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1 Executive Summary

Objectives: Fluid flow in fractured rock is an important phenomenon toamthnd in connection with
oil, gas, and geothermal energy production and protectfagraundwater supplies through safe disposal
and containment of toxic wastes. Both discrete fractureediiedtive continuum approaches to the modeling
of flow and transport in fracture networks need to be based souad understanding of flow in single
fractures, how flow is transferred across intersections, llow multiple fractures form a network. We
suggest that due to surface roughness and the consequanttihg in single fractures, volume flow and
solute mixing behavior at fracture intersections will besiderably different from that expected based on
simple assumptions and experiments with smooth-wallexdifras.

Therefore, the first objective of this project is to gain a enoomplete understanding of flow chan-
neling by physically modeling and analyzing several confitions of flow and transport through fracture
intersections.

The nature of fluid/rock chemical interaction within a fraret system is fundamental to determining
the creation or loss of permeability. We suggest that, duitace roughness and the resulting fluid flow
channeling in single fractures and in fracture intersestidhe fracture system permeability will decrease or
increase due to chemical precipitation or dissolution. Buow channeling, the fluids or the solutes they
contain (which can interact chemically with the wall rock® @ contact with smaller areas of the fracture
surfaces and for less time than for uniform flow.

Therefore, the second objective of this study is to detegrhiow chemical interaction between the pore
fluid and the rock controls the evolution of fracture systeampeability.

Project Description: We address several problems concerning flow and transporigh fracture inter-
sections using a combination of numerical modeling, qtetnte measurements, and the visual observation
of processes in real rough-walled fractures. Our obse@msgtinclude: channeling in single fractures, chan-
neling within and through single fracture intersectiong] ahanneling through fracture networks. We have
also advanced our understanding of changes in fracturegadyiiity through time and develop a predictive
capability by constructing physical models and analyziagesal configurations of flow and transport of
chemically active fluids through channels in single fraesuand through fracture intersections.

This represents a joint project among staff at New EnglargeReh and Sandia National Laboratories
and has utilizes quantitative observations of flow chanwélsin rough-walled fractures (evolving through
dissolution and precipitation), numerical modeling, andmtitative observations from fractures and veins
in drill core.

This work made use of our abilities to (1) construct high duakeplicas of actual fractured rock in
transparent plastics, (2) simulate surface roughnessthgtttomputer, (3) construct bench-scale fracture
systems, (4) observe actual fracture apertures, fluid flod/salute transport with quantitative visualization
techniques, and (5) conduct detailed numerical simulatmfiflow and transport in heterogeneous media.
For this work we employ a combination of quantitative measnts, digital video imaging and magnetic
resonance imaging (MRI) observations of flow through reagjfewalled fractures, and numerical modeling
via lattice Boltzmann (LB) methods.

Results: Several natural fracture intersections are replicatedhimsparent epoxy, while synthetic intersec-
tions are made from textured glass. Laboratory experinwraismgle-phase mixing of solutes are performed
by flowing water and dye solutions through the specimens. kéethiat in intersecting natural fractures the
degree of average mixing is greater than predicted by phghte streamline routing. Apertures at the in-
tersection vary spatially, resulting in highly variablewWlcates around the intersection. This leads to multiple
pure fingers of each solution both bending around and cr@ss$raight through an intersection. While the
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outlet fluids are heterogeneous (not uniformly mixed), therage degree of mixing is higher than expected
for hydraulically equivalent parallel plates.

In this study we compare the experimental flow and mixing lte€o numerical methods using the
experimentally-observed intersection geometry. The Blgiequation for 2-dimensional flow is solved
simultaneously for flow in both variable aperture fractunegth source and sink terms creating an inter-
section between the two. Numerical simulations for theued glass laboratory specimen agree well with
the laboratory experiments, both in the amount of averagénmiand in the spatial distribution of dye
streamlines.

We also consider the effect of surface roughness on solspeidiion within large networks of fractures.
A numerical model of a fracture network is created by takimgydetailed properties and behaviors observed
for the textured glass sample and replicating it many tirodsnm a regular network or lattice. Simulations
of flow through this network result in dispersion which isemhediate between complete mixing and pure
streamline routing. We find that identical network-widepgigsions can be obtained if we either (1) consider
all details of flow and mixing in the rough fractures or (2) vimgly assume that all components in a network
of identical parallel-plate fractures each have the saffieetdfe mixing ratio as the rough-walled ones.

Using MRI we attempt to obtain structural information, measflow velocities, and quantify mixing in
three dimensions. Beginning with a parallel plate specimerdevelop techniques which we then applied
to experiments on intersecting natural rock fractures. We thhat it is possible to make accurate aperture
measurements when there is no flow and to make adequate flogityeneasurements away from the
intersection. However, with the available techniques amgipament, we can not image flows near to or
within the intersection due to signal loss effects in smakréures typical of these natural specimens -
especially when the liquid is flowing. Likewise, measuretaasf mixing processes are only possible in
the parallel plate fracture specimen. Useful data can beedan all cases, however, if we sacrifice spatial
resolution and only measure properties in a statisticaesen

For fracture dissolution studies, our experimental modebkists of plaster samples pressed with a con-
stant force against an inert textured fracture surfacee Baids ranging from unsaturated to supersaturated
are introduced to one end of the sample in order to activedyr #he fracture surface topography. We ana-
lyze features on the evolving fracture surfaces includiggilow dissolution channels, dissolution-resistant
plateaus, and caverns formed from precipitate. We use fiiffarence and lattice Boltzmann (LB) methods
to calculate pore fluid flow direction and magnitude over thire sample surface.

The flow channel networks evolve from a homogeneous systeamdanore (self) organized and com-
plex. LB methods predict the formation of major dissolutieatures seen in the experiments, such as long
undissolved “stringers” in the lee of obstacles.

LB predicts that dendrites may grow along fracture surfageger saturated conditions. This form of
growth can be the major cause of decreasing permeabiligy) eden the added solid fraction is small. LB
predicts dendrites will grow toward time-varying regioridast flow. Based on this idea, some larger-scale
numerical models of permeability evolution in activelysbss/ing or infilling fracture are being developed.
The models studied so far show a self-organization of flownnkhstructure and nearly linear changes in
fluid permeability with time.

We substantiate these findings by obtaining quantitativeedations from fractures and veins in drill
core obtained from Awibengkok, Indonesia. Images of veresaaalyzed for geometrical properties includ-
ing variations in vein width, the roughness of vein wallsj] #me minimum aperture distribution. Most veins
developed by episodic fracturing, fluid flow, and minerali@a, implying that void space and permeability
varied markedly over the life of the vein. Using our obsdora from the veins split core and thin sec-
tions we present a series of four qualitative permeabilibdels which differ depending upon the history of
fracturing and mineralization.

Through the course of this project the initial goals are meidentifying and quantifying all key pro-
cesses. New directions of research are identified, leadiagotan for future work.
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2 Introduction

In this document we review our studies of the relationshigtsvben the fluid flow and transport properties of
fractured rock and the topography of fracture surfacesiriguhis project we have endeavored to physically
model and analyze several configurations of flow and trangénert and chemically active fluids through
channels in single fractures and through fracture intéimex This was an integrated program utilizing
guantitative observations of fractures and veins in daitkg quantitative and visual observations of flow and
chemical dissolution and precipitation within replicasreél rough-walled fractures and fracture intersec-
tions, and numerical modeling. This work represents a botiative project between S.R. Brown of New
England Research (NER) and H.W. Stockman of Sandia Natiataratories (SNL). The primary division
of labor (although with considerable overlap) was that tkgeeimental and field studies were performed
at NER and the lattice Boltzmann (LB) numerical studies wezgformed at SNL. This report primarily
emphasizes NER'’s contribution with only some mention ofipent LB modeling results.

2.1 Importance of Fractures

Fluid flow in fractured rocks is a subject of primary impoitario hazardous waste isolation, environmental
remediation, oil and gas production from fractured resesyaeservoir stimulation by hydrofracturing,
geothermal energy extraction, and the formation of veim§B and ore deposits [e.dNelson 1985;Burns
1990;USGS Red-Book Conferend®93;Brown and Bruhn1996;Committee on Fracture Characterization
and Fluid Flow, 1996]. For these reasons, considerable effort has beeadotan the characterization and
modeling of flow in fractures and fracture systems.

Many studies have shown that fluid flow and solute transportiomainly through channels within
individual fractures. Additionally, select fractures ohatwork may take most of the flow, thus forming a
larger-scale channel structure. Within this multi-lewstem of channels, fluid can travel much faster than
might otherwise be expected from the mean velocity or unmiffiow in idealized constant-width fractures.
In our previous work, we have found that fluid velocities vamong different channels by many orders of
magnitude and that the maximum velocity far exceeds the rfigamwn et al, 1998]. As flow encounters
intersections between fractures the continuity of flow Wéldisrupted and the intersections may act as flow
channels themselves. Due to natural surface roughness)ghik solutes within single fractures, fracture
intersections, and fracture networks is a complex procaedsdaviates significantly from predictions of
idealized intersecting parallel plate fractures.

Fracture flow and accompanying solute transport in volcartks have been identified as major sources
of uncertainty for performance assessment at Yucca Mauritéaho National Engineering and Environmen-
tal Laboratory, and the Hanford Site. Fracture flow pathshaless are an important source of uncertainty
for contaminant transport at Oak Ridge National Laboratd¥e lack a fundamental understanding of the
processes controlling transport of multiple immiscibleagbs in fractures, such as the combination of water,
air, and non-aqueous phase liquid pollutants (LNAPL's orAPN's). These deficiencies hinder site char-
acterization and pollution remediation activities at mBXE sites, or make it difficult to justify regulatory
decisions that rely on natural attenuation to mitigate jsubtposure.

Oil, gas, and geothermal energy extraction endeavors atuirad rock primarily rely on the fractures
as conduits for the transport of fluids from the extremitiéshe reservoir to the boreholeCpmmittee
on Fracture Characterization and Fluid Flgwl996]. The matrix often stores the hydrocarbons, thermal
energy, or disseminated ore and thus the fractures are tgden for their high permeability. One objective
of energy exploration in fractured rocks is to find areas tdrise fracturing that are capable of high flow
and efficient transport to the extraction wells. The intar@ctions of fractures are extremely important
to determining the accessibility of a well to the reserv@hanneling of flow through fractures, fractures
intersections and fractures networks plays an importdatinothe economics of this process. Furthermore
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scaling (the buildup of precipitants) can greatly reduaegblrmeability of the fractured host rocks, as well
as the mechanical extraction system, as hot water from @h@ tis forced through the apertures of a realm
that is grossly out of chemical equilibrium.

Here we summarize some of the key components and issuediregfiow channeling in fractured rock.

2.2 Channeling in Single Fractures

Fluid flow and transport in rock fractures have been commdabcribed by the parallel plate model, where
the fracture surfaces are smooth with a constant sepamtiaperture. For this geometry, the steady state
solution of the Navier-Stokes equations for laminar flonldgéethe cubic law, where the volume flow rate is
proportional to the cube of the aperture [elgai, 1976].

The parallel plate model can only approximate flow througdl fieactures. Real fracture surfaces are
not smooth parallel plates but are rough and contact ea&n attdiscrete points [e.gBrown and Scholz
1985; Brown, 1995]. Fluids and the solutes they contain will take tomsipaths when moving through a
real fracture; thus deviations from predictions of the paralate model are expected. Taking the spatial
variation of the aperture into consideration, laminar flostveen rough surfaces has been studied theo-
retically, numerically, and experimentally [e.¢wai, 1976;Gangi 1978;Kranz et al, 1979;Brace 1980;
Tsang and Witherspoori981;Walsh 1981; Brown 1987;Pyrak-Nolte et al. 1987, 1988,Brown, 1989;
Stesky 1986; Zimmerman et al.1992; Olsson and Brown1993;Brown et al, 1995;Walsh et al. 1997].
These studies confirm that surface roughness plays an iampadle and can lead to significant departures
from the parallel plate model. One of the more interestiragpsses identified is the restriction of flow to a
system of narrow channels within the fracture plane.

A field experiment in the Stripa mine, Swed@&vourke 1987], demonstrated that flow in a single fracture
took place mainly in a few widely separated channels. Fivallgh holes were drilled in the fracture plane
along the interface between the two contacting fracturéases. Each of these holes was pressurized in
turn. During these pressurization episodes, various ghoKentervals were monitored for flow. Over a
total fracture area of approximatelyx23 meters, two large channels comprising about 10% of the lisamp
area and separated by approximately 1 meter were respoiisibhost of the flow.

Pyrak-Nolte et al[1987] observed smaller-scale channels and tortuositynfgcting molten Wood's
metal into a single fracture, and then opening the fracturennthe metal had solidifie@®rown and Scholz
[1985] andBrown[1995] studied the topography of many natural rock joinfates and computed the aper-
tures. With the aid of these data, a simple mathematical haddeugh surfaces was derived. This model
was used to create realistic simulated apertures. Sotubbfluid flow equations through these simulated
fractures show distinct geometry-controlled channelBgpjvn, 1987, 1989 Thompson and Browri991].

We have directly observed flow and transport channels iradfractures Brown et al, 1998]. Digitized
optical images were used to observe wetting, saturated lodvdrying of a fracture specimen (Figure 1).
These video imaging techniques showed distinct and strbagreling of the flow at the sub-millimeter to
several-centimeter scale. In this same study, pulsed niagasonance imaging (MRI) was used to observe
the flow in the same fracture specimen. The probability ithstion of the measured velocities is broad,
somewhat bimodal, and ranges over many orders of magnifite mean velocity within this region was
found to be 3.2 cm/s and the maximum velocity was 18.3 cmigd Felocities measured simultaneously at
various locations in the fracture plane during steadyedtatv range over several orders of magnitude, with
the maximum velocity a factor of 5 higher than the mean véjoci

2.3 Solute Mixing Rules at Fracture Intersections

A component of fundamental importance for accurate modadirflow and transport in fracture networks
is the definition of the rules for the inflow, mixing, and outfl@f solutes at the fracture intersections.
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Figure 1: An example of direct observations of flow chanmnglim single fracturesgrown et al, 1998].
Top: A flow cell was constructed from a replica of a natural fraetim transparent epoxy resin. The
Lambert-Beer law was used to derive the fracture apertungés dperture distribution was used in a finite-
difference Reynolds equation simulator to calculate thedkyacomponents of flow velocity. Flow channels
of various scales are apparent, with a dominant high flow mblaappearing from left to right across the
top of the images. Quantitative flow velocity measuremestagipulsed MRI in this specimen showed
nearly identical patterns with several orders of magnituagations in velocities.Bottom: The flow cell
was used to observe dye flow at various times through theufiectDye flow patterns are heterogeneous
and mimic the flow velocity distribution patterns, with dligtt and strong channeling at the sub-millimeter
to several-centimeter scale.

These mixing rules must be assumed for numerical modelingdoeed. There are four principal types
of fracture junctions considered: one incoming, one oulgocontinuous, and discontinuous (Figure 2).
As fluid flows into a fracture intersection and is distributedhe outlet paths, the redistribution of solute
carried by the fluid is determined by the mixing behavior atittiersection. Three distinct mixing behaviors
are considered: complete mixing, streamline routing, andefd mixing (Figure 3). Most fracture network
models assume either complete mixirgchwartz et a).1983; Travis 1984;Huang and Evans1985] or
advection-controlled streamline routing/flson and Witherspogri976;Hull and Koslow 1986;Robinson
and Gale 1990]. The mixing rule chosen determines the final distidiouof solute in large-scale simulations
of fracture systems [e.gEndo et al, 1984;Hull et al., 1987;Robinson and Galel990].

The question of which mixing rule should be applied and umnggch circumstances has been reviewed
and considered in detail lyi [1995] for the case of simple intersections of smooth pakallate fractures.
The mixing rule is a relationship between the mixing ratial #me flow and diffusion processes operating
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Figure 2: Flow types in fracture intersections (ak&ipper et al.[1995]).
QU

C,=?

Figure 3: Idealized mixing behaviors at a continuous fraciatersection. The aperture of the fractures is
W. Flow enters and leaves each fracture with volume flow@éed average velocity . Fluid with “black”
solute at concentratio@y enters from fracture 1, and “white” fluid with no solute estétom fracture 2.

In general there will be a combination of pure transport glstteamlines (black remains black and white
remains white) and mixing by diffusion (gray fluid in centeBure streamline routing is the case where
C3 = Cy andC4 = 0. Complete mixing is wher€; = C4 = 0.5Cy. Not shown is the case of forced mixing
where a patrtition is placed in the intersection to alwaysaisome flow straight through the intersection,
say from fracture 1 to fracture 3.

in the fracture intersection. For the case of a continuotersection,Stockman et al[1997b] define the
mixing ratio as (see Figure 3):

Cs Cs
G G+Cy @)
Based on experimental evidende,[1995] finds that, for a continuous intersection with equalvfrates in
both fractures, the mixing ratio depends on Peclet Nuntedefined as:
(V2/2)WU

Pe = D ) (2)

where(v/2/2)W is the half diagonal length of the junctiod, is the fluid velocity, and is the coefficient
for molecular diffusion of the solute. The Peclet Numberigates the relative importance of advective to

My
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Figure 4: Conceptual view of channeling at a fracture itetisn. Dominant channels in the inlet fracture
do not match those in the outlet fracture, leading to comph@ng and channeling behavior along the
intersection. We expect all mixing process (streamlingingy diffusion-controlled mixing, and forced
mixing) to operate in the fracture planes as well as in andgatbe intersections.

diffusive processes for moving solutelsi [1995] proposes a mixing model, that quantitatively redatee
mixing ratio for a simple fracture intersection to the Pealember.

While illustrative, the previous studies on mixing behavionsiderednly the idealized 2-D geometry
of two straight-walled, smooth fractures with constantrape intersecting at high angles. The channeling
behavior of real fracture intersections will be much mommptex than the idealized parallel plate geometry
(Figure 4). Channeling of flow within each rough fracture,endthe principal aperture channels may not
align, or the potential flow along the fracture junction litsae important processes to be considered in
some detail. As with these previous studies concerningréresport and mixing of solutes, we expect the
motion and redistribution of multiple immiscible phasegy(eDNAPL's and LNAPL's) through fracture
intersections to be strongly influenced by the geometry eftthcture intersections.

2.4 Channeling in Fracture Networks

Based on a review of theoretical and experimental studiebarineling in single fracture§sang and Tsang
[1987] andTsang et al.[1988] presented a conceptual model of channel flow througttdred media.
They envisioned a system of one-dimensional channelsciomeecting through the various fractures in the
network. It is assumed that each channel has a variableuape@ibng its length and that the mean aperture
is different from one channel to the next. They suggestetidharatory measurements of dispersion from
tracer breakthrough curves can identify the geometricatttaristics of the more conductive channels (mean
and variance of aperture). Since flow in a channel systengidyhheterogeneous, they identified the need in
both field and laboratory experiments to monitor the trartspdhe fracture plane along lines perpendicular
to flow rather than at a few selected points. These sampinas Ishould be long enough to cover several
correlation lengths of the channel system.

Field evidence indicates that solute transport withintfreed rock occurs in a limited subset of the
fractures comprising a network, thus forming another typehannel systemJacas et al. 1990;Abelin et
al., 1991]. These preferred paths reflect, to some degree,rdmeg@ment of higher permeability connections
within the network Parney and Smith1995]. Abelin et al.[1991] have observed that water flow can be
highly uneven throughout fractured rock masses, with laiyeareas extending over many tens of meters.
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To understand this effecGanderson and Zhang999] performed simulations of elastic deformation of
fracture networks under differential stress and increpgiore fluid pressure. They showed how certain
critically-located fractures in the initial (apparentgndom) network dilate to form potential high flow rate
channels.

Therefore, due to channeling through fracture networkigl-Eeale flow simulation models and analyses
of field data that rely on porous medium approximations \iki#lly give unknown and potentially large errors
for both flow and transport.

2.5 Geochemical Evolution of Fracture Permeability

Up to this point we have demonstrated that fluid flow and trartdp fractures is characterized by hetero-
geneity at a variety of scales. For a single fluid phase, iteggaperture geometry gives rise to channelized
flow in single fractures, with a wide range of velocities mmts A mixture of multiple immiscible phases,
exacerbates this effect. When the fractures intersedh @#th containing distinct solutions (solutes) that
are miscible, the interacting channels create complexmgikihaviors, such that when diffusion is minimal
the “mixed” fluids exiting the intersection are actually goeinantly intercalated streamers of the two pure
inlet fluids. These ribbons of solute are then moving withulge spectrum of velocities characteristic of
rough-aperture fracture flow. Furthermore, if one takeep back and looks at the network of fractures, a
larger-scale channel structure becomes apparent dueduiliarities in the distribution of the fracture aper-
tures throughout the network. Thus the entire system hastagjasition of fluid volumes, velocities, and
compositions.

If the fluids are chemically active, then fracture systemncieh structure and thus the average perme-
ability cannot be treated as a static property. For manyiegtjiins, we must then consider how fracture
permeability evolves through time as chemical interactonurs between the pore fluid and the fracture
walls. When fluid/rock chemical interaction results in eitdissolution or precipitation of minerals, the ge-
ometry of the pore and permeability system will change. A$idm considerations of heterogeneous pore
fluid chemistry, the heterogeneity in the fluid flow rate anelglkeometry of the flow channels will determine
the evolution of the open fluid pathways. For example, werassthat veins represent once permeable
fractures which have since been filled with mineral preaip$. The mechanisms leading to the ultimate
permeability reduction may depend on both precipitatioth @issolution.

Consideration of such geochemical evolution of fractunenaability has both important economic and
environmental consequences.

In-situ solution mining — leaching of ore bodies Solution mining orin-situ leaching is a technique for
extracting minerals directly from an ore body without bilagtor excavation. Ann-situ mine consists of a
series of injection and recovery wells through which a wez#l ar base solution (depending on the partic-
ular situation) is circulated to dissolve the mineral oknast in the subsurface. The mineral components
are then recovered in a surface processing plant by a teghsigch as electrowinning. Solution mining is
generally most suitable for small or low grade ore depopasticularly uranium and copper, which would
otherwise not be economical to mine using conventional @p¢or underground techniques.

There are many production and environmental safety issssxmted with these operations, for which
knowledge of dissolution and precipitation processes th huatrix and fractures is required. For example,
Harpalani [2000] studied rock samples both before and after seved¢syf leaching at am-situ copper
mining operation. Results showed that permeability angpepproduction first increased, stabilized for a
time, then significantly decreased through about eight hwof operation. This production history was
found to correspond to an initial increase in the numberadtirres and the typical fracture apertures, then
eventual clogging of the fractures due to precipitationutfedes and production and motion of fine particles.
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Origin of ore deposits The origin of ore deposits involves both dissolution andcmiéation issues in the
presence of moving aqueous fluidsuilbert and Park|1986] divide the question of how ore deposits are
formed into 4 separate topics: (1) source and characteredidids themselves, (2) sources of primary ore
constituents and how they make it into solution, (3) mignatdf ore-bearing fluids, and (4) deposition of
ore minerals from solution.

The mining and economic geology literature has many examfi¢he occurrence of ore deposits and
other mineralization in and around fracture and fault seetions [e.g.Knopf 1929; Eckel 1949;Peters
1993]. Mine maps commonly show duplex structures, whereawmore faults link together or intersect.
The quartz-gold veins of the Mother Lode are a case in poing-ete was concentrated in many cases along
fault intersections rather than in voids between fault svfiflnopf 1929]. Clearly, not only the geometry
of the intersections, but the fluid flow pathways through treme important in determining the location,
distribution, and grade of ores.

Fault-vein systems are typically composed of numerouwiddal veins and whisker-like veinlets that
form where mineral-rich fluids move along larger fractured anfiltrate brecciated rockinopf, 1929;Stoll,
1940;Boullier and Robert1992]. Ore bearing fluid is usually introduced only duriragtpf the fracturing
history, so that much of the composite vein system considtaroen mineralsNlewhousgl1940;Stoll, 1940;
Knopf 1929]. This has major implications for predicting ore grdhsed on a geostatistical analysis of vein
geometry. Ore grade is often not strongly correlated with ggstem thickness, a hypothesis that has been
borne out by bitter experienc&fiopf 1929;Ray, 1954]. Recently, howeveg§anderson et a[1994] have
found empirical relationships between ore grade and theilgliion function describing cumulative vein
thickness. In that study, high ore grade is associated witlez having large numbers of thick veins relative
to thin veins. An interpretation of this observation is ttta large-thickness veins must also be longer and
therefore more likely to be interconnected hydraulicaliffpvwemote sources of ore-bearing fluids.

The origin and description of ore bodies and proceduresiterpolation and extrapolation of ore grade
could be significantly advanced if the flow properties of fuse and fault intersections and the evolution of
fracture permeability during dissolution and precipdativere better understood. Part of the problem is our
tendency to see veins only in cross-section across thenimisk(smallest dimension) of the fracture, when
much deposition may be occurring along the width and breadth

Geothermal reservoir production Natural geothermal systems involve the same processesnsbfe
for formation of ore deposits, albeit currently active anelslids become chemically active and both disso-
lution and precipitation are prevalent. For example, thaing of geothermal waters during heat extraction
and conversion to energy, whether from natural or hot drk geothermal systems, can result in sudden
mineral precipitation and scaling and plugging of the plurglat the power plant. The large-scale disso-
lution of minerals due solely to this type of human activitpssxdocumented during initial tapping of heat
by pumping fresh water into a system of natural and inducactdres in hot dry rock at the U.S. Dept. of
Energy Fenton Hill, New Mexico pilot study. Dissolution aprkcipitation in active hydrothermal systems
have been simulated on a grand continuum scale to deterikitedites of alteration zoneX[1 and Preuss
2001]. However, these studies — like similar studies onmaative flow in fractured rock using continuum
approaches — do not adequately consider the inhomogenatug of fracture permeability and flow.
Geothermal systems are often fracture dominated, and stageling where the most permeable zones
are and how these change through time are important consimes for the development and production
phases of the geothermal system. The U.S. Dept. of Energytanas a research program on geothermal
energy and this program has supported many studies onreagitiminated geothermal systems. Currently,
this program maintains a repository of drill core from theiBankok Geothermal Field in Indonesia pur-
chased from Unocal, which is used for the study of geothesyaiems. This core is rife with altered
fractures and veins — examples of geochemical evolutioreohpability. Finally, of interest to scholars of
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geothermal systems and ore depodgitsjquet et al[1998] have documented many recently discovered ex-
amples of fractures altered through hydrothermal activign the deep ocean at the Middle Valley Bent Hill
Area. Their photographs show many examples of concentratedralization along fractures and fracture
zones.

3 Proposed Research

Given this background, we had proposed to study severaldaprs controlling the character and evolu-
tion of fracture system permeability and transport proegs§Ve suggest that due to surface roughness and
the consequent channeling in single fractures and in fraghiersections, the tendency of a fracture sys-
tem to plug up, remain permeable, or for permeability toéase due to chemical dissolution/precipitation
conditions will depend strongly on the instantaneous floanclel geometry. This geometry will change
as chemical interaction occurs, thus changing the pertitgathirough time. To test this hypothesis and
advance further understanding toward a predictive caipghile endeavored to physically model and ana-
lyze several configurations of flow and transport of inert ahdmically active fluids through channels in
single fractures and through fracture intersections. Was an integrated program utilizing quantitative
observations of fractures and veins in drill core, quatitiéaand visual observations of flow and chemical
dissolution and precipitation within replicas of real rbugalled fractures and fracture intersections, and
numerical modeling via lattice Boltzmann methods.

4 Relationship to DOE/OBES mission

Aside from the importance of this project to the specific stifie and engineering issues just described, the
work is also of relevance to several DOE Office of Basic Ene3giences Geosciences Program primary
interests. Currently the DOE/BES web site:

www. sci ence. doe. gov/ bes/ geo/ Descri ption/ description. htm
emphasizes interest in the following areas:

e Geochemistry of Mineral-Fluid Interactions

— Rates and mechanisms of reaction at the atomistic/molescide
— Coupled flow and reactivity in porous and fractured rocks
— Isotopic tracking of mineral-mineral and mineral-fluid pesses

e Geophysical Interrogation of the Earth’s Crust

— Indirect determination of geologic structure and rock jgmips
— Collection and analysis of seismic and electromagnetia dat
— Geophysical signatures of fluids and fluid-bearing resesvoi

e Basic Properties of Rocks, Minerals, and Fluids

— Analysis of multi-phase, heterogeneous, anisotropicesyst
— Determine physical, chemical, mechanical properties

— Analysis of rock deformation, flow, fracture, and failure

— Prediction of fluid transport in large-scale geologic dinoes
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e Analytical Instrumentation and Computational Methods

— High-resolution geophysical imaging and inversion tools
— Angstrom-scale resolution in analysis of heterogeneongmals
— Advanced computational modeling and algorithm develogmen

Our project deals with aspects important to each of the fainmreas, either by providing new physical
understanding of specific processes or by providing dateoolefs useful in parameter and modeling studies.

Relationship to other projects funded by DOE In the 2004Basic Energy Sciences, Chemical Sciences,
Geosciences, and Biosciences Division Research Progranm@ueswe find the following list of closely
related projects:

e The Physics of Two-Phase Immiscible Fluid Flow in Singleckrees and Fractured RockLead
Investigator: Harihar Rajaram, University of Colorado.eTtbjective of this research is to develop
guantitative understanding of the critical processesrotlinty two-phase flow and transport in rock
fractures, with potential applications in radioactive teasolation, CO2 sequestration and petroleum
engineering.

e Critical Chemical-Mechanical Couplings that Define Periiéity Modifications in Pressure Rock
Fractures Lead Investigator: Derek Elsworth, Pennsylvania Statevétsity. This work examines
and quantifies the processes controlling rapid changesitrdhsport characteristics of natural frac-
tures due to precipitation and dissolution mediated by Emlifhermal-mechanical-chemical (TMC)
effects.

¢ Fluid and Particulate Transport in Self-Affine Fracturésad Investigator: Joel Koplik, City Univer-
sity of City College, New York. They study the motion of a gasdracer in fluid flow in geological
fractures with self-affine fractally rough walls by labamt experiments on epoxy casts of natural
fracture surfaces, coupled to numerical simulation udiegattice-Boltzmann method.

e Evolution of Surface Morphology During Dissolution of a RbuFracture Lead Investigator: An-
thony Ladd, University of Florida. A fundamental understiang of the role of fractures, and the
effects they have on fluid flow, solute transport and meclaupioperties, is an essential component
of theoretical models of geological systems. In particuD, sequestration will require predictive
models for the effects of fracture on the overall permegbdf rock-fluid systems, and more impor-
tantly, how this fracture permeability evolves with timehelfoundation of their investigation is the
use of a very efficient numerical simulation of fluid flow indgular geometries.

e Predicting Fracture Porosity Evolution in Sandstoihead Investigator: Stephen Laubach, Bureau of
Economic Geology, University of Texas. The goal of this esh is to develop an understanding of
how fracture growth and diagenetic alteration interactytsteamatically create and destroy fracture
porosity.

e Colloid Transport in Unsaturated Fractured Rocks and Parddedig Lead Investigator: J. Wan,
Lawrence Berkeley National Lab. This project involves egsh towards understanding vadose zone
colloid transport in a thorough manner, encompassing botbys media and fractures, and account-
ing for differences in surface chemistry of different typd<solloids.

e Reactive Transport of C£Rich Fluids Lead Investigator: Russell L. Detwiler, Lawrence Livemn&o
Natl Lab. By integrating experimental and computationahtéques, they explore the processes that
lead to the geochemical alteration of fracture perme#slibver a range of scales.
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e Two-Phase Immiscible Fluid FlgWw.ead Investigator: Robert Glass, Sandia Natl Lab/Albuque,
The objective of this research is to develop quantitativdenstanding of the critical processes con-
trolling two-phase flow and transport in rock fractures hwibtential applications in radioactive waste
isolation, CQ sequestration and petroleum engineering.

e Integrated Studies of Coupled Flow, Reaction, and Diffusio Earth’s Crust Lead Investigator:
Danny Rye, Yale University. This project involves reseaalimprove understanding of crustal pro-
cesses of fluid / rock interaction through an integration ofleling, field observations, and laboratory
analysis; to develop new conceptual and computational leadeoupled fluid flow and chemical re-
actions of geologic environments; to collect and intergtable isotopic and geochemical field data
at many spatial scales.

Our project differs from other projects on fracture hydgyldunded by DOE and others in several ways.
Ours is an integrated program unique in utilizing quaritieatnd visual observations of flow and chemi-
cal dissolution and precipitation within idealized phydimodels, replicas of real rough-walled fractures,
fracture intersections, and fracture networks, numenuadieling via lattice Boltzmann methods, and quan-
titative observations of fractures and veins in outcrops @nill core. Each step in the study is designed to
build and test hypotheses. This represents a joint projaong staff at New England Research and Sandia
National Laboratories. We divide the tasks by the expedistavailable facilities at each organization.

5 Techniques Used and Resources Applied

e A non-contacting laser surface profiler was built allowirgjadled measurements of the topography
of fracture surfaces.

e Natural fractures in rock were collected for use in labaraftow experiments.

e Techniques were developed to make plastic replicas of finesiires. The surface topography of the
fracture surfaces was characterized with the profilometer.

e The plastic replicas were machined into samples allowind flow and transport measurements to
be made.

¢ Nuclear Magnetic Resonance Imaging was used to quantifgttheacter of fluid flow channels in the
fracture plane and their relation to surface roughness.

e Computer codes for modeling flow, solute transport, soluteng, and precipitation and dissolution
within fractures and fracture intersections. The latticdtBnann (LB) modeling codes used for this
project were developed by Sandia National Laboratoriesthadunderlying theory, mathematical
models, key assumptions, verifications, and hardware nements are documented 8tockman et
al. [1999]

6 Summary of Results

6.1 Mixing in Natural Fracture Intersections

Abstract Laboratory experiments of flow through intersecting ndténactures show that solute trans-
port deviates significantly from predictions of two-dimemsal streamline routing through parallel plate
intersections. Surface roughness in intersecting frastaauses two major discrepancies between mixing
experiments and the parallel plate predictions. First,flines exiting the intersection are not uniformly
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mixed, but consist of ribbons with varied solute concerdret which tend to follow streamlines in the flow.
Some of these streams maintain a nearly pure inlet fluid ceitipo as they exit the intersection and tra-
verse the outlet fracture. Second, when the outlet fluidsaltected and homogenized, we find that this
complex redirection of streamlines within natural roughled fracture intersections results in more total
mixing than is predicted by the parallel plate model.

Sample Description Transparent plastic replicas of natural rock fracturerggetions were made for vi-
sual study of transport processes. We produced replicagdtynfaking silicone rubber molds of each of
the 4 separate rock pieces comprising an intersection, lerd dasting epoxy resin into the molds. The
final replicas reproduce the roughness features of thenalligbck at scales better than 10-16@ Inlet and
outlet manifolds were fitted to the specimens to uniformbtritiute flow along the fractures.

Two distinctly different natural rock fracture intersexts were studied. One sample, a siltstone from
Cedar Crest, New Mexico, contains a natural joint with aitalcoating and a slickenside texture. An
orthogonal tension fracture was introduced by splittirggghmple between wedges. The two fractures thus
meet and form an intersection. The slickenside fractureahetropic roughness which gives rise to strong
channels of flow, while the tension fracture roughness isemsotropic. During assembly, the tension
fracture surfaces were misaligned slightly to give eachtin@ approximately the same average aperture
and flow capacity. Figure 5 shows aperture fields for the tdirast of the slickenside sample as determined
by image analysis.

The other sample consists of two intersecting naturaldirastin a fine-grained schist from Northfield,
Vermont. The fracture in the plane of cleavage (schistpsstglightly smoother and more planar than the
other cross-cutting fracture.

Experimental Method In the experiments two adjacent fracture legs act as flovitsirdlad the other two
legs act as flow outlets. Samples are initially saturateti pitre water and flow is single phase. Homoge-
neous dye solution flows into one inlet, and clear water iheodther. A constant head system maintains
flow through the sample by gravity. Inlet and outlet flow redes measured and controlled.

The electrical conductivity of the two outlet solutions wasasured continuously. This gives the amount
of average mixing that has occurred, because the two inlaicos have markedly different conductivities.
We use distilled water as one inlet fluid and dye solution maitle tap water as the other.

Two CCD cameras took still pictures of the steady state dsteilbiution within each intersecting fracture.
Image analysis gives quantitative measures of both thdwapetistribution and dye concentrations within
the sample. The Lambert-Beer law relates the monochrorabsorbency of dye to the concentration and
aperture at that pixel as:

A= pCd=In(ly,0/laye), 3)

whereA is absorbencyly,o andlgye are the measured pixel intensity (gray levgd)s the extinction co-
efficient of the dye(C is dye concentration, andlis aperture. Following a calibration step, application of
Equation (3) for the images produces quantitative locahtians in dye concentration.

The flow rate at each inlet of the samples was fixed and the flwfoaeach outlet leg was varied from
0 upward to the maximum. The average Reynolds number at tkamam outlet flow rate was calculated
to be a maximum of 2.4 for all tests. Flow rates were chosernvinReynolds numbers that insure laminar
flow through the sample without large inertial flow effects)ile at the same time maintaining high Peclet
numbers allowing us to ignore molecular diffusion as an irtggd mechanism for mixing. Streamline
routing is therefore the appropriate end-member modeldorgaring our results.
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Observations Figure 6 shows typical images of steady state dye concemirat the outlet legs of the
siltstone sample. Images from the schist sample show sife#dures. All observable mixing occurs in the
intersection. Fluid exiting the intersection containbtrns” of various distinct solute concentrations which
follow streamlines in the flow. Adjacent streamlines do not but retain constant concentrations along the
outlet fractures, which is consistent with steady state fltsasurements at high Peclet numbers. Tortuous
flow and channeling, as delineated by the dye ribbons, isategdor single fracture flow. However, solute
transport through the intersection differs from parallidt@ streamline routing, because both inlet fluids
(dye and pure water) are observed to exit through both detist and because the dye concentration is not
spatially uniform.

Many dye ribbons are of intermediate concentration, butlypgare streams of dye or water can cross
right through the intersection, apparently unaffectedHgygerpendicular fracture. When we look directly
into the intersection this behavior is explained: fluid frome inlet fracture can “push” its way up into the
adjacent inlet fracture a small amount, blocking local floani the other inlet. Once this happens, fluid
flowing from this place into both outlet legs will remain purthis “intersection blocking” is seen in both
samples.

Quantitative mixing results are determined from the outigt electrical conductivity. When all flow
rates are equal (flow fraction = 0.5), outlet concentratiares25% and 75%, instead of 0% and 100% as
predicted by streamline routing for in parallel plates.e8inline routing predicts that at least one outlet leg
will only contain pure fluid from the adjacent inlet leg. Owperimental observations are inconsistent with
this prediction.

Intersection geometry and fracture roughness have praedueffects. Even a small offset of one frac-
ture across the other is observed to have a large effect omgmixVhen roughness is anisotropic, flow
channels apparently correlate across the intersectiopraferentially allow undiluted fluid to flow straight
through the intersection by intersection blocking.

Conclusions We observe that solute transport through natural frachiezsections with negligible molec-
ular diffusion can differ considerably from mixing in paellplate intersections. Aperture variability in the
intersecting fractures due to surface roughness allows fingers of one solution to cross straight through
an intersection, by blocking flow from the adjacent inlet.r@ata imply that while streamline routing may
hold locally at the intersection, three dimensional floweradriations can lead to increased mixing when
outlet dye concentrations are averaged over the lengtleantarsection. Our results show that parallel plate
streamline routing may not be an accurate advection dordrnetid-member mixing model for intersecting
natural fractures.

6.2 Mixing in Synthetic Fracture Intersections

Abstract To better quantify the observations of mixing in the natfratture intersections, we performed
laboratory experiments of mixing of two miscible fluids withan artificial fracture intersection. Using
insight from these experiments, we developed a numericaleinof mixing based on local application
of streamline routing within the irregular aperture distition composing the intersection. This model
shows good agreement with the laboratory experiments, inafiie amount of average mixing and in the
spatial distribution of dye streamlines. This model alsovshhow flow channelization leads to enhanced
average mixing. Through parameter studies, we exploreftbet of aperture statistics on mixing and find
that mixing is significantly affected by how well aperturesrelate across the intersection, especially as
apertures are closed.

Experimental Setup Using pieces of textured and flat glass we constructed a nfi@glre intersection
for laboratory study (Figure 7a). The specimen consistddwffracture legs, approximately 6 cm square,
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Figure 5: Siltstone fracture apertures. Direct view of thiefisection is obscured by the orthogonal fracture
and flow manifolds, so aperture fields do not extend to thedatdion. Traces of the orthogonal fractures
are indicated. Note the tension fracture offset across libkesside fracture. The upper corner of leg 2
shows a blob of epoxy which dripped a small way into the apertiuring fabrication. The 3D sample
schematic shows the offset as well as flow manifolds. Thersalie view is primarily from the top, while

aperture images are side views of the sample.
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Figure 6: Dye concentration in the siltstone sample of Fedur The two inlet legs (3,4) each receive the
same input flow rate and the two outlet legs (1,2) receive dnvgproportion of the output flow. The three
lower images show the dye concentration in outlet legs 2) (&fd 1 (right) as the proportions of the total
outlet flow rate for these two legs is set at 75%—25%, 50%—588d, 0%—100%, respectively. Flow is
from the center if each image (intersection) to the outsfekein Figure 1, direct view of the intersection is
obscured by the manifolds. The graphs in the upper left coengecific dye concentration profiles to the

pure inlet fluids.
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Figure 7: Fracture intersection flow cell. (a) Closeup ofshenple intersection, showing how the textured
and flat glass sheets were aligned and glued together. (EBn&tlt of experiments, showing sample in-
lets and outlets configured for a continuous flow experimddigital cameras provide aperture and dye
concentration data at the outlets during the experiments.

meeting at right angles. Flow manifolds on each of the fracleigs were designed to distribute fluid along
the edge of each aperture. Apertures for opposite (parddigé did not consistently correlate across the
orthogonal fracture, because the four textured glass pieee cut from different places on the glass sheet.

The experimental setup for measuring aperture fields, es@omncentration, and flow was the same as
we described before. Two sample legs acted as flow inletsfarrtye solution and one for distilled water
(Figure 7b). Inlet and outlet flow rates were controlled arehsured using a gravity-fed system fitted with
flow meters. All flow and transport measurements were c@tkbet steady state conditions. Average outlet
fluid concentrations were determined by measuring the toilliel electrical conductivity, because the dye
itself conveniently acts as an electrolyte. Conductisitieere measured after the fluid exited the outlet flow
manifolds. Two CCD cameras provided digital images of flowh fracture during the experiment. Image
analysis gave quantitative measurements of both the apaetistribution and dye concentrations within the
sample.

Apertures were measured right up to the intersection foh ea¢he four textured glass pieces before
assembling the sample. Figure 8 shows an aperture fielchtiet for one of the four legs. Semivariogram
analysis of the aperture field shows that at the sample doalagerture can be treated as a homogeneous
random field. Knowing the detailed aperture of each frackeigein this manner has allowed us to model
fluid flow and mixing using a Reynolds equation model.

Numerical Model The Reynolds equation describes two-dimensional flow betweugh surfaces with
smoothly varying aperture. It has been widely used to model ith rough-walled fractures. The Reynolds
equation assumes that the cubic law for parallel-plate flolgdslocally in the variable-aperture fracture.

For our studies, we solved a finite-difference form of Regaatquation by using the iterative method
of successive over-relaxation. To model intersectingtiras, flow was solved for simultaneously in two
separate aperture fields. The aperture fields were assunirgdrsect along a single column of pixels from
each fracture. Source and sink terms were used along thusncolo create an intersection and flow was
forced to be conserved around and through the intersection.
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Figure 8: Aperture field for leg 4 of the textured glass meadiny dye absorbency as described in the text.
The glass we used had anisotropic roughness. The textuassl, gind thus the aperture, has some patterning
leading to a slight anisotropy in roughness and flow propgrti
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Figure 9: Experimental and simulated outlet concentratiarontinuous test 1. Average flow rates are
equal for both outlet legs (flow fraction 0.5). The quantiatimage analysis methods used to measure
experimental dye concentrations are described in the felxiwv is from left to right in each image. The
experimental concentration images cover a slightly smalibset of area than that shown for simulations.
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The numerical solution to the Reynolds equation providesseption of flow rates and channel geom-
etry in and around the intersection. To model steady-statgestransport and mixing, we further assumed
that parallel-plate streamline routing held locally ewelngre within the intersection. Parallel-plate stream-
line routing (Equation 1) was applied at each intersectioelpsing local flow rates to determine solute
concentrations flowing into each outlet leg, for both cambins and discontinuous flow. Diffusion was not
included, so simulations should correspond to the highd®ecdmber limit of streamline routing behavior.

Simulations were designed to match the experimental dondiof the laboratory measurements. Sim-
ulations were run using the full aperture fields determingéiage analysis for the laboratory sample.

Conclusions When flow is continuous, mixing in rough-walled synthetiadiures is considerably en-
hanced compared to parallel-plate streamline routingigtieds. Outlet concentrations are not uniformly
mixed within rough-walled intersection outlet legs, bubsist of ribbons or streamlines of solute. Average
mixing for discontinuous flow is observed to match pargtliglte streamline routing predictions reasonably
well. However, outlet fluids still show considerable spat@ancentration variations.

Qualitatively, observations of mixing behavior in the temad glass sample studied here are consistent
with the experimental results from the natural intersergtioAs evidenced in all laboratory experiments and
in the numerical studies, mixing in rough walled natural apdthetic fractures, where flow is three dimen-
sional, shows marked differences from the two dimensioaaliel-plate streamline routing predictions.
Outlet concentrations are not uniformly mixed within roughlled intersection outlet legs, but consist of
ribbons or streamlines of solute.

Experimental results of mixing can be well matched by nuoa¢simulations when the aperture fields of
the intersecting fractures are explicitly known (Figurelf)these simulations, the fracture intersection was
assumed to behave like a large number of individual parplék intersections. This mechanism is sufficient
to predict average mixing as well as the spatial distributsd solute streamlines, provided that advection
dominates over diffusion. In contrast, parallel-plateatnline routing accurately describes mixing in 2D,
but underestimates mixing when applied to an entire 3D dradntersection.

Numerical simulations show that mixing approaches pdrplie streamline routing predictions as
fracture apertures are opened. As apertures close, flow attdrsection becomes increasingly concentrated
within the remaining interconnected open aperture channilixing tends to increase with closure, but
whether a particular flow channel correlates across (opgositlet) or around (adjacent outlet) can cause
significant variations in mixing from intersection to irgection, even if the fracture aperture statistics are
the same.

Fine-scale surface roughness has only a small effect omgisdmpared to the longer wavelength
features which create flow path geometry. Anisotropic rowgls affects flow channeling in interesting ways.
Longitudinal roughness tends to enhance channeling, tilighcreasing mixing. Transverse roughness
decreases channeling in open fractures, but tends to sedenneling and mixing in tight fractures.

6.3 Mixing in Fracture Networks

Abstract We use a numerical network model to explore intersectioningieffects on networks. Our

numerical model only considers the complicating factoraefgh walled surfaces on dispersion in a lattice
network of identical intersections. The fracture apeduwreed for network flow simulations were determined
experimentally for the textured glass laboratory sampla afngle fracture intersection. The Reynolds
equation for two-dimensional flow through variable apextfields is solved for two intersecting aperture
fields. To make a network, the flow vectors determined for tiersecting fracture pair are replicated to
each intersection of the entire network. Adjacent inlet antlet flow vectors are handled in a consistent
fashion. Next, steady state solute dispersion througheh&ark is solved by tracing the concentrations of
flow streamlines from the outlets of one intersection to thets of the next. The model shows the lateral
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Figure 10: Construction of the network model. A regularid¢attof fractures is constricted, with dye in-
troduced at the upstream end of one. Dye dispersion is tlaskeassigning a distribution of intersection
inlet and outlet flow rates sampled from the textured glagsBlds simulations and using a point by point
streamline routing model along each intersection.

dispersion within the network and the spatial streamlineceatrations in each fracture, but not the time
dependence of transport. We compare the numerical resuitote idealized predictions of dilution and
dispersion in the essentially two dimensional case of flawubh parallel plate lattice networks.

Network Model We present simple numerical simulations of steady statgestdansport through a net-
work of fractures with known inlet and outlet flow rate dibtrtions. We assume a regular lattice network
of fractures with equal hydraulic conductivity. Each fiaret in the network is statistically equivalent to the
textured glass fracture studied previously. The averagertites through each fracture are the same yet the
flow in and out of the intersections are sampled from a digtidin of possibilities.

To obtain the inlet and outlet flows, the spatial distribntaf flow rates through the glass fracture was
determined using the Reynolds equation. At each columnxelpperpendicular to the flow, this results in
two grids of flow rate vectors, gx (parallel to pressure geatyiand qy (perpendicular to pressure gradient).
The gx vectors sum (along each column) to give the total sitedIflow rate through the individual fracture.
The grid size of the Reynolds equation flow simulations fdiiidual fractures used to populate the network
model were 300 rows by 600 columns.

Each intersection of the regular lattice network consiétsvo inlets and two outlets. For an individual
intersection, the spatial distribution of flow rates is setadlows: First, two gx flow rate vector columns are
chosen at random from the 600 columns of the single fraciomalation. These define the distribution of
inlet flow rates into the intersection. Then, two differertflpw rate columns are chosen to approximately
determine the amount of total flow at a given location thathea each outlet. Each intersection of the
fracture network is populated with flow rates in this manfidrus each intersection represents a statistical
realization of the possibilities for inlet and outlet flows.

For the simulations presented here a network of 101 by 1@tuires was used, with each intersection
containing 300 individual flow rate vectors at each inlet antdet (Figure 10). For the simulations presented
here, one can visualize the network as being long in the x apidne (101 fractures), with a "height” of
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Figure 11: Examples of 2-D distributions of dye dispersim@ ifracture network for three different mixing
models.

300 discrete flow rates per fracture. Each fracture of thevawdt consists only of outlet flow rates from the
previous intersection, and inlet flow rates from the nexrisgction. The length of each individual fracture
(distance between intersections) is arbitrary since amgt and outlet flow rates are defined.

Once the network of flow rates has been defined, solute transpralculated. One inlet fracture at the
center of the grid contains pure “dye”, with a concentrasetto 1; all other fractures along the inlet side
start with pure water, concentration 0. There are two stepsitulating steady state dye transport through
the network: First, dye must be distributed from the inlatfures to the outlet fractures. Second, dye must
be transported through the fracture, from the current bsitke to the next inlet side.

Dye is transported through an intersection by assumingpaitllel plate streamline routing holds lo-
cally, at each of the 300 vectors that define flow into and ouhefintersection. This assumption has
previously been shown to adequately describe interseatizing when the vector flow rates through the
intersection are known. Solute transport through the $eigtion is therefore based only on advection, and
does not include molecular diffusion. As dye moves from artersection through a fracture and is mixed
with fluid at the next, the total mass of dye is conserved.

The result of intersection mixing is typically a distribati of dye concentrations along the outlet flow
vectors (Figure 11).

Conclusions Several cases were studied using this network model: pap#ite mixing using both 2-D
streamline routing and complete mixing models, 2-D miximgugh rough fractures (by using the average
mixing ratio observed in the glass fracture experiments),3D mixing — using the statistical distribution of
flow rates as just described (Figure 12). We find that the t®fod rough surfaces fall between the idealized
mixing models. Surface roughness increases steady state sdution and dispersion above the simple
parallel plate model. A goal of this research was to compéuwéah and dispersion through a network with
surface roughness to parallel plate fracture networksnifgsgntly, we find that dispersion in 2D parallel
plate networks matches that in our networks as long as th@ ine&rsection mixing ratio is known. This
is significant because it implies that understanding thexdyos of a “representative” fracture intersection
can allow prediction of the larger behavior of the network.
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Figure 12: Plots of reaction ratio (dye dilution index) f@rious mixing models in the network simulation.
Reaction ratio= 0 for zero dilution of dye, reaction ratie 1 for maximum dilution.

6.4 MRI Studies of Mixing Within Intersections (Collaborative Project)

Magnetic resonance imaging (MRI) experiments were donenoniritersecting fracture models. Initially
we worked with an idealized model, consisting of two pafgllate fractures, 8 cm long, 5.5 cm high, 0.2
mm apart, and intersecting at right angles. The second numhdisted of an epoxy replica of the same
slickensided siltstone rock sample studied earlier bycafilye methods.

In our experiments we had the continuous flow geometry with adjacent inlets and two adjacent
outlets. On both the inlet and the outlet sides valves weseriad so that the flow in each branch could be
independently controlled. The flow was driven by a constaessure head.

The MRI experiment was done in a 31 cm, 1.9 Tesla magnet witht@thed imager/spectrometer
system. All the images and flow measurements were done wiimaesho pulse sequence with an echo
time of approximately 10 ms. The goal of the study was tesatiléty of MRI methods to obtain structural
(aperture geometry) information, to make local velocityasigements, and to study mixing behavior. The
techniques for structure and fluid flow measurements usindj&Rised in this study are described further
by Caprihan and FukushimfL990]; Callaghan[1991]; Seymour and Callaghai997].

Structure Imaging Three experimental methods (2D, 2D multi-slice, and 3D)engone to image the
fluid within the fracture models. A horizontal 2D slice wagea, which is like a top-view and gives the
geometry of the fracture intersection (see Figure 13a fersilistone rock fracture model). The slice was
2 mm thick and had an in-plane resolution of 0.5 mn®0.5 mm. This horizontal slice then served as a
scout image to select a slice along the fracture and make-ptane image (Figure 13b). In this case the
slice thickness was 5 mm and the in-plane resolution was t5n®.5 mm. The thickness of the slice was
chosen to be sufficiently wide to include the fracture. Onetbabe careful in the case of the rock fracture
model to include the fracture within the slice because isdus lie all in one plane.

Good structural images of the fracture (i.e., the locatiod @lume of fluid within the aperture) are
obtained away from the intersection. However, at the ietdisn the signal from the orthogonal fracture
gets projected onto the image. This leads to a bright lineherihage, which marks the intersection and
leads to loss of information close to the intersection. Tilg ay to avoid this information loss was to do
a 3D experiment or a multi-slice 2D experiment. We give rssof such a multi-slice experiment. We used
32 horizontal slices each 2 mm thick to cover the sample. Bhgpte structure can then be visualized by
stacking these 32 slices. A surface rendered picture ofuiradés shown in Figure 13c. This 2D multi-slice
data lets us get structural information close to the intgige.
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Figure 13: MRI images of fracture aperture within the silitst rock sample.

Velocity measurements Velocity measurements were made by both the tagging methdtathe phase
method. The tagging method is easy to understand: the magpats in the water are magnetically satu-
rated along only an appropriate slice and an images is foafted a short time delay. Saturation destroys
the magnetization and these spins appear dark in the imalge.ddlay between saturation and imaging
gives time for the spins to move, thus the image appears iffexatit place than expected — allowing the
velocity to be inferred. The delay time has to be sufficiefdlyg so that spins move a distance greater than
the spatial resolution of the image. After saturation thaspecover their magnetization exponentially with
a characteristic time constant. As time increases, theaasmbetween the saturated and the unsaturated
region gets smaller and we will not be able to distinguistwieen the tagged slice and the rest of the image.

Although the tagging experiment is a quick way to measurecités, it only gives velocity along one
line in the image. We can partly reduce this problem by séhganultiple lines. However, this method can
never give velocity measurements at all the points in theyana

Another technique, the phase method of velocity measurgroan give velocity measurements for all
image points. The results for velocity measurement by tles@method are shown in Figure 14. We also
show velocity profiles along different vertical sectionsthe fracture. These measurements show strong
tendency for flow channeling in the fractures and in somes;asmative velocities near the intersection.

Conclusions We find that magnetic resonance imaging (MRI) is a usefulritegte to make velocity mea-
surements in a parallel plate model of fractures away framirttersection. We also have reasonable success
with the rock fracture model when looking away from the ig&ation. The methods we employ for imaging
are not suitable for measuring flow properties close to arbdinvihe intersection. It would be possible to
study flow close to the intersection by 2D multi-slice or 3[persments. We are able to obtain structural im-
ages with these experiments but the signal loss with flowgored us from making flow measurements. In
order to look with the intersection we would need higher g imaging. All our experiments were done
with 0.5 mm resolution and in some cases 0.4 mm. A resolutidhlomm would have given us sufficient
pixels within the intersection. This kind of resolution istpossible with our present MRI system. We need
higher magnetic field gradients to achieve this resolutidthough, even if we could get higher resolution,
we would still require considerably greater signal averggo get the same signal-to-noise ratio. One option
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Figure 14: MRI flow velocity measurements within the siltetaock sample.

that we have not fully explored is to sacrifice spatial resoluand only measure velocity in a probabilistic
sense. In other words, measure velocity histograms ovgerapatial regions. These experiments might be
useful in situations where fractures are complex and it igppssible to resolve them in great spatial detail.

6.5 Formation of Fracture Networks (Collaborative Project)

Abstract As part of this project, S.R. Brown provided technical suppmd acted as a faculty adviser for

an M.S. graduate student thesis project at Dartmouth Goll€ge idea linking this thesis to the DOE/BES

research grant is that once the behavior of flow in fractutersections is understood, the next step in-
volves description of flow and channeling in fracture netgorTherefore, we need to gain fundamental
understanding of the parameters controlling fractureesgsieometry.

Sets of parallel, closely-spaced joints in rock must anisenfa system of forces or strains acting uni-
formly throughout the body. One possible way such a “bodgdbran be produced and give rise to regional
joint sets in flat-lying rocks is as follows: Assume that indual layers of rock in a sedimentary sequence
have a marked contrast in Young’s modulus, but similar Poissratio. When load is applied normal to
the layers, different lateral strains between the layessltén the least stiff layers exerting tensile forces
or extensile strains across each common interface wittffardayer. On the local level the tensile failure
criterion can be reached in the stiff layers leading to tleaton of a joint. When one joint is created, the
stresses or strains are only relaxed locally and thus othetuires can form some small distance away.

Methods We have carried out laboratory experiments demonstratiagability of this extensile loading
mechanism to generate systematic fracture systems withietyaf characteristics (Figure 15). An alu-
minum loading fixture was machined to contain a thin tabytacanen of rock or plaster and two bounding
layers of rubber. The sandwich of rubber and rock is loadedhgdraulic press perpendicular to the layer-
ing. The rubber is considerably less stiff than the rock. STtam a given load, it expands more in the lateral
direction than the rock, imparting tractions on the integfand resulting in high tensile stresses in the rock
layer.

A channel in the aluminum loading fixture constrains the espan of both the rubber and the rock in
one direction only. This acts as a simulated intermedidtecjpal tectonic stress. As the assembly is loaded
normal to the “bedding”, the rubber expands in the free tima¢ leading to the formation of multiple
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Figure 15: Experimental setup for joint system formatiotaiyered rocks.

Key

(A) - Sandstone, uniaxial extension
(B) - Sandstone, uniaxial extension
(C) - Sandstone, biaxial extension
(D) - Marble, uniaxial extension

(E) - Marble, uniaxial extension

(E)

Figure 16: Joint sets formed by compression perpendicaleyering.

parallel fractures in the rock layer (Figure 16). The forimatime and location of each new fracture can be
observed in both the loading record and visually on the ediffeecspecimen.

Conclusions Parameter studies have been performed where tensile tsirengximum load, and speci-
men thickness were varied. There are clear trends of inag&mcture density with decreasing specimen
thickness and a scaling of fracture density with maximund iedative to tensile strength. Quantitative mea-
surements show that these experiments produce fractusitiderin the range commonly observed in rock
outcrops. Further experiments of this type may lead to aetaanderstanding of the often-cited fracture
spacing versus bed thickness relations observed in field d2dr results provide controlled experimental
data against which recent theories on joint formation irtag rock can be tested and refined.

6.6 Field Measurement of Fracture Aperture

Abstract To enable us to tie our results to field applications, we laydortable hand-held air permeameter
to be used for measurement of effective fracture flow apestat field sites (Figure 17). The operator builds
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Figure 17: The hand-held air permeameter for fractureswmed “TinyPerm.”

pressure in a chamber with a hand pump, then dischargesnifgessed air into a fracture through a rubber
nozzle. A micro-controller measures the time in millised®mequired for the air pressure in the chamber
to drop to 1/2 of a preset value. Calibrations show that tkisagl time can be used to accurately derive
fracture apertures in the range 25—-2000 microns (FigureTl@} device was used in the field to determine
the variability of apertures in fracture networks, speaificaround fracture intersections.

Conclusion For this project, one simple question was answered througluse of this device: Does the
line of intersection of two fractures comprise a significeahtinnel for fluid flow in its own right, above
and beyond the contribution of the two fractures themse@lvagier repeated scoping experiments at field
outcrops, no evidence was found for enhanced flow alonguir@ébtersections above the natural variability
of the individual fracture permeabilities.

6.7 Dissolution in Fractures

Abstract We investigated the complex active chemical interactiorvben pore fluid and fractures that

causes the fluid composition and fracture surface topograptthese systems to change over time. Our
experimental model consists of flat planar gypsum samplesspd with a constant force against an inert
textured glass surface. Pore fluids ranging from unsauitatsupersaturated, which are at a variety of flow
rates, are introduced to one end of the sample in order teehctlter the topography of the gypsum surface.
Using a laser profiler, we are able to quantitatively monit@ changing surface topography over time as it
relates to the measured sample permeability and calciwmasian of the pore fluid. These methods allow
us to create and analyze many features seen in naturalrigaciacluding high-flow dissolution channels,

plateaus, and caverns formed from precipitate. In additioa laser profile of the sample surface can be
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Figure 18: TinyPerm calibration relating fracture apertto pressure decay time.

used to produce a map of aperture across the sample. Usinipfiimation, we have applied numerical
modeling via finite difference and lattice Boltzmann (LB)timads to calculate pore fluid flow direction and
magnitude over the entire sample surface.

Laboratory Studies In the laboratory, we directly observed chemically actiea/fivithin single fractures.
We assembled laboratory apparatus and developed tecbrfmufeacture permeability measurements under
dissolution conditions. Our experimental model consisgypsum (CaS@2H,0) samples (dental plaster)
pressed against an inert textured reference surfacer(@gtitared glass or an epoxy cast of a rough surface)
(Figure 19a). Experiments with either fixed-displacemantanstant normal stress boundary conditions
between the two contacting surfaces can be performed. Tgugtaphy of the textured surface induces
heterogeneous flow along the plaster specimens (Figure Faisg fluids ranging from unsaturated to su-
persaturated with respect to gypsum are introduced to thplsan order to chemically alter the topography
of the plaster surface.

The flow system is gravity-fed with a constant pressure hedtbw can be forced at a specific rate
using a peristaltic pump. The specimens can range fromafigrtio fully-saturated. Permeability changes
are monitored with a flow meter and we monitor the electricaiduictivity of the outlet fluid as a proxy
for calcium saturation (calibrated by selective samplingje are able to monitor visually the state of the
sample and flow system through the transparent referen¢aceujtextured shower glass) (Figure 19d).
Using a high-resolution laser profiler, we are able to margt@antitatively the changing surface topography
in 2-D as it relates to the measured sample permeability atwiun saturation of the pore fluid (Figure
19¢).

When experimental parameters (e.g., initial surface toguy, flow rate history, and total experiment
time) are duplicated, the topography developed on thegslastmple is reproducible (Figure 19b). Some
of the initial contacts between the reference surface aadlhster develop into plateaus, which do not
easily dissolve. These plateaus are at the nuclei of staioanregions which become more prominent as
the experiment proceeds, leaving ever-deepening high fhamreels between them. Thus the flow channel
networks, as observed visually and through numerical sitinns, evolves from a homogeneous system to
one more (self-) organized and complex.

The fluid permeability across our samples evolves as théeplagbstrate is dissolved (Figure 20). A
characteristic permeability curve includes four regineeshort, sharp initial drop, followed by a rapid rise,
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(b) Plaster Samples

(a) Laboratory Flow Cell

(c) Laser Scan (d) Flow Image

Figure 19: Laboratory set-up for dissolution experimeii#g.Disassembled specimen. The sample holder
(1) has integral flow manifolds, which accept the plastergam(2). A textured cover sheet (3) contacts
the plaster surface with a spring mechanism (5) to form adrac- held together under constant normal
stress. After the flow experiment the plaster sample can tv@ved for detailed study (4)(b) When
experimental conditions are the same, the results aredegille as seen in these two separate samples.
(c) The dissolution-induced surface topography is charasdrat the end of each experiment by high-
resolution laser profilometry(d) The flow geometry is monitored throughout the experimenth digital
photography.

then a longer period of pseudo-steady flow, followed by aerektd drop. We believe that the first drop is
caused by the dissolution of a small amount of material atthact points. The subsequent increase is
likely due to the formation of the stagnant zones around timact points, precluding further dissolution of
these points while flow channels open over the rest of the kanijme plateaus occur during a temporary
balance between the burgeoning stagnant zones and thendeppbannels. Ultimately, the permeability
decreases again as the channels narrow and the stagnasigzowe

During sampling, we monitor the growth of these stagnarnbregthrough the clear viewing surface, as
well as tracking the overall conductivity of the solutionhélplaster is dissolved much more quickly at the
beginning of the experiment, until the combination of irgi@g calcium concentration in the pore fluid and
decreasing effective surface area brings the dissolutit;mto a plateau.

Amongst the dissolution experiments we ran, we noted thapestof the permeability change versus
time curve was dependent on the average fluid flow rate adnessample. Figure 20 shows two cases:
the blue line represents high-flowe8 L/hr) and the green is a low-flow triabk@00 mL/hr). For each of
these flow rates, the four characteristic regimes are preldemwever, the fast flow sample experiences more
abrupt and volatile flow rate changes over the course of thererent.

Quialitatively, we observed that experiments with lower fiaies formed deep, defined channels that
were clearly separated by stagnant regions, whereas thidsdigher flow rates were prone to sheet-like
flow that resulted in few stagnant zones and mimicked thegigmihy of the model fracture. We verified
these observations using laser-profilometry to quantiéyfial topography on low and high-flow samples.
Recent results at slower flow rates of 60 mL/hr verify thisitte

The final laser profile of a sample may be combined with the lprafi the contacting shower glass
to create a map of aperture over the entire surface. Thislenals to run a finite-difference and lattice
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Figure 20: Results of a dissolution-dominated experimemypsum plaster. Graph tracking the flow rate
(indicating permeability) of a sample over the course of experiments, one with fast flow, one with slow
flow.

Boltzmann simulations of the fluid flow. The results of theseudations verify our suspicions about the
different topographies of low and high-flow samples. In the-flow sample below, relative fluid velocity
is much higher in the channels, which provide a direct, n@andering route from start to finish. This
contrasts with the high-flow samples that are less direceagdge more of the fracture surface.

Numerical Modeling In the plaster dissolution experiments, two phenomenarreluplateaus or high
areas form opposite projections of the textured glass aeyrfnd 2) stringers — long raised areas of plaster —
often form in the lee (downstream side) of those plateaush&Ve used LB to model the formation of these
features, first in idealized geometries that have bumps apcedsions like the textured glass; then with an
actual texture-glass-type surface as measured by profitpme

There is a reasonably straightforward explanation for theraded projections. The aperture is small
beneath the plaster projection and the correspondingraakigiass projection; hence flow is likely to be
slower between them, and dissolved solute will remain lomgar the plaster, keeping the solution near
saturation with gypsum. Thus the dissolution rate will msland the topography unaltered. The stringers
are a bit more difficult to explain; they require that stalbligh-solute concentration plumes exist in the lee
of the projection. The existence of such plumes would regamrather higtiPenumber, since the flow would
have to be fast enough to limit transverse diffusion.

To test these possible mechanisms, we begin by using iddadjgometries for LB calculations. The
calculations are scaled so tba andPecorrespond as closely as possible to gypsum transport aadlak
tion. Figure 21 shows the ideal geometries studied, rafaoeas A, B and C. The top shows a view down
the y-axis for each geometry; the initial flat plaster platat the top. The bottom of Figure 21 shows the
textures on the glass plates that oppose the plaster, asd/idawn thez—axis. Geometries B and C have
pits added, so that solutes may diffuse into them; the pitsachas a capacitance to smear out the effective
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Figure 21: The A, B and C geometries used for the fractureotliien test. The top three portions of the
figure are cross-section views through the “fracture” arlibttom three portions are plan views. These
images are 3D perspective projections; the lighter therctile closer that solid is to the observer.

diffusion coefficient. In A, the top and bottom surface netarch; in B and C, the two surfaces are in
contact at the beginning of the simulation.

The three geometries (A, B and C) all produced substantihllysame result: a plateau of “plaster”
remained opposite the projections in the textured surfaegsardless of whether the surfaces were touching
or not. Figure 22 shows snapshots of the speed distributidifferent positions above the dissolvable plate
and at three different time steps, for geometry A. Even thaoing plaster and textured surfaces were not
touching, the diminished flow, in regions of low aperturgpessed dissolution. Furthermore, “wakes” of
solid were left in the lee of the projections, as the simalaprogressed.

Next, we attempt to recreate the long stringers in the leergjeptions, as seen in Figure 23a. An
experimental dissolution cell is simulated, with the cavbat only the central 64% of the plaster surface is
used, and we could reach only 1/3 tRenumber of the experiments, in order to keep the calculatioe t
reasonable for this scoping study. Otherwise, the calonlds a fairly realistic representation; the flow into
and out of the cell passes over long rectangular prisms,harie meant to simulate the screw flow diffusers
used in the real cell. The LB simulation uses a textured sarfa oppose the initially flat plaster, taken from
an actual glass surface used in the experiments and chaadtby laser profilometry.

Figure 23b shows the results of the LB simulation. The lefé sif the figure shows solute concentration,
and the right side shows the erosion of plaster surface. drfgedtringers of high solute concentration, which
occur in the lees of projections of the textured surfaceesmond to similarly-shaped stringers of high-relief
(relatively uneroded) plaster. Thus the LB simulation predfeatures similar to those seen in laboratory
tests (Figure 23a). We would expect that at higheras used in this experiment, the solute stringers would
be sharper and narrower (less transverse diffusion), heootl result in narrower and sharper stringers in
the plaster surface.

Conclusions We find that when experimental parameters (e.g. initialamgftopography, flow rate his-
tory, and total experiment time) are duplicated, the topphy developed on the laboratory samples is
reproducible from one dissolution experiment to the nexte Tlow channel networks, as observed visu-
ally and through numerical simulations, evolves from a hgemeous system to one more (self) organized
and complex. The permeability initially drops as the expemnt begins and the surfaces settle into place,
then gradually rises with several further smaller decreasesome supporting asperities are destroyed. LB
methods predict the formation of major dissolution feaduseich as long “stringers” in the lee of obstacles.
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Figure 22: Flow speeds for geometry A, at three differeneirand 6 positions on the-axis. Solids are
white, and flow speed is represented by color, from blackHerlbwest speed to red for the highest. Flow
is from the bottom of the figure to the top. The left of the figaoeresponds to the dissolvable plaster plate,
and each successive frame to the right is at a la@osition, until the non-dissolvable textured glass is
reached at the right hand side of the figure. The magentaaklities, in the bottom row, are meant to show
the position of the non-dissolvable convex projectiongifdit) with positions on the dissolvable plate (at
left). Plateaus initially form opposite the projectiongfie non-dissolvable plate, and undissolved tails form
in the lee of the plateaus.

6.8 Observations in Vein Systems (Collaborative Project)

Abstract We supported a study of a natural fracture system perforrhdteaJniversity of Utah under
the direction of Professor Ron Bruhn. Through digital plgodphy and image analysis we have examined
natural vein fillings and geometry in drill core from the Awitkok Geothermal Field. These data will be
used as a guide for our physical modeling experimental desmigl data analysis. However, so far, since the
conclusions are derived from veins — which are dominatedregipitation — different interpretations of the
permeability history result as compared to the dissoludigperiments just described.

Methods We selected core intervals for direct inspection based anméneral type and geometry. Ge-
ometrical properties of interest included (a) single veifid vein intersections, and (c) veins containing
alteration halos or selvages. Several fault-controlleidssevere identified and also selected for sampling
in addition to the more commonly occurring extensional seiBigital images of the veins were collected
using a flat-bed scanner. Also, a digital camera under udtietvlight was used to record details of vein
geometry revealed by fluorescence of calcium carbonateratieTlhin sections of some specimens were
prepared. Rubber casts were also made of several vein walepare samples for measuring wall rough-
ness. We developed a procedure to partially automate nexaeuts of vein thickness, area, and roughness
directly from the digital images (Figure 24).
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(a) Plaster Sample (b) Lattice—Boltzmann Simulation

Figure 23:(a) Section from an initially flat plaster surface after a distioh experiment; flow from left to
right. Note the long stringers in the lee of projections; pinejections themselves typically correspond to
projections in the opposing textured glaéls) Simulation of chemical erosion in plaster flow cell. The left
side gives concentration at two cuts through the automaitor:z cut (top, view down y axis) and a x-y cut
(bottom, view down z axis); solids are white, and conceittnataries from red (lowest) to blue (highest).
On the right is shown the erosion depth on the plaster syrfema red (lowest, to blue and black (highest
erosion). Long stringers similar to those in (a) are evident

Conclusions We found that multi-phase mineralization due to chemicalssalution and
re-precipitation as well as mechanical fracturing was arcom feature in many of the veins and that it
had a significantly affected interpretations of vein tosipoand permeability history. We used our micro-
and macro-scale observations to construct four hypotigtiermeability models (e.g., Figure 25). In each
model, permeability changes, and in most cases fluctuatésedtly over time as the tortuosity and aper-
ture of veins are affected by the precipitation, dissohlutiand re-precipitation of minerals, and also by
mechanical fracturing. In all four cases we interpret a-fatsise mineral dissolution stage where perme-
ability gradually declines as the vein is blocked by inwardvgng minerals. Thereafter, permeability may
briefly increase with the onset of internal fracturing withihe vein or by a phase of mineral dissolution
opening up new pathways for fluid flow. Eventually we infertthbarmeability will decline again as second
stage minerals are deposited in the fluid flow pathways.

6.9 Precipitation in Fractures (Future Directions)

Abstract We performed new LB calculations of precipitation in fraets and preliminary laboratory ex-
periments to guide our thinking for future work on precipda within fractures. We limited these studies to
fully saturated fracture systems. The LB modeling work wasgrmed by our collaborator H.W. Stockman
of Sandia National Laboratories and the experimental wag performed at New England Research.

The calculations first deal with of growth along the largesdiion of the fracture, parallel to the fracture
plane. This might be the dominant type of growth if the praatp had little or no chemical affinity for the
fracture walls; for example, if the walls were made out of,tahd the precipitates were a very different
material (such as hydrous uranium oxide or manganese oxidéhis case, growth will travel out from
a chance seed with greater chemical affinity for the preatpit- perhaps by either a chance nucleation
directly from solution or precipitation onto a surface wélsimilar surface tension. Eventually, we intend
to experimentally model such growth with special cellsngggypsum and borax growing between Plastic
plates. Growth of precipitates from this mechanism migbkbalccur if there were large compositional
gradients along the plane of the fracture, as might accoynpaxing of fingers of very different solutions.



DOE/BES Final Report 35

(a) (b)

Figure 24. Example images of vein geometry in Awibenkok caAwiebenkok core sample from a depth
of 1186 feet with calcite vein digitized as a red ROI (Regidmnterest). Notice the complex geometry of
the vein margins, the variability in vein thickness, and dttered remnants of wall rock incorporated into
the vein. Each grid spacing is 1 mrth) Enhanced image of vein margins for the calcite vein on the lef
This type of image is prepared as part of further analysisof geometry.
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1) Fracture opens by tensile fracturing. Permeability is high and fluid flows enters void space

2) Minerals are precipitated in the vein, growing outward from the vein walls into the middle of the vein obstructing flow and

increasing tortuosity.

3) The vein closes and permeability decreases markedly as minerals continue to grow inward

4) Renewed fracturing disrupts mineral grains and permeability increases once again.
5) Growing fractures connect together to form a new networle, permeability rises rapidly and fluid flow increases.

6) Minerals precipitate and once again reduce permeability

Figure 25: One of several permeability evolution modelsgsgted by inspection of vein geometries in
Awiebenkok core samples.
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For example, a sulfate-rich finger, and a calcium-rich fimggght intermix, precipitating gypsum, or a finger
rich in basic uranium carbonate solution might mix with lovpél fluids containing little carbonate, as the
uraniume-rich finger cascades down through fractures inufigftom a waste-package source.

Next we deal with growth onto a substrate of like material.ekample might be the growth of gypsum
on a large planar surface of plaster, as we have used préviousur dissolution experiments. In this
situation, the solution is kept marginally over-saturataedd precipitates initially form all over the large
“plaster” surface, reducing the permeabilty. Then the ipitates “ripen,” rearranging to reduce surface
tension, so that flow channels open up and one again incrleagetmeability.

Finally, we present new experimental results, pertainjgrowth on a large plaster surface. The aim
of these new tests is to show that experimentally one cansehoonditions for precipitation, such that: 1)
the precipitation occurs simultaneously with dissoluti@hthe precipitates form only on the pre-existing
seeds (in this case, a plaster (gypsum) surface), and nioé itubing, mixing chamber, or Plastic viewing
wall of the cell; 3) the flow speed through the cell is suffitigishort to avoid spontaneous nucleation, but
long enough to achieve seeded precipitation, and stilligeoa relevant range ¢fe

Lattice Boltzmann simulations To begin, we ask a fundamental question: what effect doesHawe on
the speed of dendrite growth? Figure 26 shows four LB sinaratdesigned to answer this question, at
different steps in the simulation (200k, 300k and 400k fraft fo right). At top are concentration plots
from a simulation with no flow; solids are white, and the selobncentration ranges from red (lowest) on
the left margin, to blue (highest) on the right. The right bdary is kept at a constant concentration, and the
initial solute concentration is super-saturated. Solitisnare placed on the left and right, and the left wall
is a “seed” capable of precipitating the solid. The very tmputation has no flow and no solid boundaries
except those on the left and right; effectively, the simalais infinite in thez—direction. The second row
also has no flow, but this time thee-direction is constrained by solid walls, producing a Heltex8 cell. In
these first two simulations, dendritic growth is minimal lre ttime of the runs. But in the bottom two rows,
when flow is added, dendrites readily grow from the sidewalisnting into the flow.

The cause of much faster dendrite growth under flow is fairhypse: the flow past the tip of the dendrite
keeps the concentration gradient steep, by constantlgmighiing with new solution; thus the tip sees a high
flux of solute. Since reaction is, by definition, fast compiaediffusion, the rate of growth is almost entirely
determined by the diffusion gradient. Meanwhile, the f®twing dendrite leaves a shadow of solute
depletion in its lee, effectively starving-out the competi, preventing nearby dendrites from growing.

Now that enhancement from flow is obvious, what is the efféatestricting the flow between two
plates in a Hele-Shaw cell? One might expect that the effetaglor-Aris dispersion would be to smear
concentration in any flow that has ar-direction component, lessening the dendrite growth. Buhas
bottom of Figure 26 shows, a dendrite grows into the flow inHieée-Shaw cell, perhaps at an even more
acute angle, and at least as quickly.

We have seen that LB models predict that a flow field greatiyapoés the growth of dendrites, and the
enhancement persists when the growth is confined in a smeadted “fracture” (Hele-Shaw cell), with the
dendrites growing into the flow. But what if the flow field is cplicated by roughness?

Figure 27 shows the results of calculations, in which onénefdmooth walls is replaced with a rough
wall, which produces a complicated flow field between thegslaSix steps in the calculation are shown in
the figure, with time progressing from left to right. Durirfgetsimulation a whitish dendrite grows on from
the left side, and nearly chokes off the flow by step 500k. Harehe dendrite did not simply grow “into”
the bulk fluid flow direction as did the dendrites in Figure @6fact, it is pointing somewhat backwards.

Careful examination of Figure 27 helps explain why the dié@gricked this peculiar growth pattern.
At the top of the figure, the concentrations of solute are stidvom blue (highest concentration) to red
(lowest). As the one dendrite grows and becomes dominatdaves solute-depleted fluid in its wake,
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Figure 26: Dendrite growth in 4 separate conditions (sef.te&olids are white; concentration of solute
grades from red (lowest) to blue (highest). The red arrovesvstine direction of flow in the two bottom
simulations.

effectively choking off the growth of other dendrites. Itakear that the one finger has grown toward the
fastest flow, wherever it was available; note there is a rgibneat the dendrite tip, in almost every frame.
The flow field is complicated by the roughness of the bottonfiaser and so is the path of the dendrite
complicated, in seeking the fastest flow, where the difiugigradient will correspondingly be the smallest.
Next consider precipitation that occurs by the convergeridevo fluid streams, such that the mixture
of the two streams is saturated with a solid phase, but theidudl streams are not saturated. An example
would be the convergence of CaGh water, with a stream of N&O;, in water; the admixture of the two
might be supersaturated with respect to gypsum. Figure @8sh calculation for such a system; a CacCl
stream flows up from the bottom of the left, and a8@ stream flows up on the right. The top row of
Figure 28 shows successive steps in a Hele-Shaw cell, witotmtop and bottom walls, which act as
substrates for the precipitation. Cafdbes precipitate at the juncture of the two flows; but theiprete
quickly chokes off the exchange of solute between the twessid the flow, so precipitation effectively stops
by step 314k. The bottom row shows the case where the top smakiured, so a non-uniform flow field is
imposed, and causes a greater mixing of the streams. Motgpate forms at the junction, probably due
to the initially greater mixing, but once again the excharggehoked off. While this example may seem



DOE/BES Final Report 38

Concentration

2
tep 300k

~ o : ]
e b O ek %
s X T T | [P
i \ I }
i + e ‘_: =
N 4 o £ 4] )
oo ] L TN
L J "L
v . +

Figure 27: Dendrite growth when the top of the cell is rougfe(gext). The top row shows the concentration
of solute; the bottom 3 rows show flow speed at successiveelslefhe dendrite grows toward the fastest
flow, which corresponds with the steepest concentratiodigna
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Figure 28: Growth of solids (white) when Ca-rich stream @land a sulfate-rich stream (red) mix (see
text). The top is a flat-walled Hele-Shaw cell; for the botfdhe upper surface is textured.

naive, it succinctly illustrates a fault built into many kuteatments of precipitation: two fingers of different
composition are presumed to meet, mix, and produce a praemonsistent with the net composition. But
on the microscopic scale, mixing may be greatly limited bglasion from the first precipitates.

Precipitation and Dissolution in the Same Fracture The next example is closely related to our previous
experiments involving dissolution only. The geometry isstrated schematically in Figure 29. This time
the bulk flow is from left to right. The automaton has 100 nogethe x— andy—directions, and 20 in the
z—direction. Atz= 0, a “plaster” surface is placed, and this surface is capabj@ecipitating gypsum.
The plaster surface is opposed by a rough textured surfadehwreates the initial variations in the flow
field. The textured surface is analogous to the texturedwshglass” used in our experiments, but here the
topography of the surface is exaggerated for illustratiorppses.
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Figure 29: Axis orientation for geometry in Figure 30.
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Figure 30: Flow speed plots for successive positions allmplaster surface (see Figure 29 for orientation).
The solids are white; flow speed is plotted, from black (no Jldavred (highest speed flow). Initially

precipitates form all over the= 1 surface, slowing flow; but as time progresses, the pretgstripen to
form more coherent masses, and flow channels develop bethe@masses, increasing the permeability.

Figure 30 details the evolution of precipitates at threedqsssively higher) z levels just above the “plas-
ter” plane. Solids are white, and the other colors repre@ntspeed, from black (no flow) to red (highest
flow speed). The figure shows six time steps, arranged frantoleight. At the earliest time step on the left
(4k), no precipitates have yet formed. At the next step (2gkgcipitates have formed on the lowest fluid
layer (z=1), approximately where the flow was previousiytdats But, the first precipitates immediately
alter the flow field, so subsequent precipitates are difficufiredict. Note the situation here is inherently
different from what was illustrated in Figures 26 and 27,same the entire z=0 surface can induce nucle-
ation. Thus growing clumps of precipitates quickly inteefevith each other, but there is no bias toward
letting one finger dominate and control growth parallel ® ttplane. From step 100k to step 1000k, there
is not a great deal of change in the amount of precipitatesthasuprecipitates gradually consolidate to
minimize surface area, and eventually allow reestablistinoé flow channels through the automaton; so
the effective permeability first decreases, then gradudiimbs to a near steady-state by step 1000k, as
precipitates consolidate, and provide less blockage tédhefield.
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Laboratory Demonstration Here we demonstrate, that with only slight modification to éxperimental
setup, we can perform experiments dominated by precipitati

We prepared stock solutions of 0.06 M Caand 0.06 M S@, from CaCp and K;SO, reagents. The
solutions were added 1:1 in a mixing chamber, producing @tisal that was 0.03 M in calcium and 0.03
M in sulfate — at least 2 times over-saturated with respegypsum (the ionic strength of the solution was
sufficient to raise gypsum solubility above the infinite tdida value).

The experimental flow manifold was loaded with a pristineavaff plaster. Eighteen rubber cylinders 3
mm in diameter were inserted between a smooth transparsd glate and the sample surface, so as to form
an array of geometrically arranged obstructions withindimeulated fracture (Figure 31a). The aperture of
this “fracture” is estimated to be uniform at about 0.5—-1mrhe sample assembly was presaturated with
distilled water for one hour and a 0.06 molar solution of Cand S@, mixed in a small mixing chamber
ahead of the flow cell intake, was injected at a constant flaes o 60 ml/h for 114 hours. Since the
induction time of gypsum for unseeded growth is nearly 0.6rhthere was no clogging of the apparatus
upstream from the plaster.

After disassembly of the specimen, low angle lighting résedhat both dissolution and precipitation
of gypsum had occurred along the sample surface (Figure 3tbas below the cylindrical rubber obstruc-
tions were unaffected by the solution-precipitation psscand appear either as topographic highs or lows.
Near the intake manifold, strong dissolution results in fibrenation of well defined channels carved out
of the plaster starting material whereas precipitationasiishant as the flow progresses leeward into the
sample. This is marked by a broadening of the channels arfdrin@tion of plateaus around the cylindrical
obstructions. Under magnification these plateaus can betedee covered with small euhedral gypsum
crystals with their long axis oriented sub-perpendicutathie flow direction. This is in marked contrast to
experiments under pure dissolution conditions, wheredifitp (except the plateaus described earlier) are
topographic lows (Figure 31c).

We speculate two possible causes for why dissolution oeduat all in these experiments. First there
was possible incomplete mixing of the Ca-rich and sulfatb-streams before entering the cell, so that
local fluid streams were not saturated with gypsum. The S&law cell would then mix the streams by
the Taylor-Aris effect, as flow progressed downstream. Beci is possible that seeded precipitation of
gypsum has a small but finite induction time, especially ia phhesence of minor impurities. Previous
(literature-published) tests found no induction time, had limited resolution and could not determine
induction times of a few minutes. In our experiment, the agerlinear flow rate was:0.04 cm/s, and
faster channels with several times that flow rate formedeatedading edge. Thus an induction time of only
seconds could make a significant difference in our experisnen

Conclusions The reproducibility of our previous experimental resultsdissolution in fractures and our
understanding of these results through numerical modafisles to consider the effects of precipitation
on fracture flow. Our previous studies of the effect$?efon fracture mixing $tockman et gl.2001], and
the recent work byDetwiler et al.[2003], lead us to expect strong effects of Peclet numBer &nd the
Damkohler numbera) on patterns of dissolution and precipitation. The new swpgtudies discussed
here, including both numerical modeling and experimeotatallow us to hypothesize that:

e Precipitation and dissolution within fractures are botirkedly affected by flow rate.

e The geometry of precipitation is markedly affected by thina§ of the fracture walls for the pre-
cipitating solid. When there is little affinity for the fracte walls, dendritic growth can proceed out
along the plane of the fracture, seeking conditions (tyyidagher flow rates) that will provide steep
concentration gradients.
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(b) Precipitation (c) Dissolution

(a) Precipitation Experiment

Figure 31: Experiment involving mixed dissolution and fpéation. (a) The sample consists of a plaster
wafer (green) and a smooth glass plate separated by 3mmteiarabber discs (red) to form a Hele-Shaw
cell with an aperture of 0.5 to 1.0 mm. The flow is from top totbot at the constant rate of 60 ml/h. During
the experiment we see evidence of channeling parallel thdvedirection. (b) Photograph of plaster sample
after removal from the flow manifold. Traces of the rubbecsliappear either as topographic highs or lows
corresponding to areas of surrounding dissolution or pitation respectively. Strong channeling is devel-
oped near the intake area whereas plateaus are dominanigéh shallower channels developed leeward.
(c) In contrast, here is shown and example of typical dissatutioly experiment run under the same con-
ditions as the previous experiment but with distilled wately and higher flow rates (1.8 L/h). Numerous
channels are present in this case, but less developedofgkglland sinusoidal though continuous.

e As dissolution and precipitation proceed, the resulting/ fiathways and the bulk permeability will
evolve and self-organize, perhaps in response to “ripérfiilngy minimization of surface tension, and
small fluctuations in the local concentration of solutes.

7 Proposed Future Work

To test these hypotheses and to advance our understandiagita predictive capability, we suggest that
this project could be extended to further physically model analyze several configurations of flow and
transport of chemically active fluids through channels ingk fractures, through fracture intersections, and
simple fracture networks. This would be an integrated @ogutilizing quantitative and visual observations

of flow and chemical precipitation within synthetic, rouglalled fractures, replicas of real rough-walled

fractures, numerical modeling via LB methods, and quaitéeobservations from fractures and veins in

outcrops and in drill core.

To fully understand this problem we would first limit our waidk fully saturated fracture systems and
vary the physical and chemical properties within this iestm.

In order to accomplish this we would study the factors cdlitigp the evolution of fluid fracture sys-
tem permeability in the presence of reactive fluids. We wadoitdk at three distinct scales of fracture flow
and elucidate the processes which predominate for eackingle fractures — dissolution and precipitation
as affected by surface roughness and as affected by thadtiter with pore fluid within the porous ma-
trix rock, (2) dissolution and precipitation as heterogarefluids mix within single fractures and fracture
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intersections, and (3) dissolution and precipitation irreated high flow pathways within heterogeneous
fracture networks. All three scales would first be studiedaurfully saturated conditions with miscible, yet
heterogeneous fluids. Furthermore to explore applicatbiizese issues to oil and gas production and near-
surface environmental applications in the vadose zone wddngerform scoping laboratory experiments
to study the unsaturated aspects of the interaction of #etuire and fluids within the porous matrix for
some idealized air/water and oil/water saturation cooad#i The idealized laboratory and numerical studies
would be guided by observations on natural fractures anusvaithe field and in drill core.

Basic sub-topics for study would include the study and dtieation of:

1. The development of statistics for distinguishing thergetsical changes that take place in response to
flow, and correlation of the statistics wikte, Da and the statistical properties of the initial geometry.

2. The time evolution of system permeability and its relatio the underlying flow channel geometry.

3. The heterogeneous spatial distribution of precipitates a means, for example to help understand
geostatistics of metal ores. We have seen, for example déhadrite growth across a fracture can
essentially stop flow — and further precipitation — yet fi thannel only sparsely with solid material.
Dendritic ores do develop in nature, and are sporadic anémtly unpredictable. Yet the density of
dendrite filling must be controlled by thee, Da, and initial geometry.

We emphasize the development of statistical measures idateeanalysis. Our experience shows us
that it is very difficult to produce a simulation thexactlymodels experimental flow; small variations in
the initial uniformity of the flow field, the density of the ili@r, etc., can have a strong influence of the
development of specific dissolution patterns. Yet the ayersize and spacing of dissolution patterns is
much easier to reproduce in models. With precipitation, areanly expect the situation will worsen, given
the chance nature of dendrite growth. Hence we must devhlmeans to extract meaningful statistics
from our data, that will be reproducible, even when the eflaat patterns are not.
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9 Commercial Products Developed

The “TinyPerm” syringe permeameter was developed furth#r additional government and private fund-
ing. For ease of use, it now uses a vacuum flow system and anahtaicro-controller implementing the
required signal processing algorithm. It is now a commémieduct available for sale from New England
Research (see below and http://www.ner.com). A patenicgijdn was not submitted for this device, since
market research suggested that the cost/benefit for patplitation fees was too high compared to potential
sales.

NER’sTinyPerm llis a portable hand-held air permeameter used for measurement of
rock matrix permeability or effective fracture apertures on outcrops and at the core scale.

Operation:

The operator presses a rubber nozzle against the specimen and
withdraws air from it with a single stroke of a syringe. As air

is pulled from the sample, a micro—controller unit simultaneously
monitors the syringe volume and the transient vacuum pulse
created at the sample surface. Using signal processing
algorithms the micro—controller computes the response function of
the sample/instrument system. Key characteristics of this
response are displayed on the liquid crystal display (LCD).
Theory shows how the response function is related to
permeability and either matrix permeability or effective fracture
flow aperture can be determined from the calibration charts

and tables provided.

For intact rock, the permeability measurement range is from
approximately 10 millidarcys to 10 darcys. Similarly, fracture apertures
from approximately 10 microns to 2 millimeters can be determined.

Features:

Can be operated by one person. Easily carried in a small backpack.

Physical size: syringe unit — 38cm x 12.5cm x 5¢cm
microcontroller unit - 16.5cm x 11.5cm x 5cm
interface cable — 3 meters

Total weight (excluding carrying case): 1.2 kg

Microcontroller unit: Microcontroller and electronics enclosed in a
sturdy weatherproof case with LCD display. Operates continuously fopss
several hours on a single 9 volt alkaline battery.

Packaging: Unit is weather and dust resistant and comes in a rugge]
case for transportation and shipping.

Price: US $x,xxx Delivery:45 days

Price and specifications are subject to change.




DOE/BES Final Report 45

10 Principal Project Personnel

Stephen R. Brown
A. Role in the project: Principal investigator.

B. Curriculum Vita;

Dr. Stephen Brown is a Principal Scientist at New EnglandeRiesh (1997—present). He was formerly
a Senior Scientist at Applied Research Associates (199419 Member of the Technical Staff at
Sandia National Laboratories (1987-1996), a Member of théeBsional Staff at Schlumberger-Doll
Research (1985-1987), and a post-doctoral research atgsatil. os Alamos National Laboratory
(1984-1985). He received his Ph.D. in geophysics from Cblartniversity in 1984. His primary
research interests are the mechanical, fluid transportisticoand electrical properties of fractured
and otherwise heterogeneous rock and the application gihgysaal methods to energy and environ-
mental problems. His work combines experimental geophkyisithe laboratory, computer modeling,
theoretical work, and field work. He has published work on@abrrange of topics in geology and
geophysics including 24 peer-reviewed research artiddsdhnical journals. He received the 1989
USNCRM/National Academy of Sciences Award for outstandiagic research in geomechanics. His
former professional involvements include being a membehefNAS/NRC Committee on Fracture
Characterization and Fluid Flow and a member of the boardrettrs of the American Rock Me-
chanics Association. He is currently an Adjunct Associateféssor of Geology and Geophysics at
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