sites for continued
. - presentatlon (0] . . . . .

elting to result in the formation of leucosomes with a higher

leucosome connectivity perpendicular to plane of scans. Connecti\méIt component than the remainder of the rock. Hand and Dirks

is first determined working from the top slice to the bottom By : . . . Lo
leucosome overlap from slice to slice. After this step all of the shacé@gz) argue that in a differential stress field, diffusional pro-

area is selected; however, it includes a dead end in dark gray. We@sSes will cause elongation of the leucosomes paralg| to
the process is repeated from the bottom slice to the top, the dead edliiiately to create an interconnected melt flow network.
not included. The microstructural evidence for strain in the leucosomes
suggests that deformation continued into the subsolidus, which
TABLE 1. Tortuosity of twenty measured paths through a connec- may be interpreted to mean that the leucosome geometry had
tivity tree in the migmatitic garnet-amphibolite sample  peen altered from the geometry of the melt flow network, al-
Minimum cross-  Maximum cross- Average cross-  though we cannot determine if the deformation was sufficient
Tortuosity  sectional area  sectional area  sectionalarea 14 accomplish such a modification. Constrictional strain while

(mm?) (mm?) (mm?) -
222 04 103.0 36.2 melt was present (or after crystallization) may have caused
3.55 0.7 178.6 43.3 pinching off to isolate pods of melt, now represented by leuco-
259 0.4 151.3 30.9 some, which would decrease connectivity and effective poros-
4.63 0.3 236.9 51.6 . e .
2.80 05 151.3 26.6 ity for flow. For peridotite, Daines and Kohlstedt (1997) have
4.30 0.3 236.9 56.9 shown that hydrostatic annealing of deformed samples results
‘2‘23 82 ig?g ‘2‘25 in a redistribution of melt into pockets oriented closer to per-
2.67 43 151.3 40.0 pendicular to the original syn-meltimg than the original ori-
g-gg 8-2 ggg-? Zg-g entation of these melt pockets formed under an applied
301 0.2 890 123 differential stress. Whether there is any redistribution of melt
3.63 0.1 125.8 39.2 due to hydrostatic annealing in crustal protoliths is unknown.
3.53 0.4 182.0 44.1 Melt-flow networks are controlled in part by the tectonite
3.65 0.3 130.4 32.7 . . .
289 0.4 89.0 20.4 fabric and the mineralogy of the rock, as illustrated by the
4.07 1.0 140.8 42.4 samples in this study. When a schistose pelitic rock begins to
oo e e o melt, for example the protolith of the stromatic migmatite in
5.54 48 262.1 68.8 this study, which has an>8L tectonite fabric reflecting appar-

Avg 3.57 0.9 170.3 42.8 ent flattening strain, channeling of melt is constrained by the
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FIGURE 14.Projections of three-dimensional image of a single connectivity tree in the migmatitic garnet-amphibolite. The stack @vas rotate
around a virtual vertical axis in the plane of the page througats0D intervals to produce views-f. (Note that this axis of rotation is different
from the axis in Figs. 7-10). A scale bar is not presented because these are projections of a three-dimensional imeget4fig.tba scale for
the first image in the stack). The arrow points to the leucosome in the top scan of the stack. This leucosome rotatesitewardrtim &) to (f)
so that inf) the viewer is almost looking directly down on the stack. Note that a complex tree of leucosomes throughout the stacedstoonne
a single leucosome on the top of the stagkAhimated gif of projection of three-dimensional image rotating through, 2880URLs http://
www.minsocam.org and http://www.geol.umd.edu/~maryanne/AM/manuscript.html.
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FIGURE 15.Projections of three-dimensional image of a single path within the connectivity tree in Figure 14. The stack was rotated around
virtual vertical axis in the plane of the page through&QLC intervals to produce viewss-f. (Note that this axis of rotation is different from the
axis in Figs. 7-10.) The arrow points to the same leucosome in the top scan of the stack depicted in Figure 14. Natthtmetitioe g a few very
narrow necks through which fluid must flowg) Animated gif of projection of three-dimensional image rotating through, 3&ated at URLs
http://www.minsocam.org and http://www.geol.umd.edu/~maryanne/AM/manuscript.html.



1812 BROWN ET AL.:IMAGES OF LEUCOSOME GEOMETRY IN MIGMATITES

FIGURE 16. Projections of false-color, three-dimensional image of stromatic migmatite. The stack was rotated around a virtual horizontal
axis in the plane of the page through 40, 120, 220, antta9froduce views—d, respectively. A scale bar is not presented because these are
projections of a three-dimensional image (Fig. 4b contains the scale for the first image in the stack). The leucosones isaasparent in
this image. The color of the solid part of the image is brighter for material with higher mineral density, with garnetgapeéasinThe arrow
shows a leucosome in which many garnet crystals are “suspendge@hiination of projection of false-color three-dimensional image of
stromatic migmatite, derived from the stack of two-dimensional representations of the HR X-ray CT scans, created usingavioxXBtzted
at URLSs http://www.minsocam.org and http://www.geol.umd.edu/~maryanne/AM/manuscript.html.

existing fabric, which is defined largely by the preferred orietite may be taken to suggest that melt migrates out of partially
tation of the micaceous minerals, and the continuing contemelten amphibolite more slowly than out of partially molten
poraneous deformation that progressively modifies the fabrpglite with planar melt channels. If correct, such a difference
leading to the development of a stromatic structure. This flow rate may cause buildup of melt pressure and
tectonite fabric developed in response to deformation andfoelt-enhanced embrittlement that leads to rock fracture. This
transposition of original sedimentary layering, and deformaaay be reflected in the common development of agmatite struc-
tion generally enhances the development of planar melt ch&mre in amphibolite protoliths. However, such an interpretation
nels (e.g., Stevenson 1989; Hand and Dirks 1992; Maalge 1982 0t necessarily correct.
Brown et al. 1995b; Tanner and Behrmann 1997). Using the theoreticdd-@ relationships presented in Appen-
When amphibolites with L > S tectonite fabrics, reflectingix 1 for network models of permeability based on tubular and
apparent constrictional strain, begin to melt, the melt channeflack porosity structures (Egs. A3 and A7, respectively), it is
are more linear than planar, as confirmed by our results. \Ajgparent that permeability is strongly dependent on the radius
infer that melt was channeled along the linear fabric, whicha$ the tubes or the aperture of the cracks. Thus, for similar
implied by the geometry of the leucosome in three-dimensiopsrosity, either the tubular network or the crack network could
(Fig. 17). The high tortuosity of the migmatitic garnet-amphibdiave largek, depending on the radius/aperture values. For equal
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FIGURE 17.Projections of false-color three-dimensional image of leucosome geometry in migmatitic garnet-amphibolite (only the central
part of the scanned volume is shown, cf., Figs. 6 and 10). The stack was rotated around a virtual vertical axis in ttieegage tfirough 90,
190, and 275to produce viewd—d, with respect to viewa). A scale bar is not presented because these are projections of a three-dimensional
image (Fig. 5b contains the scale for the first image in the stack). Garnet associated with the leucosome and the mesnixrbaderkd
transparent in this images) Animation of projection of false-color three-dimensional image of leucosome in the migmatitic garnet-amphibolite,
derived from the two-dimensional representations of the HR X-ray CT scans, created using VoxBlast, and at URLs http://vocam.migso
and http://www.geol.umd.edu/~maryanne/AM/manuscript.html.

porosity, an ideal tubular network will have a permeability thaetworks represented by Equations A3 and A7. For more complex
is 33% greater than an ideal crack network, if the tube radiusgtworks, with more contorted flow paths, tortuosity will be an im-
the tubular network is equal to the crack aperture in the crgmktant factor in determining permeability. Whereas in this study the
network. On the other hand, the crack network will have a 6G¥#gmatitic garnet-amphibolite has more tortuous melt flow pathways
greaterk than the tubular network if the tube radius in the tuhan the stromatic migmatite, we do not imply that this is necessarily
bular network is half the fracture aperture in the fracture netiways the case. Other L > S migmatites may show greater lineation-
work. Thus, for the same amount of melt (or porosity), there is ngarallel extent of conduits, or fewer obstacles like mineral grains than
priori requirement thatin L > S rocks be less th&in S > L rocks.  does the migmatitic garnet-amphibolite used in this study. Because of
The relative values &ffor natural networks depend more strongly othis, the reader should not draw the general conclusion that L > S
the size of the conduits, than on their shape, at least for the idealipeis are expected to have lodhan S > L rocks.
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We have shown that tortuosity is an important aspect of the pﬁt?d tom]?graphy (CT)rimaEtleng of SEpiraTclusion_ trails :nd the egema'!mt?r- |
phology of garnet porphyroblasts. Eos, Transactions, American Geophysical
geometry of the melt-flow network that affects melt-flow rate  (jni01"79  Supplement, April 28, 1998, S357.

through the anatectic zone. An important part of the total effefar, J. (1972) Dynamics of Fluids in Porous Media, 764 p. American Elsevier,

of tortuosity on flow rate stems from the loss of energy due to New York.
. . I?]ernabe, Y. (1991) Pore geometry and pressure dependence of the transport proper-
the angular difference between the local streamline and theies in sandstones. Geophysics, 56, 436-446.

pressure gradient (Clennell 1997). Thus, any comparison-6f—(1995) The transport properties of networks of cracks and pores. Journal of
Y P _ Geophysical Research, 100, 4231-4241.

specific ﬂO,W rates must account for obliquity between the pr ernabé, Y. and Bruderer, C. (1998) Effect of the variance of pore size distribution

sure gradient and the melt-flow path through the melt-flow on the transport properties of heterogeneous networks. Journal of Geophysical

network. A similar effect might be expected at the crustal scale Research, 103, 513-525.

. . o . Blumenfeld, P. and Bouchez, J.L. (1988) Shear criteria in granite and migmatite
if the anisotropy of permeablllty of the melt flow network in deformed in the magmatic and solid states. Journal of Structural Geology, 10,

the anatectic zone is not parallel to the larger-scale pressuress1-372.

radient. which is likelv to be dominated by buovancy forcé®uchez, J.L., Hutton, D.H.W., and Stephens, W.E. (1997) Granite: From Segrega-
9 ’ y y y y tion of Melt to Emplacement Fabrics, 358 p. Kluwer Academic Publishers, The

and reflect the magmastatic head (e.g., Brown and Solar 1998a)netheriands.
Finally, we have ignored the guestion of variations in viscoBrown, M. (1983) The petrogenesis of some migmatites from the Presquile de

: : ; i _ Rhuys, southern Brittany, France. In M.P. Atherton and C.D. Gribble, Eds.,
ity, both between melts derived from different pr0t0|lth com Migmatites, Melting and Metamorphism, 174—-200. Shiva Publishing Limited,

positions and due to variations in crystal content and/or water Nantwich.

content. Viscosity is an important factor that must be incorpo=—(1994) The generation, segregation, ascent and emplacement of granite magma:
ted wh ific fl t det ined d d The migmatite-to-crustally-derived granite connection in thickened orogens.
rated when specific flow rates are determined and compared. g, science Reviews, 36, 83-130.

The introduction of microtomography (Flannery et al. 1987)}—(1998) Unpairing metamorphic bel:T paths and a tectonic model for the

has allowed three-dimensional numerical simulation of flui Ryoke Belt, southwest Japan. Journal of Metamorphic Geology, 16, 3-22.
g wn, M. and Dallmeyer, R.D. (1996) Rapid Variscan exhumation and role of

: I
flow through sandstones (Spanne et al. 1994; Auzerais et a?~magmain core complex formation: Southern Brittany metamorphic belt, France.

1996; van Genabeek and Rothman 1996). These simulationslournal ofdMetarr?orphic G(eology, %4, 3?1_%9} ) .
. . . wn, M. and Rushmer, T. (1997) The role of deformation in the movement o
have been successful, in that resulting model permeablllt%ggranitic melt: Views from the laboratory and the field. In M.B. Holness, Ed.,

match measured permeability (Spanne et al. 1994; Auzerais eDeformation-Enhanced Fluid Transport in the Earth's Crust and Mantle, p. 111—
al. 1996). Though quantitative measures of tortuosity are u%6_144. The Mineralogical Society Series, 8. Chapman and Hall, London.

. . . . Brown, M. and Solar, G.S. (1998a) Shear-zone systems and melts: feedback rela-
fulin comparing geometries of melt-flow networks, numerical " tions and seif-organization in orogenic beits. Journal of Structural Geology, 20,

simulations of melt flow through the three-dimensional poros- 211-227.
———(1998b) Granite ascent and emplacement during contractional deformation in

ity structure of mlgmatltes, gs represented by their IeuCOS(?meconvergent orogens. Journal of Structural Geology, 20, 1365-1393
geometry, are likely to provide a more accurate and detailed—(1999) Observations on the mechanism of syntectonic ascent and emplace-

understanding of melt extraction rates from the anatectic zone,ment of granite magma in an obliquely convergent (transpressive) orogen.
Tectonophysics, in press.

and this is the next goal of our research. Brown, M., Rushmer, T., and Sawyer, E.W. (1995a) Special section: Mechanisms
and consequences of melt segregation from crustal protoliths. Journal of Geo-
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a distribution of cracks of aperturevand diameter@ It can area (or the flow cross-sectional area divided by the perimeter

be shown (e.g., Guéguen and Palciauskas 1994) that of the conduit). For a given porosity, as the size of the pores
., decreases, so their number must increase; therefore, the spe-
v= W E q=vo. (A6) cific surface area increases as the inverse square of pore ra-
3u dx dius, which affects the drag force that a moving fluid exerts on
By comparison with Equation 1, we obtain the pore walls. Permeability in an equivalent channel model is
. described using the Kozeny-Carman equation
= "o A7
k=30 (A7) - _av (A10)
For the same approximations discussed above, S1-9)
wherea is the Kozeny constant (<1), aBds the surface area
0= 2néz w (A8) of pores per unit volume of solids (Guéguen and Palciauskas

i ' 1994). The Kozeny-Carman model works well if the walls of
the pores are smooth. Furthermore, the equivalent channel
model can be made more realistic using an empirical weight-
_ 2w (A9) ing procedure to reduce the effects of dead-ends and other low-
oo conductance pore space (e.g., Johnson and Sen 1988; Schwartz
Again, the permeability is controlled by the average distan?gal' 1989)2A|SO’ the Kozeny-Carman equation can be mOd"
between cracks, and the crack radii and apertures led to takfe into qccount convoluted flow pgth;, using the idea
of tortuosity, T, discussed below. The main disadvantage of
Percolation equivalent porous-medium models is the assumption that a
?]iggle hydraulic radius represents the combined effects of the

To determine permeability, it is necessary to understand t . .
L numerable flow channels traversing the medium when the
nature of the connected porosity; network models are used'1o

- . ) ity yore space in natural rocks is not homogeneous. Conduits in
examine the effect of varying connectivity on permeability us- . - ;
natural materials commonly vary widely in conductance, and

ing percolation theory (e.g., Stauffer and Aharony 1994). The ) .
; equivalent channel models cannot predict transport properties
tube and crack models discussed above assume a perfect ¢dn- oo

urately when the pore space involves a broad distribution

nection among these m|crostructural_featur_es_. Ber_nabe ﬂg%ﬁ:onductances (David et al. 1990; Bernabé and Bruderer
generated a large set of networks with variations in pore Slf§98)
and connectivity and found thatlk ¢?*4 which lies between )
the exponent of 3 for cracks and that of 2 for tubes (see aboﬂtuosity

Percolation theory evaluates the degree of network connectiv- . . . ) .
ity, so that the results of Equations A5 and A9 must be multi- 10Ttu0sity,T, has been defined in many ways in mathemati-
plied by a factorf, that represents the fraction of tubes or craci@l models of fluid flow through porous media (Carman 1937;
attached to the percolating cluster. Below the percolation thre§far 1972; Diedericks and Du Plessis 1995; Clennell 1997).
old, connections are finite and modet 0. Permeability in- The conclusions of the mathematical models that the flux of
creases rapidly above the percolation threshold and approadhéd along a sinuous route will be lower than for a straight
the values given by Equations A5 and A9 (Guéguen afeute, due to longer path length and loss of energy caused by
Palciauskas 1994). One strength of network models is the etime angular difference between the local streamline and the
with which highly heterogeneous porous media can be simpressure gradient, are intuitive. The ratio of shortest flow path
lated, and one outcome of this modeling is a better understapgtween inflow and outflow points, avoiding solid obstacles
ing of the control on permeability of a small fraction of thever the linear separation between these inflow and outflow
total connected pore space, emphasizing that variations in figints, is often called the geometrical tortuosity. This defini-
bulk porosity may not be the only microstructural parametgp, js not ideal because the geometrically shortest paths are
that controls transport. propertlgs of rgcks (Parney and Smr'mt necessarily the least sinuous, which affects the efficiency
1995.)' For melt row_|n orogenic environments, we need flow. This is evident from flow simulations in networks (e.g.,
consider syn-anatectic deformation. Models for directed p(?.\;-uth and Suman 1992: Suman and Ruth 1993 David 1993:

colation are preferred to ordinary percolation models becayse . . .
directed percolation clusters have high length/width radios :ﬁ&rnabe 1995) and in representational flow models (e.g., Parney

anisotropic permeability that better simulate the natural en\ﬂ[“_j Smith 1995)._Carman (1937) prefers hydraglic tortuosity,
ronment in active orogenic belts (O'Hara 1994). which is the effective path length taken by the fluid, rather than

the shortest possible path. Because of viscous drag, fluid flow
Equivalent porous-medium models is more retarded at the channel walls than along channel axes,

In the equivalent channel model, which is based on the &§-not all paths are equally favored. These issues are discussed
sumption of a homogeneous material with no preferential floa length in the reviews by Diedericks and Du Plessis (1995)
paths and a completely connected pore space, the porous &fl Clennell (1997). Besides definitions specific to a particu-
dium is presumed equivalent to a conduit with a highly confr model of flow through porous media, the most useful basic
plex cross-section of constant average area. The length selginition of tortuosity is the path-length tortuosity, which is
governing the flow rate through the conduit is the hydraulibe ratio of the length of the flow path divided by the straight
radius, which is the pore volume divided by the pore-surfaiee length (L/L). Path-length tortuosity is most easily visual-

and
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ized in a pore space consisting of single capillaries of constéetmined by experiment a value o2 for flow through a
width having no branching, in which casecbrresponds to the medium of glass spheres, and theoretical calculatioha$ed
line connecting midpoints in successive sections through the a random pore structure in an unlithified sediment yields a
capillary. The Kozeny-Carman equation modified to take accow#lue oft =v3 (Feng and Stewart 1973). Direct measurement
of the tortuosity (Guéguen and Palciauskas 1994) becomes of 1 has only been undertaken since the development of
microtomography. Measuredof the Berea sandstone ranges
-1 L (A11) from ~1.1 to 5.5 with a mode of ~2.0 (Lindquist et al. 1996).
bt* S(1-¢)° Flow paths in rocks are through pore spaces that have rough
where the constard has been replaced by a new consta@ind convoluted walls, rather than cylindrical channels of uni-
that incorporates the effects of tortuositypte/ in whichbis form cross-section. The effect of these constrictions and bulges
a constant. When the tortuosity becomes infinite, the fluid is to reduce the overall efficiency of the flow channels, as en-
no longer connected, which is equivalent te 0 in percola- ergy is expended accelerating and decelerating the melt, and in
tion theory; thus, the notion of tortuosity and of percolatiominor viscous losses as the streamlines diverge and converge.
are directly related. The effects of these local flow divergences have been discussed
The lower limit oft is 1, by definition. Carman (1937) de-by Bernabé (1991).



