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Abstract. A numerical study of a single fracture embedded i a porous matrix wa~ 

pcrfom1ed to investigate the role of fracture coatings a?d fills on water mo~e:ment m 

permeable, fractured porous media. The variables constdere~ ere conductivny and 

continuity of fracture coatings; location, length, and c:onducuv ty of fracture fills; 

combinations of fills and coatings; initial matrix saturation; a11 inflow boundary 

conditions. Results from the simulations indicate that in Jow.s turation. high-capillarity 

tuff systems, the c.onditions und~r which fr~cture~ act as rap.i flow paths are limited. 

These conditions mclude a contmuous coatmg with conductJv several orders of 

magnitude lower than that of the neighboring matrix, and lar e infi?w rates. llowever, as 

initial matrix saturation increases, the amount of fracture flow also tncreases. 

'oi:;continuities in coatings substantially reduce their efiectivel!les~ in preve~ting m~tri;~~: 

imbibition. The presence of any coating, however, does produce mcreased mfiltratlon 

depths. Fills appear to be effective barriers to fracture flow. 

1. Introduction/Background 

There is strong interest in fraetut·e flow from a number of 

different arenas, including groundwater management and 

wasLe disposal. A.rid environments, such as Yucca Mountain, 

Nevada, (YMP), Hanford, Washington, and Lns Alamos Na­

tional Laboratory, New Mexico (I.ANL), are being considered 

or have been used as waste disposal sites for radioactive and 

mixed wastes because of the presumed benefits of low infiltra­

tion rates; however, these sites are often in or near highly 

fractured media. the role th~tt fractures play in these unsatur­

ated ~stems is a challenging topic of study because of the 

myriad of complexities. and interacting phy~ical processes. 

There is concern about the potential for fractures tu be major 

or fast paths for transporting water from the surface. or from 

disposal areas, through the subsurface and into groundwater 

supplies. 
Under wha.r condition!\ fractures may act as fasl flow paths 

remains in question. Although the presence of coatings and 

fills in fractures has been documented, little is known about 

how they affect fluid flow and chemical transport. In the work 

presented here, we attempl. lo increase our understanding of 

the role of cos lings and fills through computational modeling. 

We utilize a single fracture system with coating1; and fill~ to 

investigate how different observed chg,racteristics of fractures 

affect flow behavior and matrix-fracture interaction. Although 

the malerial parameters we used were f-rom two different frac­

tured, tuffaceou~ materials, the intention was not simply to 

answer a specific question for a specific location. We have, 

perhaps, taken some libenies with parameters to attempt to 

capture a more generic response. We hope that the informa· 

tion obtained from these studies can be extrapolated, to some 

extent, to an understanding of the behavior of the complete, 

more complex system. 
Jn this wo1·k we are specifically concerned with unS<tturaled, 
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fractured porous media within penneable matrix rocks. AI· 

tho~gh there havt: been hundreds of field and modeling efforts 

direi;ted towards better understanding and representation of 

flow and transport in fracturecl porous 01edia systems, only a 

fraction of these concern unsaturated, permeable materials. 

The rok of fractures in unsaturated systems differs signifi· 

cantly from their role in saturated systems, with the el'istencc 

of a permeable media oftcm strongly affecting flow behavior 

[Evaru and Nicholson, 1987]. Thus $a_turated and impermeable 

mat'rUc studies offer only minor insight into the issues investi­

gatckl here. 
'Iihere have been observati01~s on cores indicating the pres­

eoq: of fills and coatings [Dovid.son and Snowdon, 1978; C11rlos, 

19815] and analyses of the geophysical properties of fracture 

coating materials on tuff:; [Davenpon, 1995; Carlos, 1985). On 

Yucca Mountain tuff samples from the vadose zone, observed 

fraeture coatings are extremely discontinuous and sporadic 

[Carlos et al., 1985}. Carlos [1985] reports coatings on the 

Topopah Spring tuff to be composed of a variety of minerals, 

inc!;ding zeolites, mordenite, heulanditc, and various clays. At 

Lo Alamos, Davenpon et al. [1995] report that the Bandelier 

Tu coatings are pt·edominantly clays (smectiLes) and calcites. 

Al~1ou_eh fl"'acture _co~ting mineralogy ~as ~en determined, 

lht~kncss and contmu1ty have not been 1denufic:d. 

here have been a few published Stuclies which have, either 

ex crimentally or numerically, tested the influence of a frac· 

tu co.~tting, or "skin,'' on fracture-matrix interactions. Thomo. 

et • [1992] and Cheklm et Q./. [1995} ran experiments on actual 

co ted and uncoated tuff fractures and did simple analytical or 

erical analysis of the competitiotl between capillary forces 

an viscous forces between the matrbc and fracture. Thoma et 

al.[l992] observed that Lhe lower penneability coatings inhib­

it matrix uptake and thus increased the depth that a water 

sl g could potentially uavel io a fracture. Their cxperim~nta 

o showed that a vcey low permeability coating (10-' lower 

tl$ the matrix) effectively eliminated matrix imbibition. Their 

si pie one-dimensional analytical model was in good a.gree­

rn ·nt with the ob:;ervcd matrix uptake. Chekwi et al. [l995] 
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Dim'gnslon Var. 
y 

System l-ength L 

F~ol~re Spacing ~ 0.2 2.0 

F~cttlte Apllrture b 1.2e--4 
Coeuno Thickness c 3e·5 2e-4 

L 

0.10 0.005 1.8 
0.48 0.3 1. 
0.9 18.4 4.2 

Coaling <T ff S) 9.5e-Q9 0.2 0.15.:2 1.17 
Fill u 9.Se-11 

Figu1-e 1. System configuration for the matrix block/single fracture. Tables give dimensions and parameter 

values for the two simulated systenu;, 

tested specimens from two Yucca Mountain tufTs: Tiva Canyon 

and Topopah Springs. Their experiments demonstrated mixed 

results, r:mgiilg from a sli~ht increase to a measurable decrease 

in the effective permeability of a coated surface compa!'ed to a 

fresh surface. The results from Tiva Canyon showed little con· 

sistent influence of coatings, while the Topopah Springs sam­
ples showed a consistent decrease in water uptake by the ma­

trix with coated fractures versus uncoated samples. 
Nativ et al. [1995] conducted a field study in a near-saturated, 

fractured, low-permeability chalk in the Negev Desert. They 

observed rapid contaminant migration and concluded that at 
this site the fractures act as fast paths following precipitation 

event5. TI1e fracture fast paths result from the high backgtound 

matrix saturation and low matrix permeability. In this 51Udy we 

will be focusing on systems with somewhat higher m~tril per· 
meability and ~enerally lower saturations lhan the Negev 

challc. 
Pruess and Wang [1987] showed the result of a simple one· 

dimensional study of the effects of coating conductivity on 

matrix imbibition from a saturated fractLlrt:. They showed that 

lhe fracture coating cau5Cd a delay in the time required for lhe 

matrix to desaturatc the fracture. Ho [1995} presented a mod­

eling study that looked, in parr. at the effects of reduced con­

ducta"ce between fracture and matrix in a dual permeability 

model. Ho achieved this by reducing the area of connection 
between the fracture and matrix by 2 orders of magnitude. as 

opposed to placing actual coating elements into the system. ln 
that work Ho concluded that 1he reduced interaction had l'ig­
nlticant effect by reducing matrix saturations and increasing 

fracture velocity. Moenclt [1984] used the ~oncept of a skin 

between the fracture and matrix to develop a double porosity 

model that was consistent for both transient and steady state 

usumptions regarding fracture-matrix interactions. The case 

5tudy presented by Moench, based on his numerical derivation, 

'howed at least minor effects, and sometimes large effects of a 

lower penneability layer between fracture and matrix. · 

Fracture.s have been suspected and identified as short circuit 

now path!i under conditions that are within the scope of those 

or concern in this study. Chlorine 36 meru.-urcments at Yucca 

Mountain have shown small quantities of bomb puLo;e 3(•a at 

dep~hs greate1· than 400 m. Modeling studies by Wolfsberg et al. 
[1996] have shOWll that this can be attributed to isolated rapid 

transport through fractures. 
Continuing concerns about the role of fractures, along with 

these reported results demonstrate the importance of consid· 

ering frac~ure wall coatings in predicting the influence of frac­

mres. All of the previous studies assume a continuous coating, 

or "averaged" coating effect, and most apply only simple one-. 

dimensional matrix imbibition. The current study specifically 

focuses on conditions that may strongly influence fracture flow 

and have not been considered p1·eviously. Although we have 
selected two "real'' systems to apply thi5 study, the greater 

purpose is to look at the sensitivities of certain classes of 
systems to potential fracture conditions. The work reported 

here expands the analysis of the influence of fractures by con­
sidering a wider ran~c of conditions and by applyin~ a more 
rigorous modeling approach, The presc:uce of coatings as well 

as the possibility of nils is included. The influence of discon­

tinuous coatings is also examined, and the response to discrete 

discontinuities is tested. The roles of initial matrix saturation 

and inflow conditions are also considered. We model a fUlly 
two-dimensional flow system using a multiphase finite element 

method (FEM) simulator. The modeling approach is descl'ibed 

in section 2. Section 3 is a presentation of the observations 

from the simulations, while discussion and interpretation of 

those observations are left to section 4. Section 5 sumwarizes 

the work. 

2. Method 
The approach used in tllis work was to isolate and numeri­

cally study the role of specific aspects of a fracture-matrbc 

system (e.g.. coatings and fills) in conducting water in an un­

saturated domain with penneablc mat.rot mEiterial!l. We chose 

a :;implc system containing a single venical fracture centered in 

an otherwise uniform block of porous matrix. Figure 1 dete.ils 

the ~tem configuration and provides material dimensions and 

hydrogeologic parameters used in the simulations. There are 

four system components: the matrix, the fracture, the fracture 

coating, and the fracture fill. The domain was discretized such 
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that a thin coating lay~r could be as:;;igned along the walls of tran port of crushed matrix material h1to the fracture. Figure 1 

the fTacture. between the fracture and matrix. No reported con; ins values for the hydrologic properties used for the dif­

values for actual coating thicknesse~ were available for assign- fere, t material componems of the systems. 

ing thicknesses in the model. Although the thickness of the E' c:mal boundaries of the modeling domain had no-flow 

coating layer was intended to be representative of a real coat· con itions exc:cpt for the two ends of the fractul'e. Water was 

ing, it was also driven by limitations in discreti:zing th~ domain imr · duced into the top of the fracture, while the bottom of the 

for the FEM model. T11us resultant effecti'.'e coating thick- fra . ure was open for outflow of water and air. At Los Alamos 

nesses were, perhaps, greater than what might be observed. the . ::l.ter table i~ more than 200 m below the fractured tuff 

For simulations where no coating was present the fracture uni of concern and does not influence the hydrology of the 

coating elements were as5igned matrix propenies to maintain syst m. At Yucca Mountain the Topopah Spring u"it varies in 

a oonstant fracture aperture for all ~imulations. Fracture fill dist. nee from the water table: l10wever, we are not concerned 

could be emplaced by redefining the material characteristics in her about the influence of the water table on the system, 

a given portion of the fracture to those1 of the fill material. whi is an additional issue to be addressed at another time. 

Each pa11 of the system was assigned hydrologic properties and The domain lengths were sufficiently long to ensure that the 

initial saturations based on one of the lwo fractured systems bo~l, m boundary conditions did not affect the downward fluid 

considered. mi , a lion. 

TI1e matrix characteristics used in this study represent tuff o different inflow condidons were applied at the top of 

prope11ies from a heavily welded Topopah Spring tuff from the racture: a constant infiux boundary condition (IBC) and a 

Yucca Mountain (Luff A) and a nonwc::lded Bandelier tufffrom pon~cd boundary conditi011 (PBC). The IBC represents infil­

Los Alamos (tuff B). Tiu~se systems were selected because of Lratit>n during rainfall events, stormwater runoff, or a potential 

their i111portance to potential or active waste disposal sites, as sour:ce from an overlying unit. For the tuff A system we used 

well as fot· availability of data. We have nm these two tuffs the influx rates l'epm1cd by Nitao [1991]. For the tuffS system 

because they have somewhat different hydrologic properties, we chose an inflow rate based on estimating an "e~treme'' 

allowing some sensitivity analysis. The tuff A system follows inftwt event for LANL, which is discussed in more detail in 

the physical configuration and matel'ial parameters used by section 3.2. The PBC represents infiltration from snowmelt and 

Nirao [1991]. The tuff B is heavily fractured, with a reported othel' surface ponding or some other fixed pressure source. 

average fracture spacing of 2 m. Parameters for the tuff B The: PBC was imposed by applying a source of water at a fixed 

system were from measured valuel! [Rogers and Gallaher, 1995). head along the top of the fracture for 0.5 days and then re­

Tuff A capillarity is significantly greater (2--3 orders of magni· mcM.ng the source. 

tude) than that of tuff B, while tuff B porosity and permeability The sit'l'lulations were run using the Finite Element Heat and 

an: much higher than those of tuff A. MaS'~ Transfer Code (FEHM) lZyvo/oski et al., 1995]. FEHM is 

Since we are explicitly concerned with the fracture in tllis a multidimen~ional, multiphase, unsaturated and saturated, 

study, we must be able to distinguish the fracture and explicitly transient FEM code, FEHM allows different conceptual mod· 

traek the flow the1·ein, When using a standard Darcian, finite els for fractul'es, including dual permeability, dual pol'OSity, 

element porous media simulator, the options of how to rcpre- and .equivalent continuum. Pot the simple system defined in 

sent the fracture are quite limited. With a FEM/FOM (finite this 'Work we do not need many of the extensive capabilities of 

difference method) model the fracture nodeS/elements must FEllM, but it allows us to continue with st11dies that will 

be charactcri:z.~::d as porous media and assigned con·esponding inco~porate more complex processes without changing com­

hydrologic properties (porosity, permeability, etc.), as opposed puter codes. The import~nt capabilities of FEHM for this work 

to explicitly characterizing fracture aperture. In rhis study, spe- are ~ts robust handling of sharp interfaces, C:Xlreme capillari­

cifi.c "fracture elements" were a$5igned distinct hydi·ologic ties, land extreme saturation conditions. 

properties. The fracture properties were of a highly porous FEHM requires the following hydrologic propertiet~ as in­

(9.5%) and highly conductive (7 .2e -ol' m/s) material (follow~ put:•porosity (n ), saturated hydraulic conductivity (Kikl1), and 

ing N;.u~o [1991]). Fracture parameters we1·e selected for high the~arametel1! that define the characteri~:~tic eurVes (S-.p, 

conductivity and low capillal'ity, reflecting characteristics of an k.- ). We use a van Gem~chten [1980} curve fit model \o 

actual fracture and capturing the difference between fl·acture rep . sent the constitutive relationships, which requires two 

and matrix behavior witltin the flexibility of the numerical par~ eters, a and N, given .in Figure 1. The van Genuchten a 

technique. is r resentative of the air entry pressure for tbe material, 

Fracture coatings and fractu1·e fills were assigned different whil~ N represents the slope of the soil-water retention CUI"\\e. 

properties in the two different tuffs. In tuff B. coatings and fills Not that K.a1 of the coatings and fills was the only material 

were assigned clay properties, consistent with tield obsorva~ prop rty that was not fixed in the simulations presented here. 

tioJJs [Davenport, 1995] showin~ that coatings consisted of Vari tion of the van Genuchten parameters was beyond the 

smectites or calciurn carbonate. Because we were unable to scop of the work repm1ed here. 

find any reported hydrologic properties for smectites or car~ , ing the single fracture system describcxl above, we ran a 

bonates, we chose parameters of a generic clay from the liter· seri of simulations to identify the effects of different system 

ature [Mualem, 1978]. Although a van Gcnuchten cbaracteris- con itions/configurations on fluid movement between the frae­

tic curve for this generic clay may not be the same as what ture· nd matrix. Values of different parameters were varied to 

would be measured for smectite, tlle actual swelling behavior test he sensitivity of the fracture-matrix interactions for a 

of the clay is not captured in this model, regardless. Tuff A rang of potentially existing configurations. The characteristics 

fracture coatings were assigned tile same maleriaJ parameters that! ere: varied include (1) presence, absence, and continuity 

as the tuff A matrix except for the saturated hydraulic conduc- of e,~' fracture coating, and saturated hydraulic conductivity 

tivity, which was reduced. The matrix-lik~ coating is teprescn- (K114 ) of that coating; (2) presence or absence of fill in the 

tativc of a coating caused by weathering of I he matrix or tract res, location along and length in the fracture, and K..,., of 
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Table 1. Values Used for Parameters Being Varied in the 

Simulations 

Parametor 

lnflow condition em/day 
K,01 (coating), m/s 
lnitiol matrill ~aturation 

Inflow condition 
K_.., (coating), m/s 
Coating continuity 

K • ., (fill), m/s 
Fill length 
Fill location 

Range of Values 

Tuff A Paro.maer~ 
ql = 0.011, q, = 0.11, q,, = 1.1 
no coating: 1.7s-•3, 1.7e- 15 , 1.7e- 1'1 

0.15, 0.40, 0.65, 0.95 

Tuff B fflrameters 
2.5 cm/d flux rare, 0.5 day ponded 
no coating; 9.se-09• 9.Se-1 

continuou5; 2.-m gap at y • -5 m, 
0..2Q.m gap cvel)' 1 m loy .,. -10m 

no fill; 1.09c- 1 ~. l.09e-•~ 

no fill: 2 m, 10 nt 
1\0 fill;y = 0 m,y ... -2m 

J-lerc y is tbe veltic~l direction, withy = 0 at the top of the system. 

the fill; (3) combinations of fill and coating conditions; (4) 

initial matrix saturation; (5) influx rate under constant inflwr 

conditions; and (6) the flux (IBC) ven;us ponded (PBC) inflow 

condition. Table 1 shows the range of values run for the dif· 

fcrent parameters. Combinations of the various parameters 

were selected as appropriate for the various simulations. 

3. Observations 
In this section we present observations ft·om the: simulations. 

For simplicity we have divided this section into subsections 

based on tuff A or tuff B. Discussion of the implications of the 

observations to physical syt;tems, as well as comparisons of 

simulations from the tuff A ve1·sus th~t tuff B systems, are found 

in section 4. 

3.1. Tuft' A Fracture-Matrix SysteJD 

For the tuff A configuratio», sensitivity to three parameter~ 

was te8ted: initial matrix saturation, fracture wall coating con­

ductivity, a.nd water inflow rate. The uncoated fracture sy5tem 

was used as the basis for comparison for the various simula­

tions. We also used these simulations to check our results 

against those reported by Nitao [1991], which used a different 

porous media simulator. nte results from fEHM agreed al· 

most exactly with Nitao's reported values. These simulations 

showed the fracture-dominated versus matrix-dominated be­

havior that occurs at high versus low flow rates, respectively, at 

early tim~. This system reached a matl'ix dominated flow re­

gime in approximately 10 days at the qm (soc Table 1), long 

before the water reached the bottom of the s~tem.. Thus most 

of the displacement occurred with a relatively fiat invadil1g 

front and predominantly matrix flow. 

The first set of comparisons mnsidered the role of coating 

conductivity in tho tuff A systciil.. For these simulations the 

Initial matrix saturation was 0,15 and the flm~: rate was equal to 

q,., (Table 1). Figure 2 shows the fluid distributions in the 

li)'Stem at r "" 46.3 days for each of four coating conductivities 

used. as given in Table I. The saturation profile for the un· 

coated fracture (figure 2a) is orthogonal to the fracture. The 

m:strix and fracture are in capillary equilibrium and their re· 

specti"e fronts move together. A fracture coating with a K<At 

only 2 orders of magnirude (0(2)) smaller th~m that of the 

matrix (Figure 2b) did not strongly affect the ability of the 

matrix to imbibe the water moving in the fracture. The effect of 

thb 0(2) coating layer was to increase the depth of water 

infiltration in the fracwre, slightly increase the: depth of water 

p~netration in the matrix, and slightly decrease the saturation 

in the matrix behind the front at a given time. Thus the pres­

ence of this coating effectively spread the water through more 

of the matrix but did not channel the flow in the fracture. For 

these two cases (Figures 2a and 2b) the ~ystem remained in a. 

basically matrix-dominated regime, with lateral flow th1·ough 

the matrix occurring over a very shofl; time: frame and most of 

the i~ow in the mauix occurring as a flat, vertical front. 

When the fracture coatingK1111 was 0(4) smaller than that of 

lhe matrix (Figure 2c), most of the flow became channeled in 

the fracture. However, particularly in this lower initial ~>atura­

tion system, the matrix was 6till able to imbibe approximately 

25% of the liquid flowing into the system. In this case: the 

system remained in a regime with matrix flow dominated by 

lateral movement out from the fracture. The lateral peJtetra­

tion of liquid into the matrix was fairly uniform with depth. The 

satul'ation in the matri:< remained fairly low, and the lateral 

velocity of the front was relatively small. 

By the time the fracture coating K.,., was 0(6) below that of 

the matrix (Figure 2d), virtually all imbibition from fracture to 

matrix was eliminated. In this case, the matrix only imbibed on 

the order of 1-3% of the liquid that was transported through 

the system. for this low conductivity coating, the: fracture truly 

became a "fast path" for flow. 
The set of simulations with different coating conductivities 

was repeated for four differc:nt initial matrix saturations: 0.15, 

0.40, 0.65, and 0.95. Figure 2, and the discussion above, rep­

resent the system with an initial matrix saturation of 0.15. For 

the higher initial saturations the overall trends in behavior 

were similar to those observed in the 0.15 saturated case. 

There were two major differences between runs at different 

initial saturations. The finlt was a decrease in ratio of matrix 

K ... i to coating K ... 1 necessaxy to cause channeled fracture flow. 

This change results from the decrease in matric capillary suc­

tion that occurS with ine1·eased matric Stlturation. For initial 

matrix saturations of 0.65 and 0.95, a 0(4) difference between 

matrix and fracture conductivity wa6 sufficient to cause most of 

the liquid to remain in the fracture. 

The second effect of initial matrix saturation was il decrease 

in the amount of time before water flowed primarily in the 

fracture. For the 0.95 saturation, which is near the in situ 

saturation of tuff A. the base case simulation proceeded sim· 

ilarl.Y to the uniform front seen in Figure 2a with a slight 

increase in the penetration depth 11ear the fracture. For the 

0(2) coating the wettiJlg front proceeded like that shown in 

Figure 2b but was more disperse. Even at this high initial 

saturation, mstrbt imbibition slowed the advancement of the 

wetting front. We should note that as saLutation increases, the 

time requh·ed to saturate tbe matrix block decreases. For ex· 

ample, at an initial matrix saturation of O.lS, it took 150 days 

to saturate the matrix, while at 0.95 saturation it took only 

approximately 10 days. This is consistent with the amount of 

time that would be required to ~aLUrate the matrix volume at 

the designated inflow l'ate. Once the matrix block saturated, 

lhe fracture began to act as a conduil. 

Finally, these simulations were repeated for three different 

inflow rates: qh (fracture dominated), q., (intermediate), and 

q 1 (matrix dominated). Here toe inflow rate, q, is the effective 

iniiltration rate for the entire upper boundazy, but the water is 

injected only i11to the fracture. ihesc rates represent extreme 

flow for Yucca Mountain, where net infiltration is estimated to 

be les!l than 5nuntYr [Montazar and Wilson, 1984]. The results 
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(a) 

(d) 

Figure 2. Effect of coating conductivity on infiltration and ft-acture-matrix interaction in tuff A. Time = 46.3 

days. K~"1 (coating): (a) no coating (Ka111(matrix)), (b) l. 7e -1~ 3 (10-~ X K""1(rnatrix)), (c) 1. 7e -ls (10 p 
4 x 

K,.1(matrix)), and (d) 1. 7e _,, (10- x K ... ,(matrix)). , 

from this series of simulation~ were not sensitive to the injec· 

tion rate used except in terms of the time required to saturate 

the system. Although some variation in the overall character­

istics of the liquid front was observed for different injection 

rates, the val'iation was cotlsistenl between change!l in initial 

matrix saturations and coating K ... ,. 

3.2. Tuff B Frnctore-Mahix System 

The t·emaining simulations presented here were done in the 

tuff B fracture-matrix system- All simulations we1·e run with a 

0.05 initial matrix saturation, which is the average measured in 

situ saturation for the specific physical system represented 

[Rogers and Gallahe1·, 1995). The luff layer represented here is 

one layet· of mesa stratigraphy, on a mesa that is approximately 

3 km long and 0.5 km wide. The tuff unit lies 12 m below the 

mesa surface and approx:imately 250 m above the water table. 

The exlt:emely low in situ saturation is attributed to evspora· 

tion tbl'ough 11-acture~ and volcanic surge beds that are open to 

the atmosphere. 
Two differettt top fracture boundaty conditions were applied 

for the tuff B :;inglc fracture runs. In one set of simulations the 

IBC was applied, while in another sc:t of simulations the PBC 

was applied. ln the IBC silllulations q ,... 2.5 crn/d was applied 

continuously for the du,l"ation of the runs. This influx rate is 

I 
i 

con~idered to be an extreme influx condition for the native arid 

envi1-onmellt- Locally, annual precipitation is only 36 em and 

net ffi~1 ltration is estimated to be less than 10 mm/yr [BirdseU et 

al., , 997)_ .In PBC simulations the top of the fracture was held 

at s, turatlon for 0.5 days. After 0.5 days the fixed saturation 

was·
1
replaccd with a no·tlow condition, eliminating the intro­

ducjiion of additional water. Water already in the system at t = 
O.St.' nys was allowed to redistribute or fiow out. Note that the 

eff , tive inflow rate for tllis ponded condition was generally 

1nm than an 01-der of magnilude larger than the IBC rate., 

gen: rating conditions that fell within a fracture dominated 

re e. 
with the tuff A our basis for comparison of the tuff B 

sen 'tivity runs was the simple matrix-fracture system with no 

coa. ing and no fill- For this configuration, regardless of the top 
ho 1dary condition, all of the water entering the system was 
re.pi ly imbibed into the matr~ t•esulting in matrix and frac­

tur front velocities that were approximately equaL The char· 

act istic of the invading front was not significantly different 

fTodt that occurring in a system without a fracture: and with 

pof#t i11jection at the surface. Thete was a time period when 

Lhelinfiltrating water moved both Iatenilly artd vertically, which 

wa~1on the order of 10 days for the IBC system and 1 day for 

thelrac. Following that period, the water moved downward 
I 
I 
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(b) 

(c) 

Figure 3. Effect of coating conductivity on infiltration and fracture·matrix interaction in tuff B. Left column 
is the me at 1 = 25 days, Right column ill the PBC at t = 0.5 days. k ... ,(coating): (a) no coating 
(K111t(matriJ)), (b) clay (-10- 2 x K..,t(matrix)), (c) modified clay (-10-4 X K...,,(matrix)). 

with a unifonn, horizontal fro11t, with no apparent influence of 
tbe fracture. 

The fim series of simulations assessed the effect of changmg 
the coa~ ·hydraulic conductivity on the resulting water flow. 
The results of these simulations for tuff B are consistent with 
those from tuff A. Figure 3 shows the results for the three 
different coatings for the two inflow boundary conditions. Note 
the difference in timescales for these different conditions. We 
observe that the effect of a coating along the walls of the 
fracture is dependent on the relative conductivities of the coat­
ing and the matrix. In Figure 3b the conductivit)' of the clay 
used for the coaling materisl here is only 0(2) lower than that 
of the matrix. This coating did Iinle to prevent liquid in the 

fracture from being irnbibed by the matrix. However, the re­
duced conductivity did cause an incrcaae in the vertical depth 
the water traveled down the system. As the coating conductiv­
ity was decreased further (Figure 3c), the flow was increasingly 
channeled in the fracture. When X.lfl, bfthe clay was decreased 
by 10-;z, (0(4) low!i:r than the ma.tr~ and hereinafter caUed 
'·modified day"), fiow was predominantly in the fracture; how­
ever, the matrix did imbibe water over time, more or less 
uniformly over the length of the fracture. Most of the matrix 
imbibition, however, wq at later times, well after tbe wat~;:r in 
the fracture staned exiting the bottom of the domain. One 
reason for this might be that the injection rate was greater than 
the outflow rate allowed by the bottom boundary condition. In 
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J:.•igure 4. Effect of fracture coating discontinuity on infil~ation and fracture-matt~ interaction in tuff S. 
Left column is the U:lC at t "' 2j days. Right column is e PBC :~~t t = 0.5 days. ((a), (b)) Single 2-m 
discontinuity at y '<= -5 m and ((c), (d)) 0.2-m discontinui every 1 m starting at y = -1 m. 

the ponded simulation once the liquid source was removed 
(after O.S days) all of the liquid in the fracture was rapidly 
imbibed into the matrix, and the liquid in the matrix spread 
until it appeared to l'each an almost uniform satura[ion above 
the penetrating front. 

Figure 3 shows an increase in the depth of the leading edge 
of the liquid front depending on the rate at which water en· 
tered the system. For the IJ3C the difference was initially gt"eat, 
but by 25 days it was almost unnoticeable. The high initial 
inflow rate of the PBC resulted in a rnore fracture-dominated 
system and a steeper wetting fmnt. Tiu: ponded ce..~e with 
fracture coatings produced penetration distances of the liquid 
front that were more than twice that of the uncoated case. 

In the second series of simulations we introduced disconti­
nuities into the coating layer. For all of these simulations we 
used the modified clay conductivity to minimize liquid entering 
the matrix through the coating. Two different cases were run: 
(1) a single gap between 5 and 7 m below the surface and (2) 
a series of sho11 (0.2 m) discontinuities every meter starting at 
l rn below the surface (Table l). Figure 4 compares the tWO 

coatins conditions for the two boundary conditions. For the 
ISC injection the break in coating effectively halted the move­
ment of water down the fracrure (Figures 4a and 4c). This 
behavior was observed for both the small, intermittent discon­
tinuities as well as for the single gap. For the IBC case all of the 
injected water was apparently able to enter the matrix at the 

I 

first Qiscontinuity, and further downward movement occurred 
only In the matr~. The saturation in the coating increased to 

appr.jlximately 0.8 along the entire length of the fracture but 
the s~tUl"ation in the fracture itself rll:maincd under 0.3. 

Uqder the PBC condition, water also l'apidly entered the 
breaks in the coating, but the downward movement of water in 
the ft·acture was not halted (Figures 4b and 4<1). The difference 
in re ponse was due to the high effective inflow rate for PBC, 
whi caused the mauu arou"d the coating discontinuities to 
salur te very ~apidly. As the n1atrix saturation increases, the 
capill rity drops ~isnificantly, a.od the re.te at which the water 
mov laterally in the matrix, away from the fracture, versu.~ 
the r te at which it fl.ows pa6t the gap in the .coating decreases. 
Thus more ~·ater was available to continue down the fracture. 
Ahea of the front there was no increase in saturation, even in 
the clbating layer. This behavior was less significant in tl1e IBC 
case iecause the rate of lateral flow in the matrix remained 
great ·r than the rete of downward flow in the fracture. In 
nei\h r cs~~e, however, was there any water outflow aL the 
bono n of the fracture. Note: also, for the PBC, ooce the water 
t~our'* was removed the water in the sy~tem was rapidly im­
bihe& by the matrix and redistributed to eliminate major sat­

urat~n gradients. Figure 5 shows tbe effect of removal of t.he 
water source with the PBC condition. ln none of the simula­
tions ith a discontinuous coating did any water rca()h the 
bolto of Lhe fracture. 

I 
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(a) (b) . 

Figure 5, Fluid distribution in the tuff B system for the PBC and a discontinuous coating just before and 

after the source of water is removed: (a) t "" 0.5 days, (b) r = 10.0 days. 

The final series of simulations analyzed the importance of 

fracture fill. Tills was ~tudied by placing a fill in the fracture 

and varying its length and location. Simulations were run with 

the top of the fill at two locations: even with the top of the 
system (y "" 0 m) and 2m below the surface (see Table I), and 

two lengths of fill, 2 and 10 m. Unless othciWise noted, the 
fracture fill was assigned modified day parameter8, ln all cases 

where the fill was located at the top of the s~tem, it acted as 
an effective barrier to the penetration of water into the system. 
The :>aturation of the fill material itself increased. but no water 
entered the fracture below the fill. Instt>ad. the water effec­

tively ponded above the fracture until the pres5ure buildup 
caused the solution not to convel'ge. When the fill was located 

below the surface, Lhe response depended on the presence, 

absence, and conductivity of a fracture coating layer. With no 

fracture coating the fill provided a barrier to flow in the frac­

ture, but the water moved unimpeded through the malrix. 

When the standard clay coating was impo~ed the system re­
sponded identically to the uncoated condition. For the modi· 

tied clay conductivity the water saturated the fracture above 
the fill and did not infiltrate any further. The system response 

was the same regardless of inflow condition or fill length. 

4. Discussion and Implications 
What do these simulations tell us about fracture flow in 

permeable matrix systems and about tuff systems specifically? 

In this section we consider what the observations tell us in 
tenna of fractures as fast flow paths, increased depth of the 
infiltration front, infiuence of coating discontinuities, role of 
fracture fills, and limitations of the modeling approach. Fur­

ther, we postulate what behavior can be anticipated if we 

conlider the role of cyclic evaporation aod infiltration events, 

which was not included in the simulations reported here. 
The most dominant observation from the simulations was 

that in almost every case, the fractures were not a priori a "fast 

Oow path" for water. Even during extremely high infiltration 

events when no coatings or fills were present, fractures in these 

tuff systems were not able to carry water very far. At the influx 

rates used, there were only a few conditions under which we 

observed liquid traveling the entire length of the system. When 

there was a significant (4 orders of magnit\lde or greater) and 

continuous reduction in conductivity at the fracture-matrix in-

terface, water was fou11d to be strongly channeled in the frac· 

ture. Also, when the initial matrix saturation was very high, less 

time was required before the fracture began to flow (corn:· 

spending to reduced time to saturate the matrix). Although 

these re8ults indicate that fractures are unlikely to play a dom­

inant role in moving water from the surface to the water table 

in low-saturation high-capillarity ~ystems, there are reasonable 

natural conditions that are sufficient to produce significant 

flows. High influx conditions (similar to our PBC) that may 

cause walor to move a significant distance in a fractured 5ystem 

include rapid snowmelt, larglol runoff events, or areas with the 
potential for ponding. Highly saturated sy5tems may also pro­

duce significant fracture flow, although they must be subject to 
~ufficient inflow. 

Lower Keat coatings were not able to eliminate matrix imbi· 

bition; however, reduced conductivity did allow water to pen­

etrate deeper into the fracture-matrix system during an infil. 
tration event. The repercussions of spreac:fuJg the infiltration 
front deeper is that the increase in saturation in the matm 
near the fracture acts to decrease lhe capillarity drawing water 

into the matrix. The increased saturation also increases the 
conductivity of the rnatrix to water. These two results produce 

conditions that allow water to penetrate deeper into the system. 

The results of these simulation5 are generally consi~tent with 

laboratoJY observations. Thoma et al. [1992] found that in a tuff 
sample with visible coating there was a substantial (10-7) re-­
duction in the effective permeability of the sample but that 

with no visible coating the decrease in the effect.i'-'e permeabil­

ity between a natural fracture and a freshly broken sample wu 

quite small (0.3). Chekuri et a/, (1995] observed slightly in­
creased in1bibition into coated samples of Tiva Canyon tuff 
over fresh surfaces. For the Topopah Spring tuff they obsL'lrvcd 

decreased imbibition into coated surfaces which they could 
model by decreasing the sample permeability by a factor of I' 

The simulations p1·esentcd here represent only a single in· 
filtl'atiop event. The system response to 11hort cycle time, high· 
infiltration events is still unknown. Do multiple fi~ort cycles 

produce more or less flow in the fracture and matm? In a 

scenario of repeated infiltration events, water entering the 

system at each subsequent event would tend to travel further 

down the f'racture (less loss to matrix). and water in the matrix 

would also move faster (higher conductivity). Under thi$ see-
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nsrio we could envision the fractures enhancing downward 

movement. However, if there is significant time between iniil­

tn>tion events, du.ring which the fractures act as conduits for 

evaporation, tile presence of the fractures may enhance evap­

orative loss from the matrix. Tho evaporation would remove 

the water that infiltrated during the infiltratioq event, negating 

it:-> effects. Under this scenario the fractures could potentially 

reduce effective infiltration. These questions remain to be ad· 

dressed in appropriate studi~. 
When fracture-matrix interaction is reduced by a coating, 

the system remains in a fracture-dominated flow regime for a 

longer period of time and water is able to infiltrate deeper into 
the system before beh•g imbibed by the matrix. The increased 

saturation in the matrix ncar the fracture faces after an infil­

tration event could provide a higher conductivity flow path for 

the following Infiltration event, given that the next event occurs 

before the system dries out. Partial fracture coatings also aid in 

increased infiltration depth. However inflow rates and water 

volumes must be high enough to e..xcced the matrix capillarity_ 

We ob5erved thal discontinuities in the low-conductivity 

coatings on the fracture walls intcnupted fast flow down the 

fracture. Tiu: high capillarity of the tuffs suggests that a b1·eak 

in any fracture coating will allow water to rapidly enter the 

matrix. A di~>continuity in a surface coating of 20 em was 

suf'ficieot to strongly reduce the amount of water in the frac­

ture in these 'simulations. However, for lhe ext.n::me, effective 

influx rate of the PBC a few short discontinuities were not 

sufficient to eliminate flow in the fracture. The water was able 

to penetrate almost 10 m during the half day over which water 

was available to the syster\'1. 
On the basis of these observations we anticipate that the 

observed fluid behavior will be setl.~itive, to some extent, to the 

size of the gaps in the coating. The size of the coating gap used 

here was mainly based on the discretization of the syslem. 

However, few measurements of coating extent are available. 

Those measurements that have been repot1ed indicale high 

variability in coating condition, from sparse to almost none, to 

relatively dense with small cracks [Carlo.s et al., 1995; Chekuri et 

al., 1995]. Discontinuities resulting from shrinkage and swell­

ing of clay coatings are C..Jlected to be quite iimall. These 

discontinuities might not provide sufficient exposed matrix 

area to eliminate fracture flow. The region of the matrix 

around such a small gap would rapidly become saturated and 

strongly reduce the lateral flow of water into the matriK. The 
extent to which the size of the gap will result in fracture 

dominated fl.ow is unknown. Further simulations with finer 

&llpS must be run in the future to identify the dependence of 

extent of matrix imbibition on discontinuity size. 

When we consider the role of fills in affecdng water infillnl· 

tion, the results arc quite con:;b;tent. Fract11res that are filled at 

the exposed surface of the fracrure are effective banicrs to 

infiow into tho fracture. However, if the matrbt next to the 

fracture reaches saturation, water might trickle into the frac­

lure as with a seepage face. Tiul imponance or extent of such 

seepage ill unknown at this time, but it is not expected to result 

in significant fracture flOvt in itself. 
Fills below the surface are also effective barl'iers to contin­

uous flow down the fracture. With no coati11g or only minimal 

conductivitY reduction al the fracture wall above the fill, water 

entering the fracture b; readily imbibed into the matrix and 

proceeds down as matrix flow. When a continuous, low con­

ductivity coating is present the water neither moves inlO the 

matrix above the fill nor passes through the fill and into the 

\racture below, but rather it ponds at the 511rface. A fracture 

~hat ends within a matrix block or at the interface between two 

blocks will behave like a fracture that is filled at that location. 

The path for the water in the fracture is eliminated, and the 

water must find an alternate route through the subsurface, This 

means that even if a fracture provides a "fast path" for water 

through part of the 5ystem, it is also necessary for it to be 
continuous down to the elc~ation of interest for that path to be 

of major concern. 
Although the matrix materials were limited to tuffs in the 

simulations presented in section 3, we believe that the results 

ean be generalized to some extent. The lack: of sensitivity of the 

overall trends to variations in many of the parameters supports 

some generality of the conclusions. For example, we observed 

that the general trend of decreasing matrix imbibition with 

decreasing coating conductivity was consistent at all initial 

matrix saturations. We observed that for the tuff B system, 

which has a lower matrix capillarity, less difference between 

matri7' K.,.1 and coath1g K.,.1 was required to decrease matrix 

imbibition- We would thu~ anticipate that a matrix materiaJ of 
weaker capillarity (higher van Genuchten a) than those simu. 
lated here would respond similarly to the simulations run at 

higher initial matrix saturations (e.g., wetting fronts would 

move more quickly through the system, and le:;s decrease in 

coating permeability is required to induce fracture flow). We 

have also observed similar infiltration patterns for two differ­

ent coating materials with somewhat different hydrologic prop­

erties. This by no means provides justification to extrapolate to 

any coating material, but does provide some confidence for a 

range of coating materials, Part of the effort in the continua­

tion of this work will be sensitivity studies for different matrix., 

coating/fill, and fracture charactcrlstica. 

5. Summaey and Conclusions 
This study has presented a first step in better understanding 

fracture flow in unsaturated, high·capillarity porous media and 

provides some guidelines for directing future field, laboratory, 

and modeling ~tudies. In this paper we assessed the role of 

fracture coatings and fracture fills in modifying ftow in frac­

tures. U5ing a domain consisting of a single fracture embedded 

in a permeable porous matrix. we studied the effect of different 

observed fracture features on flow in fraclure.o; and flow be­

tween the fractures and ~natrix. We considered existence and 

continuity of coatings and fills as well as the role of initial 

matrix saturation and infiltration conditions. Within the re­

gime studied in thh; work. it was determined that fractures are 

unlikely to provide rapid, open channels for flow. Only under 
certain conditions are fractures in high-capillarity, lOW· 

saturation elwironmcnts me prima.JY flow path. Wben there is 

significant reduction in conductivity (communication) t:>etween 

the fracture and the matrix along the entire length of the 

fracture and relatively large volumes of water entering the 

fracture, the infutrating water remains in the fracture. High 

initial matrix saturations also lead 10 more rapid fracture­

dominated llow. However, intermittent coatings, even covering 

80% of the fracture surface, are not sufficient to eliminate 

llignificant matrix imbibition. Fracture ftow is al50 virtually 

eliminated when the fracture is plugged for even a short length, 

by fill material. The most likely role of fractur~ is to increa5e 

the depth that liquids penetrate during cyclic infiltration 

events, a premise that remains to be tested. 
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