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i Stage 4: Complete DNAPL disappearance and TCEplume
Iexpansion (Figure 6.4). At some point the DNAPL 
i completely disappeared from the fracture network due to 
I diffusion, dissolution and sorption. The timeframes for 
i complete DNAPL disappearance are expected to range from 

2 to 50 years due to the variability in fracture apertures and II matrix porosity. 

! The solute plume will continue to expand as the 
groundwater nows through the fracture network. but the rate 
of expansion will be very slow because the mass of fractured 
bedrock available for diffusion greatly increases with plume 
expansion. The timeframe over whieh the plume will 
continue to mjgrate relative to a concentration limit is 
expected to range from tens to hundreds of years depending 
on the duration and mass loading of a DN APL source. 

Figure 6.4 

SLH~e 4: 1'io D~.\PL Remains, PlunH~ I-b" Expnnded and 

\ligrntesVery Slowly 

6.1	 D~APL Flow and Distribution in the Vadose Zone 

rour characteristics affect the flow of ])NAPL in the 

Chatsworth Formation vadose zone. These four 

characteristics are: vadose zone water pressure. water 

content, t1uid wettability and eCfective permeability. Each 

of these characteristics and their influence on DNA!'L tlow 

is described below. Detailed discussions on the tlow and 

distribution of TCE in the vadose lOne are provided in 

Appendix D 

•	 Water Pressure: By definition. the water pressure 
within the vadose zone is less than the atmospheric 
pressure (i.e. negative gage pressure). '\legative gage 
pressures develop in the sandstone matrix because of 
capillary forces Water at negative gage pressure 
preferentially resides in small pore spaces of the 
bedrock. Smaller and smaller pore spaces will retain 
water against the force of gravity as the ncgative gage 
pressure increases. Since fractures represent the largest 
openings (or pore spaces) in the rock, [hey will not be 
water-filled unless watn is available to the fracture at 

posltlve gage pressure. Positive gage pressures arc 
likely to arise during infiltration events and below 
surface water storage ponds. The distribution of water 
pressure in the vadose zone is shown conceptually in 
Fioure 6 'j Once TeE is released into the bedrock, o -- . -	 ) 

'rCE DN APL will preferentially and spontaneously: 
tlow within the fracture network since the fractures arc 
air-filled except at locations or times noted above. 

•	 Water Content: As discussed in section 4.4, the' 
average water content of the vadose LOne matrix blocks 
is determined by the ratio of average recharge nux to 
the average saturated hydraulic conductivity of the 
matrix blocks. This ratio is less than unity and 
represents the mean relative permeability of the 
sandstone matrix to water. The water content of the 
matrix adjusts until it is in equilibrium with this ratio. 
At the SSFL the mean water content is estimated to be 
about 0.7 (i.e .. the matrix pore space is filled with about 
70% water and 3OClc:, air, on average). However, the 
local water content is expected to be highly variable due 
to variations in rock properties, which is conceptually 
depicted in Figure 6.5. 

I. 

I,oo.al Water 
Saturation 

Local Pressure 

Bulk Water 
Bulk Presoure Saluration 

Water Table 

---~-'. 
lO+ 

Water SatLration 
Water Pressure 

Figure 6.5 Conceptual Distribution of Water Pressure 
and Content in the Vadose Zone 

•	 Wettability: Once DNAPL is released into the bedrock. 
its distribution and llow will be governed by the 
wettability of the three fluids (air, water and TCE) 
resident within the Chatsworth Formation. TCE is the 
wetting t1uid with respect to air. This phenomena will 
cause the TCE DNi\PL within the fractures to be 
soaked up (or imbibed) into the sandstone matrix 
adjacent to the walls of the fractures. since the matrix 
pores contain about 30Ck air. Imbibition of the TCE. 
shown conceptually in Figure 6.6, will create a halo of 
DNAPL around the fractures, TCE DNAPL will not 
displace the water that is resident within 70% of the 
sandstone matrix because water is the wetting t1uid with 
respect to TCE 
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I- Effective Permeability: The effective permeability of 

the matrix to the DNAPL is determined by the intrinsic 
permeability of the matrix and the pore volume 

I 

available for DNAPL tlow Since DNAPL can only 
occupy a small portion of the pores of the rock matrix 

I because of the presence of water and air, the maxi mum 
effective permeability of the matrix to DNAPL is a 
factor of 14 lower than the saturated permeability, 
Additional calculations show that the reduced 
permeability limits the penetration of DNAPL into the 

I 

matrix to only a few centimeters from the fracture wall, 
The halo of imbibed DNAPL is expected to be quite 

I irregular owing to the local variations in water content. 
DNAPL imbibition will be prevented at locations where 
the water content of the matrix is near or at saturation. 
At these locations. the DNAPL will continue to flow 
within the fracture network to areas of lower water 
content and become imbibed. or will flow to the water 
tahle. DNAPL is expected to migrate to the water tahle 

I through the otherwise air-filled fractures within hours to 
days. 

Figure 6.6 

Conceptual Distribution of DNAPL in the Vadose Zone 

Conceptual Distribution of DNAPL in Vadose Zone 

I 
fhlfl Soil Cover 

I 
I 

Fractured 
Bedrock 

I water.:~:~~ _ 

.1 
TeE Distribution in the Vadose Zone as a Result of 
Inter-Phase Partitioning 

Inter-phase partitioning (Figure 6.7) will control the 

I distribution of TCE that is imbibed into the sandstone matrix 

I 
or present within vadose zone fractures. Detailed 

discussions of inter-phase partitioning in the vadose zone 

can be found in Dense Chlorinated Solvents and other 

I DNAPLs in Groundwater (Pankow and ChetTy, 1996). At 

I equilibrium. the inter-phase partitioning includes: 

I I 
- dissolution of DNAPL into the aqueous phase as 

! characterized by the effective solubility of 'fCE 111 
'I'I water. 

- volatilization into the air phase as characterized by the 
vapor pressure of TCE at the prevailing temperature. 

I I 
t,1 

- ma: tr;~:;of 7~"E*hetween the aqueous and ~;seou':1 
phases. governed by Henry's la\\' and characterized by I 
the dimensionless Henry's constant, and I 

-
I 

sorption of TCE dissolved in the aqueous phase to the I 
solid phase in accordance with the organic carbon I 
partition coefficient and the fraction of organic carbon 
in the bedrock. 

Figure 6.7
 

Inter-Phase Partitioning of TCE In Unsaturated Matrix
 
Blocks
 

Watel",Air Partitioning 

Sorption 

TCE will be distributed by diffusion in all directions from 

the D"iAPL. fts distribution and migration is dominated by 

gaseous phase diffusion and will produce significant lateral 

spreading. This is because the gaseous phase di ffusion 

coefficient is approxi matc! y 1000 ti mes greater than the 

aqueous phase diffusion coefficient, even though the air 

content (which represents the gas) is smaller (30';{)) than the 

water content (70%). As 'ICE spreads in the gaseous phase, 

it partitions into the aqueous phase. Once in the aqueous 

phase, TCE is transported primarily downward by advection 

in the recharge waters. Aqueous phase TCE migration due 

to advection is affected by partitioning to the rock matrix 

through sorption. 

The result of these mutually-dependent partitioning and 

transport processes is the creation of a "cloud" of aqueous 

and gaseous phase TCE around the portion of the fracture 

system beneath the DNi\PL input locations. The [ateral 

sweading that occurs in the vadose zone causes the areal 

extent of the TCE source zone as observed at the water table 

to be significantly larger than that observed at the ground 

surface or at the bedrock contact. 

The gaseous phase in the vadose zone is expected to be 

continuous with atmospheric air, at least through the 

fractures and possibly through the rock matrix that is not 

completely saturated with water. These connections provide 

a pathway for TCE to diffuse to the atmosphere A 
b ttl p t' f th ttl )f TCE that has 

S•.'l.1.s.a.l.l.l,.a_.o.r.l.o.n_o__e_o_a_.m.a.'8.'S.'.( .'_.•'_._.'.-, 
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By definition, water pressures in the saturated zone are� 
positive. Therdore, all interconnected openings, hoth� 
fracture and rock matrix, are water··filled below the water� 
table. Since TCE DNAPL is the non-wetting nuid with� 

: respect to water. it requires positive pressure to enter any� 
water-filled openings. 

DNAPL will enter a water-filled opening only if its pressure 

exceeds the water pressure by some threshold value. This 

threshold is called the entry capillary pressure or simply the 
entry pressure. The entry pressure is dependent upon the: 

•� interfacial tension between liquid-phase TeE and water. 
•� contact angle, and 
•� size of the opening across which the two··fluid interface 

is positioned. 

Entry pressures generally increase as the size of the opening 
across the two-fluid interface decreases, assuming that the 
geometry, interfacial tension and fJuid wettability remain 
constant. 

The entry pressure of the fracture systcm at the SSFL is 
much smaller than matrix block entry pressures since 
fracture openings are much larger than openings in the 
matrix. DNAPL is expected to migrate and reside primarily 
in fractures below the water table. Once the DN APL source 
is exhausted, DNAPL in the fracture system drains 
However, drainage is not complete, and a residual remains 
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[' 
Shunting of DN.-\PL flDw through vertical fractures 

i	 by bedding plane fractures. A discussion was 
presented in section 3.5 stating that the vertical fractures 
at the SSFL are typicaIIy confincd within single 
sandstone beds, where they terminate at the bedding 
plane. These points-of-termination force the DNAPL to 
tlow along the bedding plane and shunt its vertical 
penetration. 

The presence of shale or other low permeahility 
beds. These features limit DNAPL penctration because 
the fracture apertures within the beds are significantly 
smaller than within the sandstone, thus increasing tile 
entry pressure. 

6.4 Effects of Matrix Diffusion on TCE DNAPL
 
Below the Water Table
 

Once DNAPI. is present in the fracture network below the 

water table, it diffuses into the sandstone matrix according 

to rick's Law and dissolves in the groundwater as controlled 

by its aqucous solubility. This process is conceptually 

shown on Figure 6.12. Detailed descriptions of this process 

are provided in section 3.0 of Appendix E 

Fracture Aperture 

2b
-I,.. 

I 
issolved 

Phase 

Fracture Spacing 

Figure 6.12 Conceptual diagram of TCE DNAPL 
dissolving away from fractures and into the sandstone 
matrix. 

DNi\PL disappearance through matrix diffusion in fractured 

bedrock results when the mass storage capacity of the rock 

matrix exceeds the mass swrage capacity of the fracture 

network (r:igure 6. I3). Calculations were made using 

Chatsworth Formation data to estimate the ratio of the 

Imate, 'toeage cap"ity to the rm""" "omge capacity. 

I~ 

&&,& ; w 

These results showed that the Chatsworth r:ormation 

sandstone ean store between 5 and 100 times the mass of 

DNi\PL within the matrix than within the fracture and that 

O:-..rAPL disappearance through matrix diffusion is expected. 

Dissolved and Sorbed 
in Fractures Mass in Matrix 

M f= <DIP	 Mm~ R Sw<!>m 

Maximum Storage Maximum Storage
 
Capacitv in Fractures Capacity in Matrix
 

When M",1M, > 1. DNAl'L Disappearance is Likely 

Figure 6.13 DNAPL mass storage capacities in fracture 
network and matrix 

The effect that matrix diffusion has on ONAPL dissolution 

can be quanti fied using a solution to rick's second law The 

time for DNAPL to disappear from Chatsworth Formation 

fractures can be calculated by sol ving Fick' s second law and 

results in the following equation for a single parallel-plate 

fracture: 

tl) = TCp\2b )2 

16Sw <!>","D"R III 
where: 

tJ) = DNAPL disappearance time 
P= density of TCE 
2b = fracture aperture 
Sw = aqueous solubility of TeE 
<1>", = matrix porosity 
Dc' = diffusion coefficient 
R rn = retardation in the matrix due to sorption, 
calculated by 

where: 
Ph = dry bulk density 
<Drn = matrix porosity 
K"" = octanol-water partition coefficient for TeE 
t~>c = fraction of organic carbon 

--,
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: Site-specific data were used to quantify avcrage values for 
I disappearance times associated with matrix diffusion with i 
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" matrix porosity, the diffusion coefficient and organic carbon. 

Valucs are shown onl"able 61. DN API" disappearance 

times were calculated using these average values along with 

estimates of the size of fracture apertures that were 

determined from pumping tests and advanced downhole 

geophysical tests at RD-35I3 and RD-46I3 The calculations 

show that matrix diffusion causes DNAPL to disappear from 

fractures in timeframes ranging from 2 to 50 years. 

Property No. of Jt.1iIIinJJuw MlUimrun Mean 
Measunments 

- - - ~ . 

Porosity 59 1.0 21.60 
(%) 

Diffl/siotl
 
Coefficient 10 7.5x10 1.5x ICl""
 
(cm'/sec)
 

Frac/ion
 
Organic 0.02 0.15 0.10
 
Carboll
 
(%) 

Hydraulic 
Fracture Nol 10 300 100 
Aperrltre.~ appticahlc 
(I1I;C"OIl,~) 

Table 6.1 Values of Input Parameters for DNAPL 
Disappearance Calculations 

These DNAPL disappearance calculations do not consider 

the additive effect on DNAPL dissolution that results from 

bulk groundwater !low (advection) DNAPL dissolution 

associated with groundwater !low through the fracture 

network was qualitatively evaluated through the usc of a fate 

and transport model that was developed for fractured porous 

media (VanderKwaak and Sud icky, 1996). Simulations 

were made using the model to quantify DNAPL 

Rock Porewater TCE (mg/L) 

0.1 1 10 102 103 

o 

50 • 
~::. 

•100 ,... 
Q; '.itg 

~,,\~p'150 
.r: 
E.. ~ 

w 200 /a #. 

250 .(: 

t· ",non detect 
300 ,.".. . 

1."
350 IJo RD-468 

,~nd without the effects of :ldvection. The sil~ulation results 

lor a slllgle fracture havrng an aperture 01 100 rrucrons 

~howed a reduction in the DNAPL disappearan.ce times from i 
).4 years Without advection to 0.16 years WIth advectIOn, I 

which is about 30 times shorter. It is expected that a similar I 

minimum 
cone ............ 

for DNAPL 

50 

250 ',' 

300 

>.) 
350 -:;,'., 

100 i\ 

150 
~ ;""'\ 

-~ 

200", 

\." RD-358 

Ii---------------------------' 

reduction in the DNAPL disappearance times that were 

calculated for RD-35I3 and RD-46B (where advection was 

not included) would result. 

Site-Specific Data Indicating the Disappearance of 
DNAPL 
Two boreholes (RD-3SB and RD-46B) were the focus of 

intensive studies to determine the cffects of matrix diffusion 

on TeE in Chatsworth Formation groundwater (Sterling, 

1999). These boreholes were located irrunediately adjacent 

to or ncar suspected TCE input locations. As mentioned in 

section 6.1, RD-46I3 was located adjacent to a pond at CTL

1Il and RD-35B was located ncar suspected sources at IEL 

where TCE concentrations in groundwater were high (in the 

tens of mgtL range). Over 277 samples of rock core were 

collected and analyzed for the presence and concentration of 

VOCs from these two locations. One hundred twelve (112) 

of the 277 samples contained TCE above the method 

detection limit of about 0.5 mg/L (See rigure 6.14). The 

highest concentration of TCE detected in the rock pore water 

from either location was 164 mg/L. 'rhis value is 

approximately one order-of-magnitude lower than the 

aqucous solubility of TCE (1420 mglL) and provides 

supporting evidence that almost all of the DNAPL thal may 

have entered the Chatsworth Formation groundwater has 

disappeared. 

Pore water TCE (mg I L) 
0.1 1 10 102 103 

o 

Figure 6.14 

Results or rock (orc 
1iJanalyses from RD ~ 

3~B and RD-clbB. .r: 
\Lnimum E.. 

w 
concen tra [ions o 

detected Hre one 
nnJcr-of-magnitude 
helow the aquef)\ls 

soluhility. 

I 

I 
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6.5 Summary of Flow, Dislribution and Fate of TCE 

! DN;\PL in Source Zones 
1
 

TeE as a DNAPL !lowed through the fractures in the vadose 

zone bedrock and spontaneously imbibed into the matrix a 

distance of a few centimeters. Once in the matrix, TCE 

partitioned into the gaseous and aqueous phases and sorbed 

onto the matrix grains from the aqueous phase. TCE was 

transported to the ground surface in the gaseous phase and 

volatilized to the atmosphere or was transported to the 

groundwater by advection in the tlowing recharge waters. 

Dissolution rates from the vadose zone to the groundwater 

zone at source areas ,u'e expected to be fairly smull (few 

tenths of u kilogram to a few kilograms per year). 

"

TCE DNAPL that is transported through the vadose zone I
 

and to the saturated zone must establish a certain head to 

overcome the relutively small entry pressures of the 

fractures to penetrate below the water table. The migration 

of TCE into the fracture network can be stopped due to u 

number of processes. Once TCE is within the fracture 

network, the DNAPL begins to dissolve due to molecular 

diffusion into the sandstone matrix. sorption onto the matrix 

grains and dissolution into the groundwater flowing in the 

fracture network. DNAPL is expected to be present in the 

Chatsworth Formation fracture network for periods ranging 

from 2 to 50 years 



J 
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The porous sandstone matrix of the Chatsworth Formation 
has a strong intluence on the migration rate of dissolv<.:d
phase TCE flowing through the fracture network This 
section of the technical memorandum describes and 
quantifies the effects that matrix diffusion and sorption have 
on migration rates of the TCE solute. Additional 
descriptions and supporting documentation are provided in 
Appendices E and F. The retardation process IS shown 
conceptually in Figure 7 I. 

I 
Solute front I, 

~ ~~ ,,-.,. No Diffusion 
non-porous I 

matrix '-  J 

l.__ => 
With Diffusion 

porous
 
matrix L-~ -----'
 

It. >' With Diffusion 
porous Jl""'T ..,f..--retardation ------... and Sorption 
matrix L-__~ -----' 

Figure 7.1 Conccplual Effect ot' Retardation ot'TCE due 
to Matrix Diffusion and Sorption 

The approaches taken to assess the migration rates of the 
TCE solute inelude: 

•	 Applying a numerical model (FRACTRi\N, Sudicky 
and McLaren, 1992) to simulate groundwater tlow and 
TCE transport a single fracture, and to evaluate and 
quantify the retardation effects of matrix diffusion on 
TCE migration_ A full description and details of the 
modeling are provided in App<.:ndix F. The numerical 
model IS also lIsed to evaluate the sensitivity of 
migration rates to changes in geologic and 
hydrogeologic properties including 

-/ matrix porosity,
 
.,/ retardation in the matrix due to sorption,
 
.,/ the diffusion coefficient,
 
.,/ hydraulic conductivity,
 
-/ fracture apertures, and
 
.,/ hydraul ic gradient.
 

The timeframe over which a DNAPL source is present 
is also varied to assess the etTect on TeE plume 
migration rates. Varying the duration of the DNAPL 
source reneers the expectation that ONAPL dissolves 
away from the fracture network due to matrix diffusion 
and advection as was discussed in section 6.4. 

•	 Applying fRi\CTRAN to a two-dimensional fracture 
network that more closely simulates migration of TCE 

solute through the Chatsworth Formation. The two
dimensional model is also used to predict plume 
characteristics and to demonstrate the effects of 
retardation in an interconnected fracture network 

,	 Comparing model results to field data to assess the 
current stage of plume migration at the SSFL. 

The evaluation of the retardation rates of the TeE solute is 

presented in the context of the average linear groundwater 

velocity in a fracture network. As presented in section 4.9, 

the average linear groundwater velocity at SSFL is <.:xpected 

to range from 500 to 10,000 feet per year. Actual 

groundwater velocities will be faster than the calculated 

average linear velocity due to the tortuous pathway in the 

fracture network through which the groundwater must 

travel. Diffusion of the TCE solute into the sandstone 

matrix is expected to cause TCE to migrate at rates much 

slower than the average linear groundwater velocity. 

Definitions 
The time required for the front of a TeE plume to migrate a 

specific distance downgradient can be compared to the time 

for groundwater to travel the same distance. The 

comparison of the TCE arri val time to the groundwater 

arrival time is defined as the "apparent retardation". The 

plume front can be ddined as the ratio of a specific 

concentration "c" (e.g.. 1.42 mg/L) relative to a source 

concentration Co (e.g., 1420 mg/L, the aqueous solubility of 

TCE). In this example, the ratio, Cleo, is equal to 

1.42/l 420, or I x lQ-'. further discussions on the TeE solute 

migration will frequently rcference these two terms, 

7.1 TCE Solute Transport and Retardation in a
 
Sil1lde Fracture
 

Two different model domains were established for the 

single-fracture simulations on the transport or TCE solute . 

A modd domain of 5 meters (m) in the vertical dimension 

(or "7.") by 200 m in the hori7.0ntal dimension (or "x") was 

established ror the initial simulations (figure 7.2). Tnput 

parameters for the initial simulation (ie., the base case) 

included the following: 

•	 matrix porosity. <Dm =: 10% 
•	 retardation factor associated with sorption, Rm =: 1.0 

2•	 diffusion coefficient, 0" == 1(/' cm /sec 
•	 hydraulic gradient, i =: 1% 

•	 fracture aperture, 2b =: I00 ~m 
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I 14M' .mQW., 
I 

I
 100 IJm Fracture
 

Flow 
Gradient" 1% 

I 
Arrival 
Point

200 m (200 m) 

Model Domain Single Fracture Simulations 

I Figure 7.2 

The objective of these simulations was to evaluate the

I effects of matrix diffusion on the migration of the TCE 

I 
, solute by quantifying the time of arrival for the TCE plume 

front relative to the groundwater arrival time at a Cleo of 

10' \. A constant source input function representing TCE 

I DNAPL was placed at the upgradient houndary of the model 

I 
at x = 0 m, This model was also used to quantify the effects 

that variations of the input parameters have on the arrival 

I 
time of the TCE plume front relative to the hase case. 
RGsults are presented in Table 7.l. 

I 
l'trT4metu Apparent 

. v..tu". Am"'" Time'" 20tb.. lhtllrdl#io"._ 
rour/dwater NA ~S days 
'Cl,' SO/lite 

I 
SorrJtior! R"," I + yrs. (Ilase Ca~e.l ';1 

R,.,= -' I 1.:1 yr~. 150 
Porosity (%) :1 I,() yrs. 21 

10 +.0 yrs. (Base Case) :12 

I 
I'i S.li yrs. 112 

IJWitS io r! I X 10" +.0 yrs (Base Ca'''1 :12 
Coeate ient 2 x lOr; 7.:1 yrs. 9S 

((m'!.~e() 

Fraelllre 100 +,0 yrs, (!lase Case) :12 
,Iperture (pm) 200 0,2 yrs. ~ 

I 
_I Table 7.1 This table summarizes the affects that 

changing parameters have on the apparent retardation 
of the TCE plume front at a CICo of 10-.1• Other 
parameters shown in the base case are held constant 
while each individual parameter is varied to determine 
its affect on the arrival time. 

I 
I In summary, the simulations show that matrix diffusion 

causes TCE to arrive at a distance 200 m downgradient of 

the DNAPL input location, which also represents the end of 

the model domain, in 4 years, while groundwater arrives at 

I 
this same location in 28 days, Comparing the TCE arrival 

time to the groundwater anival time results in an apparent 

retardation factor of 52 for the base case When the base 

case is altered to include sorption, TCE an'ives at the end of 

the model domain in 11,5 years. These simulations show 

I the strong retardation effect that matrix diffusion has on theI I migration of TeE solute along a single fracture. 

II 

The same model domain was used to evaluate the effects on j 

the arrival time of the TeE solute that result from varying 

the: relative concentration or C/CI). These simulations were 

also used to evaluate what changes hydraulic gradient has on 

the: arrival time ofTCE solute. The input parameters for this 

second set of simulations (base case) were changed to be 

more representative of the Chatsworth Formation and were 

as follows: 

• matrix porosity, <Pill = 13% 
• retardation factor associated with sorption, Rill = 3.0 
• diffusion coefficient, D" = 10'(' cm"/sec 
• hydraulic gradient. i =2% 
• fracture aperture, 2b = 70 !-tm 

Results from these simulations show that it takes longer for 

the TCE plume front to arrive as the CICII increases (i.e, the 

higher concentration portions of the plume arrive at a 

specified location at a much later time than the lower 

concentration portions of the plume). The results also show 

that the apparent retardation faclor inereases as thG distancG 

from the source input increases 'T'his decreasing rate-of

change or deceleration of plume front arrival is the result of 

the plume invading an ever-increasing volume of 

Chatsworth Formation sandstone, which provides increased 

TCE storage capacity. Decreasing the hydraulic gradient 

from 2% to I% results in a reduction in the arrival time of 

the TCE plume front at the end of the model domain by a 

factor of about 4, from 21 years to 86 years, 

A slightly larger model domain of the single fracture case 

was used to evaluate the effects on arrival time of the TCE 

solute that result from varying the timeframe over which a 

DNAPL source is present. This larger model domain was 

also used to evaluate what changes in TCE concentrations 

within the plume would result after very long periods of 
time (e.g., 500 years) when the source has a finite life. The 

model domain used in these simulations was expanded to 10 

m in the z-direction and to 500 m in the x-direction. Input 

parameters to the model were as follows: 

• matrix porosity, $111 = IJo/c 
• retardation factor associated with sorption, Rill =3D 
• diffusion coefficient. D" = 10 6 cmc/see 
• hydraulic gradient. i = 1% 
• fracture aperture. 2b =70 !-tm 

Simulations were made using two types of sources: 

~
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I •	 A constant source throughout the entire simulation to 

represent persistent ONAPL, and I
I 

.. A to-year finite term to represent ONAPL dissolution . 
Although the ONAPL phase has disappeared, the TeE

I mass from the DNAPL remains in the source area for a 
long time continuing to contribute mass to the plume, 
but at diminishing concentrations. 

The lO-year finite case is believed to more accuratelyI 
I 

retlect conditions at the SSFL where TeE DNAPL 

disappears due to matrix diffusion and advective 

dissolution. 

I 
I I The simulation results show that the maximum 

concentrations of TeE solute in the plume are greatly 

reduced when a source of TeE DNAPL is present over a 

finite period. This drect is graphically presented on Figure 

7.3. 
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Figure 7.3 Graph of relative TCE concentrations over
 
time for constant and IO-year sources at x=200 m.
 
Concentrations in the constant source condition
 

I
 
continually increase while the concentrations in the 10

year source condition peak and then gradually decrease.
 
The maximum concentration in the lO-year source
 
condition is also much lower than the constant source 
condition. 

I 

I 

The model results also show that TeE concentrations within 

the plume naturally attenuate or reduce over time. After 

several decades, the plume front is essentially stable as its 

rate of migration has slowed to less than 2 mJyear and will 

continue to migrate at ever-decreasing rates relati ve to a 

I defined concentration. This effect on plume migration is 

shown on Figure 7.4 

I
 
I
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Figure 7.4 Relative TCE concentration profiles along 
the fracture under the IO-year source condition. 
Migration rates of the plume front at a C/C" of to·5 are 
also shown for three different time frames. 

The results of the simulations presented in this section show 

thc ultimate effects of matrix diffusion and sorption on the 

fate of TeE The eventual dissolution of the ON APL phase 

indicates the end of thc source condition as solute-free 

groundwater from upgradient of the source zone begins to 

t1ush the fractures and reverse the concenlration gradient 

causing diffusion from the matrix blocks back into the 

fractures (reverse diffusion). The process of reverse 

diffusion is shown conceptually in Figure 7.5 

TeE mglL 
Inward Diffusion 

? 
~,_., nell d,=~;,:c:t 

... 
~ 
~ A 

A Diffusion 
outward 

! 
;, 

Reverse Diffusion 

B 

B" Diffusion 
inward 

Figure 7.5 Conceptual depiction of diffusion from the 
matrix bedrock into the groundwater t10wing through 
the fractures (shown as condition '8'). Note the change 
in the concentration prolilc in the hypothetical rock core 
results. As groundwater passes through the fractures, 
the pore water concentration in the matrix adjacent to 
the fracture decrease first, while those deeper into the 
matrix remain elevated. 
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The process of flushing the source zone is initiated as the orthogonal fracture network with variable fracture I 

I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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mass is transported downgradient in a much more dilute 

form, which is also susceptible to matrix diffusion and 

sorption as it migrates in the plume. This concept gives rise 

to a fifth stage of the TeE plume development, the first four 

of whieh were presented in section 6.0. This stage is 

characterized as follows: 

•	 Stage 5: Source Zone is Clean and Plume Frallt is 
Stable or Retreating (Figure 7.6). Groundwater at the 
original source zone where DNAPL was present no 
longer contains concentrations exceeding a threshold 
value. The continually diminishing concentrations in 
the plume cause the rate of migration of the TeE solute 
at the plume front to slow considerably or stop. As 
lower and lower concentrations of TCE continue to 
diffuse out of the matrix blocks into the clean 
groundwater flowing in the fracture network from 
upgradienL the plume will appear to retreat by moving 
upgradient relative to a defined concentration value 
(e.g., 0.005 mg/L). Eventually all areas of the fonner 
source zone and plume will contain concentrations of 
TCE below a defined concentration limit. 

FORMER
 
SOURCE ZONE
 

I 

Figure 7.6 

:-;tage S Suorel:' lnne h ('k-an and Pltllm.' Frunt is Stable 
or HetrcHting 

7.2 TeE Solute Transport and Retardation in a Two
Dimensional Fracture Network 

The same numerical model was used to simulate the 

migration of TCE solute in a two-dimensional fracture 

network. The objective of these simulations was to develop 

an understanding of the transport and fate of TCE over long 

periods of time (e.g. 500 years) in an interconnected fracture 

network of sandstone while using input parameters similar 

to the Chatsworth Formation. Model properties and input 

parameters were as follows: 

apertures shown in Figure 7-7, mean aperture, 2b = 70 I 

~m, minimum aperture less than 30 I..un and maxImum i 
aperture of greater than 250 I-lm. i 

•	 retardation factor associated with sorption. R,n = 3.0 I 
•	 steady state groundwater tlow, 

•	 source constant for 10 vears at TeE solubility, I 
•	 I 

•	 matrix porosity. <!l'n = !3'k; i 
•	 hydraulic gradient. i 

" horizontal 2%, I 
" vertical = 1% : 

•	 diffusion coefficient. D" = 10 6 cm 2/sec, 

•	 bulk hydraulic conductivity, 
.; horizontal: K" = 1.5 x I0-5 em/sec 
.. vertical: K,=3.0 x 10 6 em/sec (anisotropy ratio of -5) 

•	 fracture porosity, <Pr =5.9 x 10 5 

•	 average linear groundwater velocity, VI 

mile per year) 

50 
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Figure 7.7 Variable aperture network 

= 1.6 krn/yr (I 

Matrix:
 
<l>m --=13%
 
Rm = 3.0
 

Fractures:
 
variable
 

mean =70 fJm
 

Source:
 
10 year constan
 

input (Co=10)
 

used for two

~ 

" 
N 

dimensional vertical simulation of TCE transport. 

Ill. III 
-0.5 

-1." 
-1.5 

-2.0 log 
-2.5 CIC o 
'3.0
 
-3.5
 

-A." 
-04.5 

-5." 
x (m) 

50 

4m 

3m 

2m 

10 

40 Bill 12111 150 20m 

Figure 7,8 TCE plume at 50 years 

Simulations were performed for durations extending to 500 

years. The graphic output of the model results of the TCE 

plume at 50 years is shown on Figure 7.8. 
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Result~simulations were consistent with those of the 
single-fracture simulations and revealed the following: 

The maximum concentration of TCE in the plume 
decreases over time as shown on Table 7.L 

Time Maximum Relati've 
(yetll'S) Concentration in Plume 

._ _ _._ _ _ _ ~ __ _ (CICo) _ _ _ 

20 0.66 
50 0.51 
100 0.2 
500 0.03 

Table 7.1 Changes in the maximum relative 
concentration over time from the two-dimensional 
modeling simulation. 

..	 The time of arrival of the plume front hecomes longer 
as the distance from the source input increases. AITival 
times for fractures containing the highest concentrations 
of TCE were 1.1, 5.9 and 16 years at distances of 50 m, 
100 m and 200 m from the source. respectively. The 
increasing time of ,UTi val with distances is shown on 
Figure 79 

Figure 7.9 TeE arrival over time for the highest 

Arrival Time 
(GIC Q=10 -5)

0.06 
-X=SQn 1.1ymrs 

X=10Qn 5.9ymrs 

0.04 X"lSQn 16 years 

o 

~ 
o	 002 

0.00 

o 100 200 300 400 500 

TIme (years) 

concentration fracture in the network at a distance of 
50m, 100m and 150m from the source. Note that the 
time when TeE first arrives at each of these locations 
increases with distance from the source. Note also the 
shape of the concentration curve at each location where 
concentration increases, peaks and slowly decreases. 

Jln ee.· 
"' 

The concentration at a specified distance from the i 

source decreases over time. As an example, the relative \ 
,. h h' h Iconcentration in the fracture contall1Ing t e 19 ec;t i 

concentration of reE at a location 100 m from the: 
source over time is summarized in Table 7.2 : 

Time Maximum Rel8tWe 
(years) COIIeen/Tatio" (CtC,) 

• - -
at.T=lO(Jm

J_- - _ _ 

100 0.014 
200 0.018 
300 ~Oil 

400 0.01 
500 0.006 

Table 7.2 Changes in the relative concentration of TCE
 
over time in the highest concentration fracture at x =
 
100m
 

•	 The area where the TCE source was located no longer 
contains concentrations ahove a CICo of 10 5 within 500 
years indicating the source and plume will naturally 
attenuate. The results also show that approximately 
75% of the mass that entered the system during the 10
year source period remains within the 200 meter model 
domain after 500 years, which provides supporting 
evidence that the mass of TCE remains near the input 
location. 

7.3 Comparison of Model Results with Field Data 

Vertical TeE concentration profiles are one of the output 

files that are produced from thc modeling simulations. 

Vertical profiles ptoduced from the simulations were 

compared to the vertical profiles produced from sampling 
and analysis of the rock core from RD-35H and RD-46B. 

These comparisons were made to qualitatively assess 

whether the model forecasts conditions similar to those 

observed in the tield Comparison of the vertical TeE 

profiles from the model with those from the field shows the 

profiles to be similar in their shape and peak conecntrations, 

as shown on Figure 7.10. 
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RD-35BI Model at X=70m; 50 years
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I 
50 _.1 __ . ---:.....- ----J...'o_.J 
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30 -- _ __ _ 

25 .-- -. _ 

20 

Note: A~sumed TeE solubility = 14(10 r'r'lglL 
to convert model Cleo to mg/L 

Figure 7.10 Rock core results from RD-35B are 
compared to hypothetical rock core results from the 
modeling simulations at a projected distance and time 
believed to be representative of the conditions at RD
358. The shape and peak concentrations of TCE in rock 
pore water between field data and model output are 
similar. 

The rock core results from RD-3SB and RD-46B were
 

inspected to determine the current stage of plume migration
 

in Chatsworth Formation groundwater. Inspection of the
 

vertical TCE profiles and fractures at RD-46I3 indicates that
 

the matrix is releasing TCE back into the groundwater
 

/lowing within the fracture network. Rock core
 

concentrations and fracture locations from the core log are 

shown on Figure 7.11. This "reverse diffusion" process 

Occurs when the concentration gradielll between 

groundwater retained within the sandstone matrix and the 

groundwater /lowing through the fractures is reversed (i.e. 

water /lowing through the fracture network is cleaner than 

the pore water within the sandstone matrix blocks). 
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Figure 7.11 Fracture and TCE rock pore water data 
fr(;m RO-468. Note that the TCE concentrations in rock 
core immediately adjacent to the fracture are lower than 
the concentrations deeper into the matrix. These 
conditions, which were conceptually presented in Figure 
7.5, indicate that TCE is diffusing from the matrix into 
the groundwater flowing through the fractures and are 
indicative of stage 4 of plume evolution. 

Reverse diffusion is characteristic of stage 4 of plum~ 

development when no DNAPL remains in the fracture 

network and plume migration is very slow. Calculations 

were made using an analytical solution to Fick's second law 

to evaluate the rate of TCE mass removal from the matrix 

blocks to groundwater tlowing through the fracture network 

(Parker, McWhorter and Cherry, (997). A graph of the 

mass removal rate of TeE from tabular matrix blocks is 

presented on Figure 7. I 2. As can be seen from the graph, 

the rate of diffusion out of the matrix is very slow and the 

mass removal rate becomes asymptotic with time. This 

indicates that long time frames arc needed for reverse matrix 

diffusion to transfer the TCE back out of the matrix. 

Figure 7.12 Graph of TCE mass removal J':: ----~ fLO from tabular matrix blocks over time. Mass 
removal rates are plotted for two finite-term 

~ -- source conditions, 5 and 50 years. The effects 
;)10 of sorption on the rate of mass removal "' --R=;;3 

L"1m:l< 50 years in through reverse diffusion are also plotted on 
'Pm" 13% 

the figure. Note that under the 5 year source
D. " 1xlO-6cm2/sec 

condition that approximately 20% of the mass o -l-__~__~__---. ~__...... 

o 10 
remains in the matrix blocks after 50 years of 

20 30 40 50 flushing.
Time (years) 
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I 7.4 Summ." 

I Diffusion. sorption and dispersion of TeE solutc into the 

sandstone matrix of the Chatsworth Formation cause the rate 

of migration of TeE to be orders of magnitude lower than 

the average linear groundwater velocity within distances of 

hundreds of feet from the source zone. The rate of 

migration is very slow «2 m/yr) or nearly stationary within 

decades after releases have stopped. Elevated 

concentrations rr:main near thc in~JUt locations. The 

concentrations in the source zone and plume continuc to 

decline over time (hundreds of years) as mass is transferred 

back out of the matrix and into groundwater t10wing through 

the fracture network Rock core data indicates that the 

plumcs at the SSFL arc likely in Stage 4. The stages of 

plume front advancement are conceptually shown on Figure 

7.13. 
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Figure 7.13 Graph of conceptual migration ratcs of each 
plume stage over time and distance. 
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I Three characteristics of the Chatsworth Formation are 

! believed to distribute TeE throughout the groundwater 

system in an orderly and predictable manner. T!lese 

characteristics produce plumes that can be detected, 

characterized and monitored and include: 

• An interconnected fracture network, 

• Strong retardation of the plume as a result of matrix 
diffusion and sorption and, 

Distributary inlluence of dispersion on solute behavior 

Additional descriptions on the applicability of groundwater 

monitoring are provided in Appendix (, 

8.1 Interconnected Fracture Network 

Several different lines of evidence of an interconnected 

fracture network were previously presented in section 4.7. 

Additional information on the interconnected fracture 

network of the Chatsworth [<ormation has been developed 

from the sampling and analysis of rock core All data that 

were collected during the rock coring program were 

reviewed to determine whether the TeE identified in the 
rock core was associated with transport of the TCE through 

the fracture network or through sandstone beds having 

higher permeability due to coarser grain sizes Data that 

were assimilated to make this determination included: 

inspection and description of the rock core to identify 

fractures, advanced downhole geophysical methods that 

provided data as to whether fractures were open, their 

orientation and groundwater tlow characteristics (rate and 

direction) within fracture Lones. 

RJ)·J5B
 

ny Img/I .) in ROck POfcwalcr
 
0.1 10 1000 

o 0 
fil,'. 

.;JiI'~.... ,~ ..
 
,. q .. .~_., ~~'~
 

100."-1'. 

<>'~'3"U"~9~"'''''<>I 40 

~ 
.:~=.....'~~';' <;> • ..
 

:!;,: ~~.:
 200 
o ~~."'- ._-<> 

80 , __ 

"". 300 

t·~r.. '" 
(tt)120 . ~_~__~--J 

~ 75% 
"$0;:<--.:.: 

"~! :~ 25'% 
<;~ 

o t 

In summary, as shown in Figure 8.1, these data show (j' 

transport of TCE in many fractures in both boreholes, alon 

with transport through a number of more permeabl 

sandstone beds. TCE transport through many fracture 

indicates that the fracture network is interconnected. 

8.2 Plume Retardation 

The effects that matrix diffusion and sorption have un 

retarding the migration rate of TeE solute relative to the 

average linear groundwater velocity were presented in 

section 7.0 and are fully discllssed in Appendix E. Strong 

retardation primarily effects the ability to monitor the 

groundwater because the highest concentrations remain near 

the input location and the plume front will have migrated 
only short distances from the input location relative to the 

average linear groundwater velocity. The large capacity ot 

the rock matrix to store TeE results in the broad, three

dimensional distribution of TeE solute within the fracture 

network as well as within the rock matrix as shown in 

Figure 8.2. The large spatial distribution results in a 
"plume" of TCE that can be located, characterized and, if 

necessary, delineated. Placement of an appropriately 

designed monitoring device within the "plume" would 

provide useful and reproducible information as to the 

presence and concentration of TCE solutL~ migrating at any 

location within the fracture network. 

TO,: (eng/!.) ,n Rock I'ofewaler 
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Figure 8.1 Evidence of Migration Pathways in RD·35B and RD·46B 
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Figure 8.2 Schematic of Plume in Fractured Sandstone 

This concept of a "plume" that results from the broad spatial 

distribution of TCE due to the interconnected fracture 

network and matrix diffusion was further explored using the 

discrete-fracture numerical model discussed in section 7.0. 

Additional simulations of the transport of TCE solute were 

performed in plan view. These simulations were performed 

to evaluate the pattern and extent of TCE distribution that 

would result in a fracture network consisting of a single 

plane through a "plume" in the fractured sandstone. The 

model domain in this simulation was 200 meters by 200 

meters in the "x" and "y" directions Other input parameters 

are as follows. 

• uniform fracture apertures of 100 microns, 

• constant source input, 

• matrix porosity $111 = I 3'/cJ, 

• diffusion coefficient l\ = 1x 10(> cm 2/sec, 

• retardation factor associated with sorption Rm=.l, 

• hydraulic gradient. 1% 

• bulk hydraulic conductivity, KiJ = I x10" em/sec 
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Figure 8.3 Plan View Simulation Results of Plume 
in Sandstone at 50 Years 

The results of the modeling simulations arc shown in Figure 

8..1 and reveal that matrix diffusion and sorption causes the 

TCE solute to migrate slowly through the fracture network, 

of the plulTIe and monitor its further migration. . 

The results presented in these simulations need to be 

considered within the context of the vertical section 

simulations discussed in section 72 (Sec Figure 7';1,). The 

vertical and horizontal simulations can be considered within 

the context of three-dimensional space where numerous 

horizontal and vertical simulations represent planes or 

unique slices that would collectively comprise a plume. 

Output from the vertical simulations showing the TCE 

distribution in rock pore water was used to demonstrate that 

a monitoring device intercepting the plume would detect the 

'fCE solute in the groundwater (Figure 8.'1·) "I'hese 

demonstrations confirm that TCE migrating through the 

fracture network can be located and monitored. 

V TeE Rockpore Waler 
Concentration Profile 

r--- TeE Groundwater Conc:entrations Averaged 
over 15 m Interval 

N 20' ._-:--. --.---.-.-- . 
+-TeE GroundwatlE!!f Concentration Averaged 

10 .-:---.- . 
~ OVi!r 50 m Interval 

Rm = 3.0 

<iJm = 13% 

0-, 

000 0.02 0.04 0.06 008 

CICo 

Figure 8.4 Vertical TeE ProtiIe at X=50m after 50 years 
in rock porewater and in hypothetical monito.-ing wells 
with 15 and 50 m open intervals 

8.3 Dispersion 

Dispersion of TeE in the groundwater flowing through the 

fracture network has a distributory effect, i.e. the TCE 

becomes more broadly distributed throughout the fracture 

network. Dispersion is a result of molecular diffusion and 

Figure 8.5 Variability of Fracture Aperture (Distance 

Between Opposing Surfaces) 
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I hydraulic mixing. Dispersion causes the solute concentration 
I
 

: to decline and expand into a larger volume of groundwater 
I
 
I than would occur only by flow (or advection). Dispersion 

I occurs with.in the fracture netwo~-k at two different locations: 

Iwithin the fracture plane and at fracture plane Junctions. 

II Conceptually, dispersion occurs within the fracture plane 

due to the variability in the aperture opening (see Figure 

8.5). This varying opening causes groundwater to travel on I
 
i a molecular scale through different flow paths thal arc 

II
 separated by closed contacts within the fracture plane thus 

creating a channeling effect. As TeE is dissolved into the 

groundwater t10wing at different rates through the channels 

in the fracture plane, plume "segments" are created that have 

varying lateral concentration gradients as shown in Figure 

8.6. The lateral concentration gradients produce dispersion 

within the fracture plane transverse to Ihe direction of 

groundwater flow_ 

narrow plume 
segments in 

channels 

---...... c, 

~C2 

-co 

Figure 8.6 Conceptualization of Dispersion Due to 
Channeling in Single Fracture Plane 

A field experiment was performed to evaluate the extent of 

dispersion within a single fracture plane at a site in Canada 

(Lapcevic, Novakowski and Sudicky, 1(99). The 

experiment was initiated by injecting a tracer into 

groundwater flowing within the fracture plane and showed 

Figure 8.7 Dispersion of 
Tracer Over Time from Field 
Experiment (mg/L) 

Lapcavic al aL (1999) 

t" 72 hr 

I
 
that the tracer spread both laterally and longitudinally in the:
 

mean groundwater flow direction (figure 8.7) Transverse i
 
dispersion caused the plume to widen two to three times the I
 

source diameter and was attributed to groundwater velocity I
 

variations and closure of the fracture surfaces, which created I
 
tortuous flow paths. I
 

i
 
I
 
I
 

Dispersion is also expected to occur at the intersection of !
 
two fi-acture planes due to mixing of groundwater as shown I
 
in Figure 8.8. Laboratory experiments show that complete I
 
mixing at the intersection of fracture planes is instantaneous I
 

even under laminar now conditions (Krizek, Karadi and I
 
Socias, 1972 and Castillo, Krizek and Karadi, 1972). I
 
[nstantaneous mixing is attributed to diffusion cuused by 

waters containing different concentrations of the solute at 

the intersection. 

Initial JuncliOfl . 
contan'i11i\f11 

COnoontr3l:10Il I~~ 9"-"--'-------· C{C' c c;, I
 

\a_~w ~ I
 

\j[7-Cm'.~<C·l 

en I
 

I
 

Figure 8.8 Conceptualization of Dispersion Due to II
 

Mixing at Fracture ,Junctions !
 
I
 

This phenomenon causes the solute to spread orthogonal to I
 
the general. direc~ion of: groundwater now (transverse I
 
disperSion). The effects of transverse disperSIOn can be seen I
 
in the plan view simulations of the transport of TeE solute i
 
as shown on Figure 8.3. As TCE migrates downgradient, i
 
the width of the plume expands when compared to the I
 
plume Width at the source. I
 

I
 
The combined effects of dispersion within the fracture plane i
 
and at fracture plane junctions result in distributing TeE i
 

I
 

broadly throughout the fracture network. thereby increasing I
 

the ability to detect the plume as it migrates from the source i
 

8.4 Temporal and Spatial Monitoring 

i
 
I
 

The effects on the transport of the TCE solute that are I
 
produced by matrix diffusion. sorption and dispersion,
 

indicate that variations in dissolved TCE concentrations I
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: over timc arc cxpected to be smalL This is particularly tfue 

at the SSFL where the releascs occurred decades ago and the 

TCE migration rates likely are in the range of a few feet per 

,year. Variations in TeE concentrations over time (years to 

decades) will be small (less than an order of magnitude) 

bccausc of diffusion of the TeE from the matrix back into 

the groundwater system. Figure 8,9 and 8.10 are 

concentration plots over time from the numerical 

simulations of the transport of TCE solute that ret1ect the 

slight variations in concentrations over long time frames 

(100 years). 
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Figure 8.9 Plots of relative TCE concentrations over 

time in individual fractures at x= 100 meters from 2

dimensional vertical modeling simulations. Note the 

simulations predict little variation in concentrations over 

a 100 year period. 
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Figure 8.10 Maximum concentration over time and 

distance plots of TCE from single fracture modeling 

simulation. After 20 years, note the small variations in 

concentrations over long time frames at almost any 

distance from the source. 

This understanding of thc TeE migration rate indicates that! 

periods between groundwater sampling and analysis events 

could be much longer than the current quarterly or even 

annual monitoring schedule. Variations III TeE 

concentrations produced by samples collected from existing 

monitoring wells are likely the result of several different 

factors that include: 

•	 Differences in the volume of rock from which the 
sample was drawn based on variations in the well purge 
volumes between sampling events (see Figure 8, I I) 
and, 

•	 Changes in the groundwater flow system (c.g .. changes 
in the groundwater extraction program) that effect the 
static water levels in the wells, 

T ",'"," OOm '00') 

I purge vol ume
 
(24 m diameter)
 

\........ .J 3 purge volumes 
~ ,:1: ~;j (345 m dIameter) 

F«~'" ~y;; 
rrachm~ poro~ltyf/'1f!';'

(, ,) = 'J 00025 

2 purge volumes 
pO m diamoter) 

c:/ ~ 

Figure 8.11 Estimated Volumes of Rock lnfluenced by 
Changes in 1 to 3 Purge Volumes 

Data produced from conventional groundwatcr monitoring 

methods are difficult to interpret with regards to the spatial 

distribution of TeE in the groundwater. In light of the 

conceptual model presented in this technical memorandum, 

more mass is likely present in the groundwater system and 

sandstone matrix than ean be accounted for hy the dissolved 

concentrations in the groundwater produced by the existing 

monitoring well network. Efforts on groundwater 

characterization and monitoring in the future need to utilize 

new sampling and monitoring technologies which are 

cUITently available. most of which were applied at RD-3SG 

and RD-46B 
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This technical memorandum has presented a conceptual	 Diffusion into t1w sandstllne matrix at c:w SSI'L has been 
documented hy chemical analysis of 277 sampk:s of rock cure 

model of the movement of TeE at the SSr:L. The effects of 
for VOCs. Samples were collected from two horeholes placed 

the geology, hydrogeology and TeE diffusion, sorption and near TCI~ input locatiuns. All TCE concelctrations dete(ted in 
dispersion were considered. A summary is provided below. rock pure w,tter were no more than IIl'k l~r the aqueous 

so!ul1ility limit for TeE. These data support the c,1nclusiol1 
that little to no DNAPL is present in :'ractures helow lhe watl~r 

The fract/lrr:s at the SSFL (Ire small, systematic and Lable 
interco Ili/eeted. 

3.	 TeE plume fronts are strongly retarded due to matrix 
Calculations uf the hydraulic fracture apertures were made dUTl/siOlI and the presence (d organic carboi/, wid
using site values for hydraulic cOl1ductivity and fractun,; 

advance at rates that are orders'(~/~iJI(lgllit/ldc slDwerspacing. Hydraulic apertures ranged from II) to 3(1) microns, 
thal1 the average liuear grouudwater velocity.with a mean valul~ ()f ahout 1UO microns. 

•	 Inspection of l.~ years uf groundwater chl~mistry data shows •	 l'requent and systematic fractures are present as evidenced [1Y 
that TCE has not migrated litr !i'()m the input locations.inspections of outcrops and rock core. duwnh()!<.; geophysics 
Maximum conl'l~ntrati()ns are also ncar the input locations.tl~sts and the distribution of TO' in rock POI\~ w,lln ,ldjacent 

t() fraclllrcs. 
Numl~rical modeling simulations for TCL migration thr()ugh 
l'nteture nctworks llsing properties rcpresentative ()f theFracture systems arc interconnected as indicated hy pumping
 

test analyses, a hydraulic communication study. groundwater
 c()nditions at. the SSI'I. pn~diet strong retardation 01' the TCE 
plume front as it migraLes downgradient ['rom Llw inputelevation correlations and the presence of TCE in rock pore 
location. The simulaliuns also predict an overall decline inwatn al I1Uml~rous depths throughout the vertical pr()me of 
c()ncentratiuns tilrougllllLlt LllC source £unes and plumcs.two test horeholes. 

Inspection or the distrihutilJn of TCI': in the rock cure at RI)Analysis of pumping test clata indicated a lack of any high 
4(,B indicales that thc plumes at till~ SSI'L ,U'l~ most likl~ly inhydraulic cundu<.:tiviLy zones along lincaments. suggesting 

that extensive upen fracture.s do not l~XiSL stage +. which is charactel'ized hy the plumes migrating very 
slowly and 11l.~coming stahle. 

2.	 Tlte small, systematic and illterconnected fractures, 
coupled with the porous sandstone matrix, .facilitates 
diffusion of TeE iI/to the matrix. 

The conceptual model describing 

recharge is small relative to K of matrix the evolution of the TeL source\Nater table is near 
surface on mountain 

\ ,
top L.. TCE spontaneously imbibes into zone and plume, developed in this 

the air-filled pores of the document and applied to th..:
) ~	 ~,' 

• partially unsaturated m<trix Chatsworth FormatIon at thet	 ., ~ . 
Bulk K must be low SSFI" is supported by the , • TCE release 

, •••• '. : locations at surface Small fracture apertures, mathematical modeling and field1"	 
, 

2000	 I • I interconnected network an( data. However. some parts of the 
Fractures are numerous ~ j porous sandstone facilitate 

model will rcquire additional
and apertures lI"e small I. \ ~~~'-l~~" diffusion into the matrix 

support. Additional field data willl~""-'- :,- ,,' \'A~ L-. ~~a';;'°C:~::dNs"::,Lbe 
f .LL	 1 ,. I I 't - be acquired and mathematical

',.. short 
I / /-,	 " Results in spatially modeling performed toJ/[T 

I distributed plumes that 1500 substantiate this conceptual site 
;;r~	 ,~~~itorability 

model. 

/-/ l- -tT __ \1~"\ 
~.,~	 1 t Plume front advances at r<tes 
- f - r	 + orders of magnitude slower thar 

1000 Tt ',Darou s sa ndstone \;"1"	 grou~dwater. due ~ diffusion, 
Figure 9.1.' I num erous interco nnected --... Sorption & dispersion 
Graphic Depiction ot'

\ fractures	 ~~ +- Conceptual Site Model 
soul~	 o Feel 6000 North 
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1.0 GEOLOGIC CHARACTERIZATION 

The geologic setting of the Santa Susana Field Laboratory (SSFL) was characterized by 
completing the following tasks: 

•	 Reviewing existing geologic literature, 

•	 Developing a geologic map of the SSFL by field examination of rock exposures and 
other geologic features such faults and joints and a review of boring logs, rock core 
and other subsurface geologic information, 

•	 Viewing aerial photographs of the site to evaluate large-scale geologic features and to 
verify the areal extent of the geologic features that were identified during performance 

of the fieldwork. 

1.1 Regional Geologic Setting 

The SSFL is located in the Transverse Ranges of Southern California, a geologic province 

that is in north-south compression and in which geologic structures, such as faults and 

folds, strike in an approximately east-west direction. Most of the site is underlain by late 

Cretaceous Chatsworth Formation. The Chatsworth consists of interbedded sandstone and 

shale that are interpreted to have been deposited by marine turbidites (Link, Squires and 

Colburn, 1981; Dibblee, 1992). As shown in Figure 1, the Chatsworth Formation is 

conformably or disconformably overlain by the Simi Conglomerate Member of the 

Paleocene Santa Susana Formation in the northern part of the site, and is faulted against 

the Santa Susana Formation in the western part of the site. To the south the Chatsworth is 

unconformably overlain by southward dipping late Tertiary Formations. 

Structurally, the facility is located on the south flank of an east-west striking and 

westward plunging syncline which passes through the central pat1 of Simi Valley. 

Bedding at the site typically strikes approximately N70E and dips 25 to 35 degrees to the 

northwest. Faults within the facility typically strike either in a generally cast-west 

direction, or in a northeast-southwest direction (Figure 1). Information derived from 

published literature and measurements taken in the field indicate that all of these 

structures dip steeply, typically more than 70 degrees. 

1.2 Depositional Environment of the Chatsworth Formation 

Existing interpretations of the depositional environment of the Chatsworth Formation 

suggest that it was deposited on the surface of a sand-rich, submarine fan at water depths 

between approximately 600 and 3,000 feet below sea level (Link et ai, 1981). In a 
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1.3 Stratigraphy of the Chatsworth Formation 

A field evaluation of the stratigraphy of the Chatsworth Formation was condutted in late 

February and early March of 1999. This effort was followed by several short, focused 

field visits to provide detailed information on some of the stratigraphic units at the site. 

The goal of this effort was to define stratigraphic units that might influence groundwater 

flow and contaminant distribution at the SSFL. 

1.3.1 Lower Chatsworth Formation
 
The lower Chatsworth Formation is found stratigraphically below the upper Chatsworth,
 

in the southern and eastern part of the SSFL (Figure 3). The lower Chatsworth is 

distinctly finer-grained than the upper Chatsworth. It typically underlies a gentler 

topography than does the upper Chatsworth, and outcrops are normally rarer in the lower 

than the upper Chatsworth (Photograph A-I and Figure 4). 

The contact between the upper and lower Chatsworth Formation is gradational with 

interbedding between the thick relatively coarse grained sandstones of the upper 

Chatsworth Formation and the relatively fine grained sediments of the lower Chatsworth. 

In the area to the east of the Shear Zone (Figure 3), the contact is interpreted to lie at the 

lowermost of the coarser grained upper Chatsworth sandstones. The sandstones of the 

upper Chatsworth Formation are, however, lenticular, and the contact shown on Figure 3 

does not follow a single stratigraphic horizon, but it is a line that defines an envelope 

around the lowermost of the coarser grained upper Chatsworth sandstones. 

Scattered outcrops of the lower Chatsworth Formation show it to consist of two kinds of 

lithologies. Part of the formation consists of relatively thin, medium to coarse grained, 

and locally pebbly sandstones similar to those found in the upper Chatsworth. These 

coarser-grained sandstone beds are typically less than 20 feet thick and lenticular. The 

sandstones typically cannot be traced more than a few hundred feet laterally. Although 

sandstones similar to those of the upper Chatsworth Formation are present, the 

predominant lithology in the lower Chatsworth consists of interbedded fine grained 

sandstone, siltstone and shale. Within these finer grained parts of the lower Chatsworth, 

individual beds typically range from 1 to 6 feet thick, and about half of the rock are 

composed of siltstone and shale (Photograph A-2). 

Two stratigraphic sections have been measured from exposures in Woolsey Canyon, and 

both of these sections show significant fine-grained material in the lower Chatsworth 

Formation (Figure 5). The section of Colburn, Saul, and Almgren (presented in Link et 
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1.3.3 Shales of the Upper Chatsworth Formation 
Although most of the shales in the upper Chatsworth Formation are lenticular, several 

show significant lateral continuity. These shales are important both because hydrologic 

evidence (see Appendix B) suggests that they are aquitards because some of the shales 

provide stratigraphic markers which separate sandstones with different hydrologic 

properties. Five relatively continuous shale units are currently recognized at the SSFL. 

Shales 1, 2 and 3 are located in a relatively unfaulted stratigraphic sequence in the 

northcentral pat1 of the site, and the stratigraphic position of these three shales can be 

established. Two other shales (The Happy Valley and Coca Shale) are separated from 

Shales 1,2 and 3 by faults, and their relative stratigraphic position is currently unknown. 

Shale 1 is located in the south-central part of the SSf<L (Photograph A-4). As shown if 

Figure 3, it can be traced for approximately 4,000 feet to the northeast of the Coca Fault, 

and, although exposures are poor, apparently pinches out in the vicinity of well RD-47. 

Shale 1 can be subdivided into two separate shale beds shown as Shales IA and IB on 

Figure 3. Shale IB bifurcates near its easternmost end, passing stratigraphically above 

and below a sandstone unit. It is likely that the southwestward pinch-out of the sandstone 

bed occurs at the western edge of a sand-filled, submarine channel that is located to the 

east of the pinch-out. 

Shale 2 passes through the central part of the site, and is well exposed along Black 

Canyon Road (Photograph A-4). Shale 2 locally consists of at least two individual shale 

beds that are separated by sandstone. Although exposures are poor, field relationships 

suggest that Shale 2 is never less than 50 to 100 feet thick even though individual shale 

beds pinch out. 

Shale 3 is located at the top of the Chatsworth Formation, stratigraphically below the 

Simi Conglomerate Member of the Santa Susana Formation. Like Shale 2, Shale 3 

consists of multiple shale beds, some of which pinch out along strike. Field observations 

and the review of aerial photographs suggest that Shale 3 is never less than 50 to 100 feet 

thick even though individual shale beds pinch out. Although not shown on Figure 3, 

ground traverses to the northeast and an evaluation of the aerial photographs show that 

Shale 3 extends at least as far to the northeast as Black Canyon Road. 

The Happy Valley Shale is located in the eastern part of the SSFL, just east of the Shear 

Zone and south of the Happy Valley Fault (Figure 3). Limited outcrops show the shale to 

consist of interbedded clay shale and sandstone. Clay shale makes up approximately half 

of the unit, and bedding is typically less than approximately 1 foot thick (Photograph A
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Exposures of the Shear Zone are present at four widely separated locations. These 

locations are: 

• Black Canyon Road, southwest of the RD-39 well cluster, 

• Immediately east of well WS-14, 

• Immediately north of the well RD-45 cluster and, 

• Immediately north of well RD-3. 

All of these exposures show a 25- to 50-foot wide zone of intense fracturing. The 

fractures are typically spaced less than one inch apart, and commonly have a preferred 

orientation that is approximately parallel to the mapped trace of the fault. Caliche is 

common along fracture surfaces locally being as much as 1-2 feet thick near the ground 

surface. Gouge is also present along some of the fractures. Locally, gouge zones reach a 

thickness of more than one foot (Photograph A-6). In the vicinity of the well RD-45 

cluster, good exposures show that to the east of the closely fractured rock, there is a zone 

at least 50 feet wide with well developed fractures running nearly parallel to the Shear 

Zone boundary. These well developed fractures are spaced from 1 to 3 feet apart, are near 

vertical, and have a well developed iron oxide stain that is typically present adjacent to 

the fractures. 

The magnitude and direction of displacement on the Shear Zone is not known due to a 

lack of identifiable stratigraphic units that have been displaced. Although the total 

displacement on the Shear Zone is unknown, the lack of displacement (or very small 

displacement) on Shale 2 along the northeastward projection of the structure (Dibblee, 

1992) suggests that the total displacement is relatively small (i.e. less than 100 feet). 

Field observations suggest that there is an apparent left lateral displacement of the Shear 

Zone. The observations that lead to this suggestion arc the offsets of pebbly sandstones 

on either side of the failure surfaces within the Shear Zone. 

The lateral extent of the Shear Zone is inferred from both geomorphic and geologic 

features. Geomorphically, the outcrops of the Shear Zone are all located in the bottom of 

a valley, suggesting that the valley was created by erosion of the fractured rocks of the 

Shear Zone. The valley extends from the vicinity of the RD-39 well cluster in the 

northeast to the Coca Fault in the southwest. Exposures arc poor, but no evidence for the 

presence of the Shear Zone was found to the south of the Coca Fault, and on that basis the 

Shear Zone is interpreted to end at the Coca Fault. Dibble (1992) shows no displacement 

of Shale 2 to the northeast of the RD-39 well cluster, and a reconnaissance of the same 

area during this evaluation was consistent with Dibblee's mapping. On this basis, the 
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The lateral extent of the North Fault is inferred primarily from its geomorphic expression. 

To the east of the intersection between the North Fault and Shale 2, the fault projects 

along a very linear drainage that ends in the vicinity of the Shear Zone. On the basis of 

the end of the linear drainage and the absence of evidence of the North Fault being 

present to the cast of the Shear Zone, the North Fault is interpreted to terminate against 

the Shear Zone. To the west, the North Fault projects along a linear drainage into the 

vicinity of well WS-12. The drainage becomes less linear to the west of well WS-12, and 

the western extent of the North Fault is interpreted to be just west of this well. 

1.4.4 The Happy Valley Fault 
The Happy Valley Fault is an east-west striking structure located in the eastern part of the 

SSFL, on the east side of the Shear Zone (Figure 3). The structure creates a well

developed aerial photo lineament and is exposed in both road cut and natural exposures. 

Road cut exposures show the fault to strike between N80W and N85W and to dip 

between 70 and 75 degrees to the north (Photograph A-7). The fault zone as exposed in 

the road cuts ranges from 3 inches to as much as 1.5 feet wide, with the material within 

the fault zone consisting of a brown, sandy silt gouge. There is no well-developed zone of 

fractures adjacent to the fault. Poorly developed striae that are parallel to the dip of the 

fault are present. 

The western end of the Happy Valley Fault is interpreted to be at the Shear Zone, because 

of the absence of an aerial photo lineament along strike of the Happy Valley Fault on the 

west side of the Shear Zone. The eastward extent of the Happy Valley Fault is not 

currently known. Displacement on the Happy Valley Fault is currently unknown because 

mapping of the Happy Valley Shale has not been completed. 

1.4.5 The Tank Fault 
The Tank Fault is an approximately cast-west striking structure that is located north of the 

Coca fault in the south-central part of the SSFL (Figure 3). The fault creates a well

developed aerial photo lineament, and it is relatively well-exposed in artificial exposures 

near the intersection of the Tank Fault and the Skyline Fault. These exposures show the 

Tank Fault to consist of 6 to 8 failure surfaces spread across an approximately 10 foot 

wide zone (Photograph A-8). The failure surfaces strike approximately N 80 Wand dip 

marc than 75 degrees to both the north and south. Straie are present on some of the Tank 

Fault failure surfaces. AlI of the observed straie are approximately parallel to the dip of 

the fault. 
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the fault, and are spaced less than three inches apart. Elsewhere the zone of fractures is as 

much as 30 feet wide and fractures are spaced from 5 to 10 feet apart. These fractures are 

near vertical, closed, and are commonly strongly mineralized with iron oxide. 

The southernmost mapped trace of the Coca Fault is exposed in a road cut just a few feet 

to the south of the previously described trace. The southernmost branch of the fault is 

approximately parallel to the branch described in the preceding paragraph. There is 

neither gouge nor significant fracturing adjacent to this trace (Photograph A-12), and near 

vertical straie are present on the fault surface. This southernmost mapped branch 

terminates 50 to 100 feet to the east of the road cut. 

The contact between the upper and lower Chatsworth Formation shows an apparent right 

lateral separation across the Coca Fault (Figure 3). The near vertical straie observed on 

the failure surfaces of the fault, when taken in conjunction with the apparent right lateral 

separation across the fault, suggest there is a down to the north displacement on the Coca 

Fault. 

The lateral extent of the Coca Fault can be inferred from a both published mapping and 

work completed during this evaluation. To the east (1992) interprets the fault to extend 

off of the SSFL and perhaps join the Bun'o Flats Fault to the west of the San Fernando 

Valley. Exposures are insufficient to clearly define the western extent of the fault. The 

fault is currently interpreted to end at the western end of the fairly linear drainage near the 

Coca Stands. 

1.4.7 The Burro l<'lats Fault 
The Burro Flats Fault was mapped by Dibblee (1992) and shows the structure striking 

approximately east-west within the SSFL. The apparent displacement on the Burro Flats 

Fault as inferred from the juxtaposition of stratigraphic units shown by Dibblee is down 

to the north, the same as the sense of displacement inferred for the Coca Fault. Further 

descriptions of the Burro Flats Fault are not provided because no direct observations or 

measurements were made. The Burro Flats Fault is on the southern perimeter of the area 

of interest in this study and the area has not been developed, so man-made exposures 

associated with road cuts are not available for inspection. 

1.5 Joints 

The nature and orientation of joints in bedrock can influence groundwater flow and 

contaminant transport. To assess this potential at SSFL, data on joint frequency, spacing 
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1.5.1 Joint Spacing 
The results of the aerial photo evaluation of joint spacing are presented in Figure 7. 

Estimated joint spacing ranges from as little as 15 feet in the northeastern part of the site 

(near Woolsey Canyon Road), to more than 1000 feet in the north-central part of the site. 

Although there is significant variation in joint spacing locally, joints in the northern part 

of the site are generally spaced more widely than in the southern part of the site. Joint 

spacing in the northern part of the site generally exceeds 100 feet, and commonly exceeds 

200 feet. In much of the southern part of the site, measured joint spacing is less than 50 

feet, and in almost all places is less than 100 feet. Within the central part of the site, the 

boundary between the two spacing domains lies approximately at the contact between 

Sandstone 1 and Sandstone 2 (Figure 7). 

Calculated average joint spacing is consistent with the interpretations shown of Figure 7. 

Table 1 shows calculated average joint spacing for several different structural blocks 

within Sandstone 1 and for Sandstone 2. Average joint spacing in Sandstone 1 is 

generally 1/2 to 1/3 that observed in Sandstone 2. 

1.5.2 Joint Orientation 
Data derived from aerial photographs, measurements from outcrops, and orientations 

measured in boreholes indicate that steeply dipping joints preferentially strike in a north

northwesterly and northeasterly direction. Joint orientations derived from aerial 

photographs, outcrop measurements, and boreholes arc shown separately in Figure 8. 

Figure 9 combines data from 595 joint orientation measurements from outcrop and aerial 

photo data. 

Joint orientations were also plotted by stratigraphic unit to assess whether joint 

orientation varied with stratigraphy and/or geography. This information is presented in 

Figure 10. All joint orientations found in Sandstone 1 and Sandstone 2, as well as those 

in areas bounded by faults, were plotted separately. The relatively large number of 

northeast striking joints present in the two easternmost rose diagrams of Figure 10 are the 

result of a relatively large number of joints in small parts of the structural blocks in which 

the rose diagrams arc located. 

1.5.3 Joint Continuity and Inferred Groundwater Flow Patterns 
Steeply dipping joints exposed in prominent sandstone outcrops at the SSf<1.... typically 

show discontinuities at their intersection with bedding planes. This is potentially 

important to groundwater flow in the Chatsworth Formation, because discontinuous joints 

potentially create circuitous groundwater flowpaths with multiple relatively low 
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1.5.4 Joint Characteristics of Sandstones and Shales 
Sandstone and shale typically show distinctly different joint characteristics in outcrops at 

the SSFL, and the following discussion addresses the question of the kind of influence the 

fractures in shale might have on groundwater flow. As has been discussed, sandstone 

normally shows relatively widely spaced joints that show systematic orientation. In 

contrast, fractures observed in shale outcrops are much more closely spaced, typically 

being less than an inch apart. Closely spaced fractures in Shales 1 and 2 are shown in 

Photograph A-4. The closely spaced fractures in the shale beds raise two possibilities: 

Either the fractures in the shale units are open and depth, and the shales might at as 

preferred groundwater flowpaths, or the fractures observed in shale outcrops are 

superficial weathering phenomena, and are closed at depth. Field observations, 

information from core, and laboratory permeability studies all suggest that the fractures 

observed in shale outcrops are not major groundwater flowpaths. 

Field data concerning the hydraulic characteristics of fractures in shale are derived from 

the disttibution of iron oxide stains in outcrops in which a variety of lithologies are 

present. Photograph A-IS is a photograph of an outcrop that consists of interbedded 

sandstone, siltstone, and shale. Iron oxide stains are consistently associated with the 

coarser-grained siltstone and sandstone beds, but not the fractured shale beds, suggesting 

that groundwater has preferentially moved through the coarser-grained units, not through 

the closely fractured shale. 

Core from the boring from well RD-46B also suggests that the fractures observed in 

outcrops of shale are features which are confined to shallow, weathered zones and that 

they do not act as preferred groundwater flowpaths. Photograph A-19 is a photograph of 

core from a depth of slightly more than 300 feet. The darker-grey core is composed of 

clay shale while the lighter gray material is siltstone. Closely spaced fractures are absent 

in the shale, suggesting that the fractures observed in outcrop are weathering features that 

do not extend to significant depths. 

Photograph A-20 shows core from well RD-46B from a depth of 40 to 50 feet. The 

brown, iron oxide stained core is composed of medium- to coarse-grained sandstone, 

while the dark gray, unstained core is composed of shale. As with the core from greater 

depths, the shale at a depth of 40 to 50 feet does not show the closely spaced fractures 

that are present in surface outcrops. In addition, the presence of iron oxide staining in the 

sandstone, but not in the shale, suggests that groundwater flows preferentially through 

sandstone rather than through shale 
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Table 1
 

Mean Joint Spacing
 

Santa Susana Field Laboratory
 

Ventura County, CA
 

I, 

Sandstone 1 

i "Vest of Shear Zone and North of Coca 
Fault 

! South of Coca Fault 
j 

i 

, 
Spacing 

63 Feet 

60 Feet 

30 Feet East of Shear Zone 

All of Santstone 1 53 Feet 

Sandstone 2 

All of Sandstone 2 

Spacing 

124 Feet 
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I Table 2 

Hydraulic Conductivity Measurements from Rock Cores 

I Santa Susana Field Lahoratory 

Ventura County, CA

I 
I
 
t 

I 
I 
I 
I 

I 
, 

I
 

I 

SANDSTONE SAMPLES 

Well 

RD-45A 

Depth (ft) 

114.0-115.0 

209.0-210.0 

272.5-274.0 

Porosity % 

11.9 

12.5 

13.1 

K (em/sec) 

1.6 x 10.-6 

1.1 x 10 -5 

1.5 x 10-5 

RD-46B 24.0-24.2 

49.1-50.2 

70.0-70.5 

105.2-105.6 

140.5-140.9 

177.9-178.2 

210.2-210.5 

292.4-292.7 

358.3-358.6 

304.7- 304.9 

21.0 

13.2 

11.9 

15.2 

13.5 

13.6 

lL2 

15.4 

15.0 

13.8 

1.1xlO-4 

6.0 x 10-5 

3.6 x IO--(i 

1.7 x 10 --(j 

1.6 x 10 -s 

7.2 x 10--(; 

5.6x 10--(; 

1.2 x 10-+ 

63 x 10-6 

1.9 x 10-6 

RD-49 

RD-55 

RD-54C 

62.8-64.0 

68.5-70.0 

76-4-78.0 

90.0-91.0 

28.0-29.1 

13.4 

10.8 

15.9 

13.3 

13.4 

2.0 x 10 (1 

1.5 x 10--(i 

6.8 x 10-(, 

1.1 x 10-5 

1.6 x 1O--() 

Geometric l\lean 7.4 x 10 --6 

SHALE/SILTSTONE SAMPLES 

RD-45A 

RD-55 

40.3-41.0 

26.5-28.0 

46.0-47.0 

6.6 

10.6 

11.4 

8.5 x 10 -II 

6.4 x 10 -'} 

2.5 x 10 -10 
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A-3 Outcrop of the Upper Chatsworth Formation 
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Site Photographs Page 2
 
Document Provided and Located on: 
 http://www.RocketdyneWatch.org



A-5 Lithology of the Chatsworth Formation 
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A-IO Discontinuous Failure Surface on the Tank Fault 
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A-12 Outcrop of the Coca Fault 
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A-13 Discontinuous Joints in the Chatsworth Formation 
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A-14 Influence of Joints and Bedding on Groundwater Flow 
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I 1.0 HISTORICAL BACKGROUND 

I
 1.1 Water Supply Development
 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Water supply development activities at the Santa Susana site began in 1948 with the initiation of 
the Propulsion Field Laboratory (PFL) on 430 acres now known as Area 1. Site Location details 
are shown in Figure 1.1. Water supply wells were installed to meet the water resource needs for 
the expanding test facility, which by 1954 had grown to 1,526 acres. By 1963, 17 water supply 
wells had been installed in the Chatsworth Formation, but only 5 of the wells yielded sufficient 
water and the remai nder were abandoned or not used, as summarized in Table 1.1. 

~- -
WATER SUPPLY WELLS 

SANTA SUSANA FIELD LABORATORy(1) 
.. -~". 

Reason AbandonedYear 

....
~"§--

1951 

1953 

-
1954--

1955 
1956 I 

I 
I 

f--_.. 

1957 
~'-' -

1958 

Well Yield Initial Water Abandoned 
(WS-) (gpm) Level 

1 - -  1948 
."' .. "_.. -'---'...- 

2 - - 1948 
3 115 1648 1954 
4 60 1677 1953 
5 165 1680 
4a 110 1659 1957 
6 225 1660 
7 40 1776 1963 

.- -
8 40 1600 1963 
9 - - 1955 

9A 125 1483 
9B - - 1956 ..  ".'. 

10 - - 1956 
11 30 1626 1963 

~"~~ 

12 450 1567 
13 225 1441 -- _..",... 

14 150 1575 
(I) Data fro~.l 0 February 1959 Rocketdyne tab!e "PFL Water Leyel Data" 

Low yield 
Low yield 
On leased land 
Low yield 

Low yield 


Low yield 
Low yield 
"Dry hole" 

"Dry hole" -
"Dry hole" 
Low yield 

Never connected 

Table 1.1 Water Supply Well Installation History 

._-

-"'~ 

....~ 

The use of reclaim water was first started on the facility in 1957 with the construction of several 
sudace impoundments as a means of supplementing the available water supply. This stored 
water was a source of recharge to site groundwater and may have provided baseflow in some of 
the small streams on the site. 

A major facility expansion was completed in 1958 with the installation of the Alfa, Bravo, 
Canyon, Coca, and Delta test stands, and the construction of Component Test Labs III, IV and V. 
Accompanying this facility expansion was a substantial increase in groundwater withdrawal, 
which peaked at about 400 gallons per minute in 1958. Groundwater production from SSFL 
averaged about 250 gpm between 1956 and 1963, with the bulk of the water being derived from 

I
 wells WS-5, 6, 9A, 12, and 13.
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I 
I Water usage in 1963 was reported as shown in Table 1.2. Water usage for cooling purposes 

during rocket testing was largely consumptive. The high rate of groundwater withdrawal and 
consumptive use resulted in the rapid dewatering of the bedrock aquifer in the central portion of

I the site, with over 500 feet of water level decline observed in the wells by the early 1960s. 

REPORTED WATER USAGE - 1963

I SANTA SUSANA FIELD LABORATORY 
Usa e 
Flame bucket coolant 

I Buildin~nd personnel 
Safet Showers and Firex 

I Basic Research 

I Table 1.2 Water Usage in 1963 

Percenta e
 
70
 
5
 
15
 
10-- 

This significant dewatering, coupled with the expanding water demand necessary to support 

I testing for the space program, resulted in the construction of a water supply pipeline to the 
Calleguas Water District in 1963. 

I No groundwater withdrawal was recorded from 1964 to 1966. Pumping between 1967 and 1969 
averaged less than 20 gpm, and no groundwater withdrawal was reported between 1970 and 
1983. 

I Investigation of groundwater quality in the Chatsworth Formation began at the site in 1984 with 
the installation of bedrock monitoring wells. The identification of groundwater contamination 

I 
resulted in the re-activation of two water supply wells in 1984, with pumping from additional 
water supply and monitoring wells initiated in the late 1980s and early 1990s. Groundwater 
withdrawal averaged about 100 gpm between 1984 and 1988, and has averaged about 250 gpm 
since that timc. Historical groundwater withdrawals for the SSFL site are summarized in 

I Appendix A and are shown in Figure 1.2. 
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I 400 -+----------..-------------------------- 

350 '---._-

...

-------~.---------~~----~.---...., 

I
 
::l;;
 
" 
~ 300 +-----t-II-+-------------------_----~ 

3 

';,'" 250 +-----I-II-+-:;---"+--------------------I....-II-I--I-:,-------t 
c 

I
 '5.
 
§ 200 +----+.......1-+- ...-11-----------------....--.-.1.....+-11----..-.
 
" .. 
'" ~ 150 +------t-+-II-+H....-II--------------------I-If+-H-H~++ 
> 

I
 
-«
 

100 

50 

III II I I
.
,0 .,.

u'> .... u'> .... u'> r-- 0> u'> ..... u'> r-
~ u'> u'> u'> u'> <0 "" <.0 '" ;:: r--"" r-- co "" co co ;;; "" 0> "" '" ~ ~ S; b; '" 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ '" ~ ~ '"~I ~ 

I 
Year 

Figure 1.2 Historical Groundwater Withdrawal at SSFL 

Pumping rates vary bctween the water supply wells, with the majority of the historical production 
being provided by WS-5 and 6. The pumping histories of selected wells are shown in Figure 1.3. 

I
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Figure 1.3c. Groundwater Pumping from SSFL Monitoring Wells 

I In addition to groundwater pumping, the water supply available at SSFL has been augmented by 
water from the Calleguas Water District since J964. Water importation from the district has 
continued to the present at an annualized average rate ranging from about 50 to 130 gpm, 

I providing a total water supply at SSFL of 300 to 350 gpm. The combined water supply at SSFL 
since 1990 is shown in Figure 104. 
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Figure 104. Total SSFL Water Supply from Groundwater and Calleguas District 

1.2 Precipitation 
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Precipitation at SSFL has averaged about 19 inches per year since 1960, as shown in Figure 1.5.
 
The low for the period of record was 6.2 inches in 1987, while the high was 41.2 inches in 1998.
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I
 
I Well construction details and specific open intervals of SSFL bedrock wells are shown in 

l\ppendix B. 

I 1.4 Hydrogeologic Significance of Well Construction Methods 

I 
The bedrock monitOling wells at SSFL were drilled with air-rotary equipment. The method uses 
air to lift cuttings from the drill hole and reC[clires a minimum submergence of the dtill string 
below the water table in a well in order to lift water out of the bor:::hole. Because of this 
minimum submergence requirement. low yielding wnes are often bypassed during advancement 
of the borehole. As a result. the "first water" wells are biased to zones of preferentially greater 
hydraul ic conducti vity. 

For the deeper zone wells installed at cluster locations. well installation was targeted to zones of 
elevated water production dUrIng dtilling. As with the "first water" wells, the deeper wells at 
each of the cluster locations are biased to zones of greater hydraulic conductivity. When 
consideling the "first water' ane! deeper zone wells together. about 70 of the 104 bedrock 
monitOling wells installed at SSFL were specifically targeted to zones of elevated hydraulic 
conducti vity. Accordingl y, an y estimate of ;;bulk' hydraulic conducti vity deli ved from this data 
set will be inherently high. 

The balance of the bedrock monitoling wells have long open intervals that provide a vertically 
averaged hydraulic conductivity. This is also true of the water supply wells. 

1.5 Historical Water Levels Changes 

Water level data from the initial period of si te operations in the 1950s and 1960s is limited to 
infrequent measurements from the water supply wells. A contour plan showing water level 
elevations in site water supply wells during 1957 and 1958 is shown in Figure 1.8. 

- -, 

~;-
--,~' .--..-" <_.-...., 

Figure 1.8. SSFL Water Level Elevations, 1957-[958 (GWRc' 1998) 

.., ," ....... J ........... - f~·j 
_ ,. .J 

-~'~. : L."'- \, . , . ') 
.- ....... 

(I~' ' __ . _ "-= ..-=..::...:... : - _7"~L~·· 

Water level elevations depicted in Figure 9 reflect the early influence of pumping at SSFL. which 
peaked in 1958. Water level measurements taken from water supply wells in the early 1960s 
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I 
I 

I 
I 

show water level declines of up to 500 feet near WS-S and WS-6. A report by GWRC C20(0) 
detailing early water levels and well pumping is included in Appendix C. 

Groundwater withdrawal at SSFL ceased irr the late 1960s and was not reportedly resumed urrtil 
1984. Water leve[s at the site would have undoubtedly rebounded during the extended penod of 
non-pumping, but consistent water level measurements were not taken until 1986, two years after 
pumping resumed at WS-S and WS-13. An estimate of site-wide water level decline between 
1954 and 1997 is included as Figure 1.9. 

.-.--" 

-"fH/. 

~IH':::.:1 [ 

Figure [.9. Observed water level changes 1954-[997. CGWRC, [998) 

1.6 Pumping Well Water Level Changes 

Water levels have been recorded in the water supply wells since the mid-1980s. Water level 
declines in wells WS-5, 6 and 9a are included as Figures 1. [OA-C below. 

HO -,-------INS-5 (GS 1830 ft) ------------------1- 1600 

... - .Qf.Q1b. 
---' 57' 1500 

1 JOO 

1200 

- '----- TD 2.304 ft 
IJ:::: 

100 

120 

Figure I. lOA WS-5 water levels and pumplIlg rates 1984-1998. 
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Figure 1.6. Overburden and Bedrock Well Installation at SSFL Since 1984 

The majority of the 104 bedrock wells installed at SS FL are single well completions. The open 
intervals of the wells range from SO to over 600 feet, as shown in Figure 1.7. 
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Figure 1.7. Open Intervals of S5 FL Bedrock Monitoring Wells in Feet 
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I 
I 2.5 X 10-5 em/sec for the ridge. Increasing the recharge rate to 20 percent results in bulk hydraulic 

conductivity estimates of 2.5 x 10 5 em/sec and 5 x 10-5 em/sec, respectively_ 

I 2.3 Hydrogeologic Properties of SSFL Rock Core 

Laboratory testing of rock core obtained from wells installed at 55FL has been performed to determine 

I hydrogeologic properties including matrix hydraulic conducti vity, and matrix porosity. Results of these 
analyses are discussed below. 

I 2.3.1 Matrix Hydraulic Conductivity 

I 
I 

Intrinsic permeability data were used to estimate the hydraulic conductivities of the core samples and 
the results are included with the measured porosity data in Table 2.1. The hydraulic conductivity 
obtained from laboratory analysis of 21 samples of rock core from wells drilled at 55FL and ranged 
from 8.5 x 10-11 em/sec to 1.7 x 10-4 em/sec. The geometric mean hydraulic conductivity is 1.7 x 10"6 
em/sec, which is about one order of magnitude lower than the bulk hydraulic estimated based on the 
position of the water table beneath the mountain, as described above. 

SANDSTONE SAMPLES I Well 

RD-45A 

I 
RD-46B 

I
 
I
 
I
 

RD-49

I 
RD-55 

I RD-54C 

Depth (ft) Porosity % K (em/sec) 

114.0-115.0 11.9 1.6 x 10-j) 
209.0·210.0 12.5 1.1 x 10-5 

272.5-274.0 13.1 1.5 x 10-5 

24.0-24.2 21.0 1.1 x 10 --4 
49.1-50.2 13.2 6.0 x 10-5 

70.0-70.5 11.9 3.6 x 10'~ 

105.2-105.6 15.2 1.7 x 10-6 

140.5-140.9 13.5 1.6 x 10 -5 

177.9-178.2 13.6 7.2 x 10-j) 
210.2-210.5 12.2 5.6 x 10-..(, 

292.4-292.7 15.4 1.2 x 10--4 
358.3-358.6 15.0 6.3 x 10-j) 
304.7- 304.9 13.8 1.9 x 10-j) 

62.8-64.0 13.4 2.0 x 10-j) 
68.5-70.0 10.8 1.5 x 10-j) 

, 

76.4·78.0 15.9 6.8 x 10-j) 
90.0-91.0 13.3 1.1 x 10 -5 

28.0-29.1 13.4 1.6 x 10-j) 

Geometric Mean 7.4x10-j) 

I SHALE/SILTSTONE SAMPLES 
8.5 x 10 -11RD-45A 40.3-41.0 6.6 

I 
RD-55 26.5-28.0 10.6 6.4 x 10-9 

46.0-47.0 11.4 2.5 x 10 -to 

Table 2.1. Hydrogeologic Properties of 55FL Rock Core 

I A frequency distribution of matrix hydraulic conductivities is shown in Figure 2.3. 

I
 
I
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I 

Figure 2.5 Hydraulic Conductivity from Packer Testing.

I 2.5 Hydraulic Conductivity from Pumping Tests 

I Pumping tests have been conducted on the majority of the water supply and bedrock monitoring wells at 

I 
SS FL since the mid-1980s. Single well pumping tests were conducted on most of the wells with a typical 
duration ranging from one hour to one day, There were 20 tests (out of the approximately 100 single well 
pumping tests) where a marginal now rate could not be sustained or thc water level decline was very 
rapid. Water level recovery data is available for thcse wells, but in many cases it is difficult to analyzc 
because the actual yield of the well could not be determined or the slope of the water level reeovcry curve 
is nearly vertical. A value of 1 x L0 6 cm/sec was assumed for these wells, although the actual hydraulic 

I conductivity is probably lower in many cases. The water level recovery plots for these wells are included 
in Appendix D. 

I The single well tests werc analyzed using the Jacob-Coopcr mcthod for drawdown and recovery data and 

I 
the data are plotted in Appendix D. There are data from ahout 2{) additional wells that were not analyzed 
for hydraulic conductivity due to a valiety of factors. These factors include thc obvious influence of 
ncarby streams or other pumping wells, a lack of stabilization in the rate of water level decline during the 

I 
test, non""unifonn responses to pumping, or highly vmiable pumping rates. In alL data from 57 single 
well tests were analY7.ed for hydraulic conducti vity. These wells are distributed across the SS FL at the 
locations shown in Figure 2.6. 

I 
Longer duration multi-well pumping tests were conducted at three locations on the site: the RD-73 area in 
the northeastern portion of the site: at RD-63: and at RD-9. Data from these tests were analyzed using 
distance drawclown methods and the analyses are plotted in Appendix D. [n all. 18 wells were evaluated 
during the lllulti~well testing, as shown in Figure 2.6. 

I
 
I
 

2.4 Hydraulic Conductivity from Packer Testing 

Packer testing was conducted at the RD-35 and RD~46 locations to aid in the selection of screened intervals. 
The test intervals were selected based on geophysical logs and well yields during drilling, with the test 
zones biased to areas of likely or observed water production (and correspondingly elevated hydraulic 
conductivity). The hydraulic conductivity for the II tests ranged from to-7 em/sec to to-4 cm/sec, with a 
geometric mean of 4.5 x to-S ern/scc, consistent with the estimated bulk hydraulic conductivity for the 
mountain. This is about one ordcr of magnitude greater than the matrix values shown in Section 2.3, 
indicating the in±1uence of the fracture network on hydraulic conductivity. A frequency distribution of 
packer test hydraulic conducti vity data is shown in Figure 2.5. 
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2.5.1 Single Well Pumping Tests 

Sixty-five single well pumping tests were analyzed to estimate formation hydraulic conductivity and 
the test data are included in Appendix 0, Test Results for the Sandstone I wells are summarized in 
Table 22. 

Boeing Santa Susana Field Laboratory 
HydraUlic Conductivities Estimated from Short-Duration, Single Well Pumping Tests 

Part 1 • Wells Completed in Sandstone 1 

Transmissivity 
Approximate 

Well Date of Q Duration Pump or 
~s (feet) T=264"Q/~s 

Hydraulic 
Test (gpm) (min) Recovery 

(gpd/ft) 
Conductivity-

K (em/sec) 
RD - 1 7/14/1986 25.0 120 P 8.5 776 1.2E-04 
RD - 1 7/14/1986 25.0 120 R 100 660 10E-04 
RD - 2 12/3/1985 33,0 135 P 40 2178 4.0E-04 
RD - 2 12/3/1985 33,0 135 R 5.2 1675 3,1 E-04 
RD- SA 3/17/1993 4,8 115 P 3.0 422 2.5E-04 
RD- SA 3/17/1993 4,8 115 R 3.8 333 2,OE-04 
RD - 5B 5/19/1993 11,0 300 P 500 58 1,1 E-05 
RD - 5B 5/19/1993 11,0 300 R 72,0 40 7.9E-06 
RD- 5C 6/29/1994 25.0 130 P 460 143 17E-05 
RD - 5C 6/29/1994 25.0 130 R 57,5 115 1,3E-05 
RD - 31 9/26/1989 24,0 180 P 102 621 5,5E-04 
RD - 31 9/26/1989 240 180 P 10,0 634 5.6E-04 
RD - 32 5/5/1994 7.7 160 P 2.5 813 3.2E-04 
RD - 32 5/5/1994 7.7 160 R 1.7 1196 4.7E-04 
RD - 35 2/5/1993 3.5 240 P 3.4 272 2.6E-04 
RD - 35 2/5/1993 3.5 240 R 2.6 355 3.4E-04 
RD - 36B 3/18/1994 6.2 180 p 8.5 193 1.9E-04 
RD - 36B 3/18/1994 6.2 180 R 4.1 399 4.0E-04 
RD - 39 2/25/1994 5,0 165 P 12.4 106 1.4E-04 
RD - 39 2/25/1994 50 165 R 8.8 150 2,OE-04 
RD - 44 3/20/1993 2.8 240 P 7.4 100 81 E-05 
RD - 44 3/20/1993 28 240 R 10.5 70 5,7E-05 
RD - 47 4/15/1993 2,2 180 P 12 484 21E-04 
RD - 47 4/15/1993 22 180 R 1.1 528 2.3E-04 
RD - 49A 6/17/1993 2,0 45 P 35.0 15 21 E-05 
RD - 49A 6/17/1993 2,0 45 R 32,0 17 2.2E-05 
RD - 49C 8/22/1993 9.5 120 P 1.4 1791 4,5E-04 
RD - 52A 2/2/1993 6.2 240 P 8.8 186 2.0E-04 
RD - 52C 12/9/1993 70 210 P 70.1 26 30E-06 
RD - 52C 12/9/1993 7.0 210 R 119.4 15 18E-06 
RD - 55A 4/16/1993 6.8 300 P 4.5 399 19E-04 
RD - 55A 4/16/1993 68 300 R 7,2 249 1.2E-04 
RD - 55B 4/23/1993 27 100 P 230.0 3 6,8E-07 
RD - 558 4/23/1993 2.7 100 R 75,0 10 21E-06 
RD - 588 9/11/1994 7,0 180 P 67 276 8.0E-05 
RD - 58B 9/11/1994 7,0 180 R 5.9 313 9,OE-05 

S - 4A 4/23/1985 300 210 P 30.0 264 6.4E-05 
S - 5 12/4/1985 5300 80 R 10,5 13326 3.1 E-04 
S - 8 8/22/1985 52.5 300 R 70 99 1.9E-05 
S - 9 8/21/1985 49,0 465 R 70.0 185 5.lE-06 
S - 11 8/23/1985 23 515 R 218 27.9 2.0E-06 
S - 13 2/3/1968 294,0 360 P 4,9 15840 9,oE-04 
S - 14 11/15/1985 48.0 450 P 8.0 1584 7,8E-05 

Non-Productive Wells: RD-36A, 36C, 40, 41A, 418. 41C. 42, 558 <10E-6 

Geometric Mean" 2.6E-05 
"Note: For wells with pumping and recovery data, only recovery data used in qeometric mean 

Table 2.2 Hydraulic Conductivity Estimates For Sandstone I Wells From Single Well 
Pumping Tests. 

The estimated geometric mean of the 35 Sandstone I wells tested was 2.6 x 10-5 em/sec, assuming the 
hydraulic conductivity of the non-yielding wells was 1 x 10-6 em/sec. Of the eight wells noted in 
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There are a limited number of wells installed in the Lower Chatsworth Formation, as shown on Figure 
2.2. The results of the single well pumping tests for Lower Chatsworth Fomlation wells in included 
in Table 2.4. 

Boeing Santa Susana Field Laboratory 
Hydraulic Conductivities Estimated from Short-Duration Pumping Tests 

Part 3: Wells Completed in Lower Chatsworth Formation 

Transmissivity 
Approximate 

Well Date of Q Duration Pump or 
M (feet) T=264*Q/~s 

Hydraulic 
Test (gpm) (min) Recovery Conductivity-K

(gpd/ft) 
(em/sec) 

RD - 438 11/4/1994 9.3 190 P 1.7 1444 3.5E-04 
RD - 438 11/4/1994 9.3 190 R 1.4 1754 43E-04 
RD ~ 46 2/4/1993 22 240 R 1.2 484 3.1 E-04 
RD - 488 6/17/1993 1.5 115 P 950 4 1.6E-06 
RD" 48C 5/20/1993 50.0 170 P 4.6 2870 5.0E-04 
RD - 48C 5/20/1993 50.0 170 R 5.0 2640 4.6E-04 
RD - 62 5/18/1994 60 128 P 0.7 2263 27E-03 
RD - 62 5/18/1994 60 128 R 0.7 2263 2.7E-03 

Non-Productive Wells: RD-43A. 48A, 61 <10E-6 

Geometric Mean 2.7E-05 
"Note: For wells with oumpinq and recovery data. only recovery data used in aeometric mear' 

Table 2.4 Hydraulic Conductivity Estimates For Lower Chatsworth Fonnation Wells From 
Single Well Pumping Tests. 

The geometric mean estimated for the eight single-well pumping tests conducted in the Lower 
Chatsworth Formation is 2.7 x 10' cm/sec. The three wells in the I ,ower Chatsworth Formation that 
did not yield sufficient water to allow testing, RD-43A. 48A and 61. are noted in Table 2.4. RD-61 is 
located on or immediately adjacent to the Coca FaLtlL 

2.5.2 Multi-Well Pumping Tests 

Three multi-well pumping tests were analyzed to estimate hydraulic conductivity and storage 
coefficient and the results are included in Appendix D, Test results for each of the multi-well tests 
are summarized below. 

The RD-73 pumping test was conducted over a 90-day interval from 27 May to 18 August 1997. The 
well was pum ped at a rate of about 2.7 gpm and water levels were measured in wells RD-73. 3 I . 35 
and 53. and in HAR-l and WS-14 beginning on 27 May. Water level measurements were also 
obtained from HAR-16 beginning several weeks after pumping started. A pre-pumping static water 
level was not available for thIS well and water level response data was not analyzed. The locations of 
the pumping and observation wells are shown in Figure 2.7, 
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Figure 2.7 Location of RD-7:1 Pumping Test and Observation Wells 

Indi vidual water level response graph for RD-31, 35, 53 and 7:1 and HAR-I and 2S are included in
 
Appendix D. The distance-drawdown plot for the test in shown in Figure 2.8.
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I Figure 2.8 Distance-Drawdown Plot For RD-7:1 Pumping Test. 

I
 
Document Provided and Located on: 
 http://www.RocketdyneWatch.org

19


I
 



.:~ 

Shear Zone 

"~--:-.,~~:.::;:~' .~~'-==:;"'--==<=-~~~",_"i.:::,~Z' 
"I 's .'1' ' ..' ~-. :0--' /'---","

Water levels in WS-14 did not respond to pumping from RD-n. WS-14 is located on the opposite 
side of the Shear Zone, 2S shown in figure 2.7. The results of the RD-n pumping test are 
summarized in Table 2.5. 

Well/Analysis 
Transmissivity 

T=264*Q/Lis 
(gpd/ft) 

Approximate 
Hydraulic 

Co ndu ctivity-
K {em/sec! 

Estimated 
Storage 

Coefficient 

RD- 73 188 7.3E-05 NA 
RD- 53 1697 66E-04 3.1 E-04 
RD- 31 123 4.8E-05 1.1 E-03 
RD- 35 204 7.9E-05 4.2E-03 

HAR- 25 137 5.3E-05 2.7E-03 
HAR- 1 310 1.2E-04 4.0E-04 

Distance-Orawdown 510 2.0E~04 2.7E-04 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I The drawdown pattern resulting from the 90-day pumping test on RD·73 (Figure 2.9) indicates an 

I 
apparerrt elevation in hydraulic conductivity parallel to the strike of the Chatsworth Forrnation. 
Drawdown appears to truncate at the shear zone to the west, and at the Happy Valley Fault to the 
south. The slope of the cone of depression also appears to increase to the southeast opposite the 
direction of dip of the formation. This suggests the hydraulic conducti vity of the Chatsworth 

I 
Formation is lower parallel to dip, which is consistent with the behavior of most sedimentary rock 
aquifers. 
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Table 2.5 RD-73 Pumping Test Results. 

The hydraulic conductivities estimated from the R[)."73 pumping test are corrsisterrt with those 
measured for Sandstone I, as shown in Table 2.2. The estimated storage coefficient indicates the 
bedrock system in the northeast corner of SSFL behaves as confined system even though the hed:'ock 
wells are under water table conditions. This apparent confined behavior results from the very low 
effecti ve porosity of the fracture network thar dominates the transmission of the hydraulic stress 
induced by pumping. The observed drawclown at the end of the testing period is plotted on Figure 
2.9. 
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Figure 2.9 Observed Drawdown After 90 Days Of Pumping At RD-7J 



A 47-day pumping test was conducted on RD-63 from 25 April to II June 1996 at a flow rate of 1.7 
gpm. Water levels were monitored in wells RD-17, 18. 19.27.28.30. 34A. 348. 34C. and 63 
beginning on 22 April and weekly after the test began on 25 April. A response to pumping was noted 
in the majority of the wells. as shown in Figure 2.10. 
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Figure 2.10 Water Level Observations During RD-63 Pumping Test. 

Obvious drawdown and recovery was noted in wells RD-30. 34A. 34B and 34C (not plotted) during 
the test. NOffiwl water level fluctuations appear to have obscured the impact of pumping on the 
remainder of the wells monitored. but inflections in the trend of the water levels was noted in all the 
wells at the beginning and end of the test. Accordingly, the water level responses in all of the wells 
indicate the fracture network in the north-central ponion of SSFL is well connected. as exhibited by 
the spatial distribution of the monitoring wells that responded to pumping from RD-63. It should be 
noted that other wells in the area may have responded. but water levels were onl;,¥obtained for those 
wells indicated. Only those wells that exhibited obvious drawdown throughout the test were 
evaluated to estimate hydraulic properties and the results are shown in Table 2.6. 
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i 

Formation INumber of i Number of IRange of Storage 
Wells IGeometric Mean Non : Coefficient, S 

Tested K (em/sec) YieldingI 

! Wells i 
I "'~l 

I Sandstone I " 41 I 3.4xlO' 8 [, 0.00027 - 0.0042 i......_.-.--l-- 1..__ .. -,,,.~ ..__._ ... ,, 

I Sandstone 2 ~ 38 i 4.2 x I(r~ 9 ! 0.00025 - 0.0053 [
--1 

3 , NA .. 
I ~~t;e~~3_t~~~~ 8

871-+i ~-.}~~ [ 20 ! 0.00025 - 0.0053 ! 

Table 2.7 Summary of SSFL Pumping Test Results 

As is evident in Table 2.7. the hydraulic conductivity of Sandstone 2 is about one order of magnitude 
less than that of Sandstone 1. There were also more non-producing wells encountered in Sandstone 2. 
The hydraulic conductivity of the Lower Chatsworth Formation appears to be equivalent to that of 
Sandstone 1. but the mean was based on data from only eight wells. 

The bulk hydraulic conductivity derived from the geometric mean of 101 test results from pumping 
tests on 87 wells is 1.3 x 10' em/sec. assuming a value of I x 10.6 em/sec for the non producing 
wells. This value is comparable to the estimated hulk hydraulic conductivities necessary to maintain 
a high water table elevation on the mountain. as discussed in Section 2.2. The bulk hydraulic 
conductivity derived in Section 2.2 was 1.25 x 10-<; em/sec for the dome configuration and 2.5 x 10" 
em/sec for the ridge. based on a recharge rate of 10 percent. Increasing the recharge rate to 20 
percent resulted in bulk hydraulic conductivity estimates of 2.5 x 10-5 em/sec and 5 x 10' em/sec. 
respecti vely. 

The bulk hydraulic conductivity measured from the pumping tests assumed a value of hydraulic 
conductivity for non-producing wells of I x lO-1i cm/s. In addition. all of the well installation and 
packer testing methods employed were targeted to zones of elevated water production. and hence 
biased to zones of more elevated hydraulic conductivity. Gi ven these factors, the actual bulk 
hydraulic conductivity of the bedrock at SSFL is less than the measured value based on the 87 tested 
wells. As a result. the actual rate of annual recharge from infiltration that is required to sustain a 
groundwater mound on the mountain is probably less than lO percent of the average annual 
precipitation. 

Within the group of wells for which data was not analyzed due to the questions about data quality 
identified in Section 2.4. there are three wells (RD-04. RD~6 and WS-12) that exhibited relatively 
high yields with minimal drawdown. The available drawdown and recovery data for these wells is 
included in Appendix D. Wells RD-04 and RD-06 were not analyzed because the rate of water level 
decline had not stabilized by the end of the test. Well WS-12 was not analyzed because only recovery 
data was available and no significant residual drawdown was evident. If an approximate evaluation 
of the available data is conducted. the hydraulic conductivity derived is on the order of 10'\ em/sec. 
Of these wells. RD-04 and WS-12 are screened in Sandstone 1. and RD-06 is screened in the Lower 
Chatsworth Formation. The inclusion of these values into the data set would not materially alter the 
geometric mean. particularly in light of the large number of non-yielding. low hydraulic conductivity 
wells for which data is also not available. 
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2.5.5 Influence of Open Interval on Hydraulic Conductivity Estimates 

I The open interval of the bedrock wells at SSFL varies from about 50 to over 600 feeL as noted in 
Section I. The wells with the shortest open intervals tend to be the wells exhibiting the highest 
hydraulic conductivity. as shown in Tahle 2.8. 

I Well Group Open Interval i Geometric Mean K I 

C-----------  __-----'-(.....:.fe~t) (cm/s~cL~ 
, Monitoring Wells 0-50 

II

I 4.0 x10.4 
I 

I f..--_-=-50-=---...::...:100 . I ... 1.6 xlO"i 
, 100-200 ! 6.7 xlO·6 

! >200 7.1 X10.6 

i W;t~rS~pPJYW--ensj 580-2100!·----· 4.7 xlO"
 
Table 2.8 Hydraulic Conductivity and Open Interval
 

The apparent relationship between open interval and hydraulic conductivity results in part from the 
historical method of well installation that targeted water-producing zones for screened interval 
locations. The "first water" wells were installed in zones where sufficient hydraulic conductivity was 
encountered to allow discharge of water from the borehole during drilling. The majority of these 
wells have shorter open intervals. The deeper wells were drilled until water was produced from the 
borehole at a sufficient rate. If the hydraulic conductivity of the formation was low. a longer open 
interval was necessary to allow sufficient water production. 

2.5.6 Spatial Distribution of Hydraulic Conductivity 

The areal distribution of hydraulic conductivity at SSFL is illustrated on Figure 2.13. The spatial 
distribution indicates the predominance of low hydraulic conductivity bedrock In Sandstone 2. and 
the generally moderate hydraulic conductivity of Sandstone I. 

The marginal-yielding wells were located in two primary areas. either along major fault lineaments or 
in the far-western portion of the site. Wells installed on or immediately adjacent to the Coca Fault 
(RD-41 A. 41 B. 41 C. 42. and 61) did not yield sufficient water for testing. nor did RD-40 located on 
or adjacent to the Skyline Fault. RO-21. 22. 23, 33A. 54A and 54B are located within a few hundred 
feet of each other in an area dominated by low hydraulic conductivity bedrock. 

2.5.7 Impacts of Faults and Major Lineaments on Hydraulic Conductivity 

Several wells at SSFL have heen installed along major lineaments and known fault trends. In the case 
of the water supply wells. this was often an intentional strategy to improve the likelihood of installing 
a higher yielding well than would be anticipated in a non-faulted portion of the bedrock. The fact that 
many of the monitoring wells fall on apparent fault lineaments is probably more a result of the fact 
the lineaments are often represented on the site by broad topographic lows with easy access. 

The wells for which hydraulic conductivity data is availahle or pumping tests attempted that are 
located on or adjacent to known faults or lineaments in Sandstone I are summarized in Table 2.9. 
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Table 2.9 Hydraulic Conductivities of Wells on Known Faults or 
Lineaments in Sandstone I 

The geometric mean hydraulic conducti vity for the wells on or near known faults or linear features is 

I 1.4 x 10-5 em/sec. calculated using a value of 1.0 x 10-1i em/sec for wells that did not yield sufficient 
water to allow testing. The geometric mean of wells in Sandstone 1 not installed on or near known 

I 
faults or linear features is 4.4 x 10-5 em/sec. The geometric means and the distribution of wells shown 
on Figure 2.13 indicate wells completed on or in immediate proximity to faults or linear geologic 
features in Sandstone 1 are more likely to exhibit low hydraulic conductivity than those completed at 
distance from these features. Accordingly, the major faults at SSFL are not likely to be preferred, 
through-going groundwater now pathways. 

Water supply wells WS-2. 3.4, 4A, 12 and 14 are located on the North Fault. along with the RD-52 
cluster. Pumping test data are only available and were analyzed for WS-4A, WS-14. RD52A and 
RD~52C and the hydraulic conductivity ranges between 1.8 x 10-6 em/sec and 2.0 x 10-4 em/sec. An 
accurate estimate of the hydraulic conductivity for WS-Il is not possible based on existing data, as 
discussed in Section 2.4.3, but it is probably on the order of 10-3 em/sec. Wells WS-2. 3 and 4 were 
low yielding wells that presumably had low hydraulic conductivity. Based on these data, there is no 
consistent zone of elevated hydraulic conductivity evident along the North Fault. 

WS-IO was installed on the Coca Fault near the intersection of the Skyline Fault. The well was 
abandoned after completion in 1956 and was noted as being a "dry hole" in a 10 February 1959 
Rocketdyne generated table entitled "PFL Water Level Data". When considered together with the 
other five non-yielding monitoring wells installed along the Coca Fault, as indicated in Table 2.9, the 
Coca Fault appears to be a low hydraulic conductivity feature. 

The occurrence of elevated hydraulic conductivity in individual bedrock wells at SSFL results from 
the location-specific combination of the matrix hydraulic conductivity, which has been measured to 
be as high as 10-4 em/sec, and the degree of jointing and fracturing. This local combination of matrix 
and fracture properties results in the areal distribution of hydraulic conductivity shown on Figure 
2.13. As is evident in the figure, wells exhibiting elevated hydraulic conductivity are more likely to 
be located in areas that are devoid of known faults or linear geologic features. ilJ • 

The absence of through-going high hydraulic conductivity features at SSFL is also supported by the 
presence of high water table conditions at the site. If a through-going high hydraulic conductivity 
feature were present at SSFL the feature would act to drain the mountain. 

Well Location Estimated Hydraulic 
Conductivity (em/sec) 

WS-4A North Fault 6.4 x 105 
3.1 x 10-· 

<I.Ox 10
9.0 x 10-· 
7.8 x 10-5 

2.0 x 10'· 
7.9 x 10' 
1.3 x 10.5 

<1.0 x 10-6 

<1.0 x 10-0 

<1.0 x 10-6 
<1.0 x 10-0 

-_. 
<I.Ox 10 0 

WS~5 Shear Zone 
WS-IO Coca Fault 
WS-13 North Fault 
WS-14 North Fault 
RD-SA Burro Flats Fault 
RD-SB Burro Flats Fault 
RD-5C Burro Flats Fault 
RD-40 Skyline Fault 
RD-41A Coca Fault 
RD-4IB Coca Fault 
RD-4ICf-_. --., 

RD-42 
Coca Fault 

~ ..
Coca Fault 

RD-61 Coca Fault <1.0x 10-" 
1.4 x 10-5 

~~ 

Geometric Mean 
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I Table 2.11 Hydraulic Conductivity and Hcad Data for Cluster Wells 

I 
The hydraulic conductivity of individual wells within the well cluster data shown in Table 2.12 varies by 
up to three orders of magnitude. There are large differences in hydraulic head between some of the 

I 
intervals within a cluster, but the variation doesn't appear to coincide directly with the observed 
difference in hydraulic conductivity. The head differences may relate more to the hydraulic 
conductivities of the bedrock between the open intervals that is not screened by the wells. 

Discrete hydraulic conductivity and head data was developed for RD-35B and RD-46B as pan of the 
investigations conducted by the University of Waterloo and Colorado State University, as shown in 

Well 

Approximate 
Hydraulic 

Conductivity-K 
(em/sec) 

Static Water Level 
Elevation (11/98) 

RD- 5A 2.0E-04 1598.79 
58 79E-06 1653.18 
5C 1.3E-05 1640.11 

RD  338 1.2E-06 1503.29 
33C 5.2E-06 1504.03 

RD  34A 3.3E-05 1718.88 
348 3.1 E-06 1713.36 
34C 7.7E.Q6 1756.02 

RD  488 1.6E-06 1603.49 
48C 4.6E-04 1552.40 

RD  49A 2.2E-05 1851.02 
49C 4.5E-04 1507.04 

RD  52A 2.0E-04 1628.14 
52C 1.8E-06 1486.19 

RD  55A 1.2E-04 1746.56 
558 2.1 E-06 1717.91 

I Figures 2.14 and 2.15, respectively. 
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Frequent water level. measurements were obtained prior to shutdown, and throughout the sequential restart 
period. The observed water level recovery and drawdown trends provide inferences about natural 
hydraulic discontinuities boundat1es within the hydrogeologic system at SSFL. The locations of the 
pumping wells are shown on Figure 2.2. If a monitoring well was in hydraulic communication with one 
of the pumping wells that was shutdown, the water level would be expected to rise in response to the 
cessation of pumping. Likewise, the water Level in the monitoring well would be expected to fall when 
pumping resumed. The response of site monitoring wells to the shutdown and restart of pumping is noted 
on Figure 2.16. 

Wells to the north of the Happy Valley Fault/Happy Valley Shale and to the east of the shear zone did not 
respond to the cessation or restart of pumping. None of the pumping wells arc located in the area to the 
north of the Happy Valley Fault/Happy Valley Shale and to the east of the shear zone. 

To the south of the Happy Valley Fault, RD-lO was the only well that appeared to respond to the restart 
of RD-l, while only RD-44 appeared to respond to the restart of RD-2. Well RD-l did not rcs pond to the 
restart of RD-2 or WS-5, and RD-2 did not respond to either RD-l or WS-S. It is possible that the Happy 
Valley Shale isolates RD-2 from RD-l. 

The only well that apparently responded to the restart of WS~S was RD-4SC. as noted on the hydrographs 
in Appendix E. The fact that RD-45A and RD-458 did not respond to the restart of WS.s is likely the 
result of the screened interval placement of the wells relative to the Happy Valley Shale, as shown in 
Figure 2.17. 
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Figure 2.17 Screened Intervals of RD-45 Cluster and WS-S 
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Although RD-4SC is screened below the Happy Valley Shale and responded to the restart of WS-5. RD-2. 
which also l!1stalled stratigraphically below the shale, did not. Wells west of the Shear Zone did not 
appear to respond to the restart of WS-S either. 

The response of wells in the central portion of the site is illustrated in detail in the well hydrographs 
included in Appendix E. Wells RD-47, RD-4SA, RD-4SB and RD-4 respond to the shutdown and restart 
of WS-6 on July 19111 

• Wells along the North Fault (WS-4!\, WS-12 and WS-14) did not appear to 
respond immediately to the shutdown of WS-S or WS-6, but water levels in these wells did begin to rise 
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five to seven days later. Water !c,e!measurements were only obtained for 3 days after the restart of WS
5, and no response was evident in WS-4A. WS-12 and WS-14. 

Wells in Sandstone 2 did not respond to the shutdown of pumping wells in Sandstone 1. Wells RD-30 
and RD-348 responded to the cessation of pumping at RD-63, consistent with the results of the RD-63 
pumping test. WS-SP responded to the shutdown and restart of RD-9, but there was no response in other 
wells in Sandstone 2. 

Wells south of the Coca Fault did not respond to the shutdown of the pumping wells to the north. WS-5A 
responded to WS-9A, but other nearby wells to the east and west did not. There was no apparent 
response of any of the wells in the lower Chatsworth Formation south of the Coca fault to the cessation of 
pumpmg. 

In summary, the following conclusions can be drawn from the hydraulic communication study: 

• The hydraulic impact of the cessation and restart of pumping does not appear to have been 
transmitted across the Shear Zone. the Coca Fault. the Happy Valley Shale/Happy Valley Fault, 
or Shale 2 which lies stratigraphically between Sandstone I and Sandstone 2. 

• Wells along major stlllctural features did not show a preferential response to the shutdown and 
restart of the pumping wells. In fact. the only wells in which a response was obvious were those 
located at distance from any known structural feature or observed linear feature. 

• For wells installed in Sandstone I north of the Coca fault. west of the Shear Zone and east of 
Shale 2, the impact of the cessation and restart of pumping was evident in monitOling wells 
located at distances of up to 2,000 feet from the pumping wells. 

• The hydraulic effect of the cessation or pumping in Sandstone 2 was only evident a rew hundred 
feet from the pumping wells. The difference in response compared to Sandstone I is most likcl y 
due to the lower hydraulic conductivity of the fonnation. 

2.8 Observed Water Level Offsets at Major Geologic Features 

Significant water level offsets are evident at SS FL coincident with the Shear Zone, Shale 2 and Shale :1. 
The water level conditions across the shear zone in tbe northeastern corner of the site are depicted in Figure 
2.18. 
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Figure 2.18 Water Level Offset Across Shear /,one 

I The water level offset across the shear zone creates a substantial groundwater gradient to the west. If 
groundwater now occurred from east to west across the Shear Zone, contamination from the RD-35 area 

I
 would be expected to migrate to the vicinity of WS-14. ContamilHuion has not been detected in WS-14.
 

I 
[n order to maintain the large water level offset across the Shear Zone. there must be a significant 
reduction in hydraulic conducti vity within the Shear Zone. The hydraulic conducti vity measured in wells 
on both sides of the Shear Zone is in the 10 4 to 10' cm/sec range. [n order to maintain a water level 
offset of over 200 feet, the hydraulic conductivity across the shear zone would be on the order of to,7 
cm/see. A hydraulic conductivity in this range is consistent with the lack of transmission of the Impact of 

I the cessation and restart of pumping across the shear zone during the hydraulic commLllllcation study. 

The observed water level offset across Shale 2 is evident in Figure 2.19. 
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Figure 2.19 Water Level Offset Across Shale 2 

The water level offset across Shale 2 is evident along the outcrop area of Shale 2 in the central portion of 
5SFL. The water level offset most likely results from the low hydraulic conductivity of the shale units. 
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Matlix hydraulic conductivity valucs for shale samples obtained from RD-S5 were in the 10 9 to uri) 
cm/sec range, as shown in Table 2. L The low hydraulic conductivity of Shale 2 is consistent with the 
lack of transmission of the pumping impacts duling the hydraulic communication study. 

The water level offset across shale 3 is evident in Figure 2.20. TJ1 this case, the hydraulic gradient is 
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Figure 2.20 Water Level Offset Across Shale 3 
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upward across Shale :1 because Sandstone 2 is under confined conditions as it dips beneath Shnlc :1 to the 
north and west of 5S FL. 

Water level data is limited along the north side of the Coca Fault, so that direct evidence of sign ificant 
water level offset across the Coca Fault is not available. Indirect evidence In the form of a long-term 
water level response to pumping is included as Figure 1.10. Drawdown resulting from pumping in the 
central portion of S5FL appears to terminate at the Coca Fault, Shale 2. and tIle Shenr zone. There is 
some amount of water level decline shown west of Shale 2 in Figure I. 10, but that results from the fact 
that WS-I:1 is located to the west of the Shale 2 contact but is actually screened into Sandstone I. There 
is also water level decline noted to the west of the Shear Zone near W5-5, but that may result from the 
long term pumping of RD-I and RD-2. 

Due to their low hydraulic conductivity. the Shear Zone, Shale 2, Shale 3 and the Coca Fault appear to act 
as aquitards that restlict groundwater now at SSFL. 

2.9 Correlations in Water Levels Between Wells 

The elevation of the water table at a site is a function of many factors including the formation hydraulic 
conductivity and storage coefficient, infiltration from precipitation, the innuence of pumping wells or 
nearby streams, and geologic discontinuities in a groundwater system. Wells at a gi ven site arc expected 
to respond in a similar manner to similar hydrologic stimuli. Notable variations in the t1uctuations of the 
water table may result from local differences in recharge. pumping, and the presence of hydrogeologic 
discontinuities within a groundwater system. Water level hydmgraphs for several wells at SSFL are 
potted in Figure 2.21. 
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Figure 2.2l Water Level Fluctuations in Selected SSFL Wells 

Some of the wells represented by the selected water level hydrographs shown in Figure 2.21 appear to 
show similar water level trends. while others appear quite distinct. In order to evaluate the similarities 
and differences in water level trends between wells 011 site, a water level correlation analysis was 
performed using neighboring well pairs. Correlegrarns were prepared for about 120 neighboring well 
pairs, and the correlation coefficient and variance explained CR2,,) were calculated. The value of R2 was 
adjusted for sample size. Example correlegrams are shown in Figure 2.22. 
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FIgure 2.22 Water Level Correlgrams of WS-12 vs WS-13 and RD-I 0 vs RD~31 

The calculated R" values for each of the well pairs analyzed in included in Appendix F. The relative 
degree of correlation in water levels between analyzed well pairs is illustrated on Figure 2.23. 

The water levels in the central portion of SSFL appear to be well correlated, but there is no apparent 
correlation across the Shear Zone or the Coca fault. There appears to be some degree of correlation in 
water levels across Shale 2 in the northern portion of the site. but this is a result of the correlation in water 
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I levels between WS--13 and water levels in wells completed in Sandstone I. WS-13 is installed to tht' \.vcst 
of the Shale 2 outcrop area, but is screen~d in Sandstone I, as illustrated in Figure 2,24 

I
 
I
 

Figure 2.24 Screened Interval of WS-13 

Water levels in the northeastem portion of the site appear well cOlTelatecL but there is no apparent 
correlation In water levels across the Happy Valley Shale/Happy Valley Fault to the south. The degn'(' 11f 
correlation appears greatest along a trend parallel to strike, consistent with the results of the RD-73 
pumping test described in Section 2.5. 

Water levels in wells installed in Sandstone 2 do not appear to correlate over large distances. probabl \ 
reneeting the low hydraulic eonducti vity of the unit. 

2.l0 Summary of 88FL Chatsworth Formation Hydrogeology 

The hydrogeology of the Chatsworth Formation can be summarized as follows: 

2.10.1 Stratigraphic Considerations 

•	 The Chatsworth Formation beneath SSFL is composed of interbedded sandstone and muc!st(lili' 
(shale) units with distinct hydrogeologic propertics, 

•	 The matrix hydraulic conducti vity of 18 sandstone samples ranged between 1O,Ii cm/see and III 

em/sec, while the matrix hydraulic conductivity of three mudstone samples was measured 
between 10 Il em/sec and 10'9 cm/see. 

•	 The Upper Chatsworth Formation underlying is composed of two primary sandstone units. 
Sandstone 1 and Sandstone 2 that are hydrogeologically distinct. 

•	 Sandstone 1 exhibits a geometric mean hydraulic conductivity of about 3.4 x I(Y' cm/see, willi 
values measured in wells ranging from 10 Ii cm/sec to 10-4 cm/sec. There were 8 wells in 
Sandstone 1 that did not yield sufficient water to allow testing, and these wells are consttLrctc,! In 
bedrock with an hydraulic conductivity that is probably less than 1 x 1((; em/sec. There wen' 
also two wells in Sandstone 1 that had relatively high water yields but with minimal drawdov\11 
during testing, such that the data coulc! not be readily analyzed. The hydraulic conductivity 1,1 Ihe 

bedrock screened by these wells is likely on the order of 10'.1 cm/sec 

:II	 Sandstone 2 is stratigraphically above Sandstone I and exhibits a geometric mean hydraulic 
conducti vity of about 4,2 x 10 Ii em/sec. Measured values of hydraulic conductivity from 
pumping tests ranged between 1(}7 cm/sec and 10'5 cm/sec. There were 9 wells in Sandstone .~ 
that diclnot yield sufficient water to allow testing, with a probable hydraulic conductivity of k"~ 

than 1 x 10 Ii em/sec. 
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•	 Sandstone Land Sandstone 2 are separated by a continuous, through-going shale identified as 
ShaLe 2. Sandstone 2 is abounded above by Shale 3. 

•	 Shale 2 and Shale 3 have very low hydraulic conductivities, as evidenced by significant water 
level differences across the units. They act as site-wide aquitards to groundwater flow. 

•	 There are several smaller, discontinuous shale beds within Sandstone 1 that probably exert a 
localized int1uence on groundwater t1ow. The most notable of these units are Shale 1 that extends 
to the northeast from the Coca Fault to the vicinity of RD-47; the Happy Valley Shale that 
extends to the northeast from the Shear Zone to the vicinity of RD-lO; and a unit that extends to 
the northeast from the Burro Flats Fault and truncates at the Skyline Fault in the vicinity of RD
40. 

•	 The storage coefficient derived from multi-well pumping tests on Sandstone Land Sandstone 2 
ranged between 0.00025 and 0.0053. This low coefficient of storage is consistent with large 
observed water level nuctuations observed in hedroek wells and the Low rate of groundwater 
recharge, 

•	 The Lower Chatsworth Formation lies stratigraphically beneath Sandstone 1 and outcrops in the 
eastern portion of the SSFL. Hydraulic conductivity data are available for 5 wells and ranged 
between to-ii cm/sec and to-3 em/sec, with a geometric mean of 2.7 x lCr' cm/sec. There were 
three wells in the Lower Chatsworth Formation that did not yield sufficient water to allow testing, 
with a probable hydraulic conductivity of less than 1 x 10-6 cm/sec. 

2.10.2 Structural Considerations 

•	 The Shear Zone that trends from southwest to northeast in the eastern portion of the site acts as an 
aquitard that limits the lateral migration of groundwater across the structure. The low hydraulic 
conductivity of the feature is demonstrated by the more than 200 feet of water level offset that has 
been induced across it. and by the lack of response to pumping across the structure. 

I 
• The Coca Fault that trends from east to west across the southern portion of the site also acts as an 

aquitard. Five wells installed on or immediately adjacent to the structure did not yield sufficient 
water to facilitate hydraulic conductivity testing, and the impacts of pumping do not appear to be 
transmitted across the fault. 

I	 • The available site data do not support the existence of through-going structural features that could 
act as preferred groundwater flow pathways. The areal distribution of hydraulic conductivity at 

I	 SSFL indicates that the major structural features are more likely to be zones of 
lower hydraulic conductivity. The hydraulic conductivity observed at each location is a 
combination of the matrix hydraulic conductivity (which has been measured at up to 10-4 cm/sec) 
and the local degree of fracturing. Although elevated hydraulic conductivity has been observed at 

I some locations, it does not appear to occur in laterally continuous zones. 

2.10.3 Inter·connection of the Fracture Network 

I 
I • Multi-well pumping tests conducted at SSFL indicate the fracture network between the identified 

aquitards (Shear Zone, Coca Fault, Shale 2 and Shale 3) is well connected. Responses to 
pumping from wells in Sandstone I have been observed at distances of over 2,000 feet, while the 
areal response to pumping in Sandstone 2 has been somewhat less. The difference in response 
probably renects the lower hydraulic conductivity of Sandstone 2. 

I 
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I 
I 3,0 DELINATION OF GROUNDWATER. U~TrS AT SSFL 

I 
Several stratigraphic and structural geologic features at SSFL behave as aquitards, namely Shale 2, Shale 3, 
the Shear Zone, and the Coca Fault, as discussed in Section 2. The Happy Valley Fault and the Happy 

I 
Valley Shale may act together to isolate the areas to the north and south. When taken together, these 
features act to compartmentalize groundwater tlow at SSFL and are depicted on Figure 3.1. Pumping tests 
and the long-tem1 water level responsc to groundwater withdrawal indicate the fracture network between 
these major features is inter-connected. Accordingly, the groundwater system in the Chatsworth Formation 

I 
beneath SSFL can bc divided into discrete units bounded by the stratigraphic and stmctural geologic 
features depicted on Fi gure 3.1. 

3,1 Groundwater Unit lA 

Groundwater Unit IA complises the northeastern portion of SSFL as shown on Figure 3.1. The unit is 
bounded by Shear Zone on west, thc Happy Vallcy Fault/Happy Valley Shale on the south, and may be 
bounded at dcpth and on the east by the northeastward extension of the Happy Valley Shale. The elevation 

I of the water level measured in monitOling wells in Unit IA is depicted on Figure 3.2. 
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Figure 3.2 Water Level Elevations in Wells in Groundwater Unit lA 

I 
I The fracture network within Groundwater Unit lA is inter-connected. based on the response to pumping 

shown in Figure 2.9 and the water level cOLTelation shown in Figure 2.21. The response to pumping from 
RD-73 indicated an increase in hydraulic conducti vi ty parallel to the stlike of the Chatsworth Formation 
and the Shear Zone, with lower hydraulic conductivity perpendicular to stlike. 

I 
The cone or depression illustrated in Figure 2.2l was gcnerated by pumping less than three gpm over a 90
day interval. TIle extensi ve areal extent of the cone of depression results from the very low storage 
coefficient of the bedrock, which is on the order of 0.000 I. 

I
 
I
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Figure 3.3 Water Levels in Wells in Groundwater Unit IB 

During the hydraulic communication study describecl in Section 2. Well RD-IO was the only well that 
appeared to respond to the restart of RD-l. Well RD-' did not respond to the restart of RD-2 or WS .. 5, and 
RD-2 did not respond to either RD-I or WS·5. ft is possible that the Happy Valley Shale isolates RD-·2 
from RD-I. 

3.3 Groundwater Unit 2 

Groundwater Unit 2 cornprises the area bounded by the Shear Zone on the east, Shale 2 on the west, and the 
Coca Fault on the south, as shown on Figure 3.1. Unit 2 is also likely bounded at depth by shales of Lower 
Chatsworth Formation. Sandstone 1 dips to the northwest beneath Shale 2, and Unit 2 has lateral continuity 
in that direction, as indicated by the response in water levels in WS-13 to pumping in Sandstone I. 

There are no wells installed south of the Shale 1 contact in the central portion or Unit 2. and the degree of 
hydraulic continuity in Unit 2 below Shale I is not known. 'rhe measured water levels in Unit 2 wells are 
shown in Figure 3.4. The lowest water levels arc observecl in the central portion of Unit 2 due to 
groundwater pumping. 

3.2 Groundwater Unit lB 

Groundwater Unit IE lies to the south of Unit IA as shown on Figure 3.1. The unit is bounded by Shear 
Zone on west, the Happy Valley Fault on the north, and may be bounded at depth and on the east by the 
major shales of the Lower Chatsworth Formation. The hydrogeologic significance of the Happy Valley 
Shale that trends through Unit 1B is not known, and well responses during the hydraulic communication 
study in 1996 were not conclusi ve. The locations of wells in Unit 1B are shown with the observed water 
levels in the wells on Figure :1.3. 
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figure 3.4 Water Level Elevations in Wells in Groundwater Unit 2 

The degree of inter-connection of the fracture network in Unit 2 is illustrated by the degree of water level 
correlation within the Unit as shown in Figure 2.22. The degree of inter-connection in UnIt 2 is also 
illustrated by the water level response to long-term pumping that is shown in Figure 3.5, 
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figure:'-5 Water Level Decline at SSFL From 1954-1997 (AJter GWRC, 1998) 

The apparent water level decline that extends to the north of the Shale 2 contact retlects the water levels 
measured in WS-12 and WS-13 that are screened throungh Sandstone 2 Into Sandstone 1. The water level 
decline observed to the east of the Shear Zone results from the operation of RD-I and RD-2 as pumping 
wells since the late 1980s. The boundary conditions at the Contact with Sha1c 2 are illustrated in Figure 
3.6. 
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Figure 1.6 Water Level Conditions at Groundwater Unit 2 Contact 
with Shale 2. 

The boundary conditions at the contact with the Shear Zone in the northeastern portion of Unit 2 are shown 
tn Figure 3.7. 
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Figure 3.7 Water Level Conditions at Groundwater Unit 2 Contact with the Shear Zone 
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3.4 Groundwater Unit 3
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The gradient of the water level elevation sult'ace steepens to the northwest. This likely results from the
 
drop-off in surface topography and a reduction in hydraulic conductivity perpendicular to the stnke of thc
 
Chatsworth Formation. The water level elevation contours are more closely spaced in Groundwater Unit 3
 
as a result of the order of magnitude lower hydraulic conductivity 01' Sandstone 2 compared to Sandstone l.
 
The boundary conditions created by the Shales 2 and :'1 contacts are shown in Figure 3.9.
 

Groundwater Unit 3 consists of Sandstone 2 and is bounded by Shale 2 on the east and. Shale 3 on the west. 
Sandstone 2 dips to the northwest beneath Shale 3, and Unit 3 has lateral continuity in that directiori, as 
indicated by the artesian water levels observed in the RD-59 well cluster. The water levels observed in 
Groundwater Unit 3 are shown in Figure 3.8. 
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Figure 3.8 Water Levels Measured in Wells in Groundwater Unit 3. 
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Figure 3.9 Water Level Conditions at Shale 2 and Shale 3 Boundaries of Groundwater Unit 3
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3.5 Groundwater Unit 4 

Groundwater Unit 4 is bounded by the Coca Fault on the rlOlth, and by the Burru Flats Fault on the south, 
Minimal well data is available south of the Burro Flats ElUlt, and the actued hydraulic chamcte:- of the fault 
is not known. The BU1TO Flats Fault was selected as the southern boundary of C'dt based on the observed 
hydraulic impact of the other major faults at SSFt. A map showing water levels measured in wells 
completed in Groundwater Unit 4 are shown in Figure 3.10. 
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Fi ve monitoling wells were installed on or immediately adjacent to the Coca Faull and did not yield 
sufficient water to allow a pumping test to be conducted. [n addition. WS·[O 'was drilled on the Faull and 
was considered a "dry hole" and was never tested. Water table conditions along the Coca Fault are depicted 
in Figure 3.11 . 
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Figure 3.11 Water Level Conditions Along the Coca FaulL 
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The wells in Unit 4 east of the Skyline Fault are all installed in or stratigraphically below the shales of the 
Lower Chatsworth Formaticn. as shown on Figure 3. [, It is possible that groundwater now within Unit 4 is 
further segmented by a combination of these shales. the Skyline fault, ane! the shale that runs northeasterly 
from the Burro Flats fault to the vicinity of RD-40 and the Skyline Fault. 

3.6 SSFL Site Water Levels 

An integrated map showing water level elevations in wells on the S5 FL was prepared hased on the 
groundwater unit boundaries desClibecl above ane! is included as Figure 3.12. The discontinui ties in water 
level elevation contours retlect the presence of aquitards wlthin the groundwater system at SSFL. 

t
 

Figure 3. [2 Water Levels Measured in SSFL Wells 
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Figure 4.1 Conceptual View of SSFL Groundwater 

4.0 GROlUNDWATER :FLOW CONDITIONS AT SSFL 

Groundwater now in the Chatsworth Formation at 5S FL occurs within a fractured bedrock system that 
exhlbits that contains a high degree of variabiiity. Matrix hydraulic conductivity was measured in 21 
samples of rock core and ranged between 10 1.[ cm/sec and 10-4 em/sec. The hydraulic conductivity 
measured from pumping tests on monitoring and water supply wells in the Chatsworth Formation ranged 7 1 
between 10- em/sec and 10- ern/sec. Fracture spacing also valies across the site, within individual beds, 
and between Sandstone I and Sandstone 2. Superimposed on this villiable groundwater system is a 
combination of stratigraphic and structural features that act as aquitards to disrupt groundwater now. The 
presence of these aquitards was the basis for dividing SSFt into five discrete groundwater units, as 
discussed in Section 3. 

4.1 Conceptual Simulation of Groundwater Flow at SSFL 

The lateral and vertical variation in hydraulic conductivity of several orders of magnitude results in a 
complex now system. To illustrate this concept. the University of Waterloo conducted a two
dimensional numerical simulation of groundwater tlow paths. The a simple conceptual model of the 
55Ft site without considering the presence of fractured rock or aquitards is shown in Figure 4.1, and a 
model that includes these features in includes as Figure 4.2. 

Flow without Fractures or Aquitards 
Figure 4.2 Conceptual View of SSFt with 
Fractures and Aquitards 

To simulate grOLlOdwater now conditions at 5S FL a model domain was selected to represent the 
groundwater mound depicted in Figures 4.1 and4.2, and the domain is illustrated rn Figure 4.3. 
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Figure 4.3 Model Domain for Simulation of Groundwater Flow 
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Model runs were conducted to simLl~atc a homogeneous groundwater system similar to that depicted in 
Figure 4.1 and the results are shown in Figure 4.4. 
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X (rn) 
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Figure 4.4 Simulated Flow Lines in a Homogeneous Groundwater System 

For the homogeneous case, the groundwater now lines follow a Lmiform pathway, and the elevation of the 
hydraulic head at any location is easily estimated. The high degree of lateral and vertical variability in 
hydraulic conductivity at SSFL, coupled with the presence of significant aquitards, make the estimation 
of groundwater flow lines far more complicated. To illustrate this point, a simulation was conducted that 
included the presence of some sloping, lower and higher hydraulic conducti vity beds in the model 
domain, as depicted in Figure 4.5. 
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::Jv](J
 

:?-50
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.-, 
EO; 150 

1-,1 
100
 

S0
 

0 

Figure 4.5	 Placement of Lower and Higher Hydraulic Ccmducti vity Beds 
in the Model Domain 

The low hydraulic conductivity beds at SSFL consist of massive throllgh-going shales as dIscussed 111 

Section 2. The beds depicted in Figure 4.5 are discontinuous. and are surrounded by higher hydraulic 
conductivity roek in order to make the simulation simpler to execute. The simulation also did not ll1c!ude 
any through-going vertical aquitards, for the same reason. The groundwater flow lines resulting from the 
conceptual model domain depicted in Figure 4.5 are shown on Figure 4.6. 
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Figure 4.6 Groundwater Flow Lines in Model Domain with Sloping Reds
 
of Lower and Higher Hydraulic Conducti vity
 

In contrast with the simplistic, homogeneous model of groundwater flow, the simulation that includes 
variable hydraulic conducti vity beds is more complex.. The distlibution of hydn1Ulic head and the 
groundwater now lines that result from the presence of variable hydraulic conducti vity strata is illustrated 
in Figure 4.7 and is an enlarged view of a portion of the model simulation. 
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Figure 4.7 Hydraulic Head Profile at X::::: 1,800 Meters 

The model simulation indicates that large variations in hydraulic head can result from the stratigraphic 
variation in hydraulic conductivity observed at SSFL. This is important when consideting the hydraulic 
head data available for the monitOling wells at SSfL the majOlity of which have long open intervals that 
cross numerous strata. 
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The actual stratigraphy at $5FL contains inter-layered and discontinuous beds that range in hydraulic 
conductivity over five or six orders of magnitude. Superimposed on this stratigraphic variability in 
hydraulic conductivity is a variably spaced fracture network and a system of aquitards complised of 
massive, through-going shales and low hydraulic conductivity structural features. Accordingly, the 
groundwater flow system that result from the site-specific combination of these factors is far more 
complex than depicted in Figures 4.6 and 4.7. 

4.2 Factors Influencing the Vnderstanding of Groundwater Flow at SSFL 

The ability to adequately describe the groundwater tlow system at SS FL requires an understanding of the 
variability of site hydraulic conductivity, sufficient monitoling well coverage and hydraulic head 
resolution. The hydraulic conductivity of the Chatsworth Formation at SSFL has been defined by more 
than 100 pumping tests. 21 analyses or rock core and I I packer tests. As a result. the overall variability 
in hydraulic conductivity at SSFL has been well defined. as shown in Table 4.1. 

~ple GrOl~p-----~mb~r of Tests I Range ofK i Geometric Mean 
(cm/sec) I K (em/sec)

i 

Matrix - S-,~~dsto~~ -t------i(rA to l(r' 7.4~ J(f!'l8 I-. ---'.~ .__...:...:::..._.------1I-----'--.:---'--.:.:......:...c....,.,.~ 
Matrix- Shale 3 I lOll to lOy i 5.1 X 10- 1

Sandsto~~lw;;& ,---41--- r J(ri> to 10---' ---.1-- ].9 x-io--)
1) 

Sandstone 2 Wells ... -1- -.-.'. 38 --r--- - IO-7tol....:.O~'--f----5-.-I-x-IO--6,,----· 

_~;l~. r;~h;~~~.lt.~-~I~.~lei-..I-sl-:.---.-...--· ..-·.-·----l~-" ~~:(; ~:-+6--~ ----L 7::: :~-:~--~~! 
.Wells off faults - s~~ __ __ 22 . 10-

6
to 10-

4 41··:.4_~Xx--II-O()-:-- -I 
All Wells____L JOI 10-7 to 1O-3 ?__.__.. i 

Packer Tests __ ... ~__ _ II ---- ---- 10 7-(;IC.=-)_4__'---__4_·...:...5_x_IO-'_...J 
Table 4.1 Summary of SSFL Hydraulic Conductivity Data 

More than 100 monitoring wells have becn installed in the Chatsworth Formation at SSFL in an effort to 
delineatc contaminant conccntrations and general groundwater conditions. The majority of thcse wells 
are single well completions with large open intervals that provide a reliable estimate of vcrtically 
averaged hydraulic conductivity. As a result, a reasonable estimate of the rate of groundwater discharge 
through the upper portion of the Chatsworth Formation can be developed from the hydraulic conductivity 
data derived from the pumping tests on the SSFL monitonng well network. 

Depth-specific hydraulic head data and information regarding the vertical variability of hydraulic 
conductivity at $SFL is available only at well cluster locations. An illustration of thc cluster well 
covcrage at SSFL is shown in Figure 4.8. Actual well locations are shown on Figure 1.1. 
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Figure 4.8 Cluster Well Coverage at SSFL 

The distribution of monitoring well clusters at SSfL is not currently adequate to define groundwater flow 
lines in each of the groundwater units identified at SSFL, patticularly when the complexity of 
groundwater flow pathways illustrated by the simulation depicted in Figure 4.6 is considered. There is a 
relatively large number of cluster wells in Groundwater Unit lA, and together with the depth-specific 
hydraulic head data developed during multi-level testing at RD-35B, provides a reasonable understanding 
of groundwater now conditions. 

4.3 Groundwater Flow within Groundwater Units at SSFL 

4.3.1 Groundwater Flow in Groundwater Unit 1 A 

Groundwater elevations in Unit lA are depicted in Figure 4.9. While the groundwater elevation 

-:. ~. 

RD-J6~ 
RD· - 6A;' '",

',LRD-J6C, 
...... r-...--, '"__

··'.'.RD·- JB 

Figure 4.9 Groundwater Elevations in Groundwater Unit IA 

data from wells suggest groundwater flow to the northeast and southeast. the distribution of 
drawdown observed during the RD-73 pumping test indicates the ptimary direction of groundwater 
now is to the northeast. This direction of now is supported by the disttibution of 'ICE in Chatsworth 
Fonnation groundwarer, which also trends to the nOitheast. 
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The geometric mean hydraulic concucti vily in from the 90-day pumping test on RD-73 was 6.7 x 10' 
em/sec, consistent \vith the values derived from the single well pumping tests conducted in the unit. 
The estimaled coefficient of storage from RD-73 pumping test was on the order of 0.000 1. 

The rate of groundwater discharge to the northeast in Groundwater Unit 1A can be estimated from 
Darcy's law: 

Q= KIA 

where Q is the rate of groundwater discharge, K is the hydraulic conductivity, I is the groundwater
 
gradient and A is the cross sectional area through which now is occurring. From the RD-73
 
pumping test, the geometric mean hydraulic conductivity was 6.7 x ro-:; cm/sec, and 3 x 10--1 em/sec
 
was the maximum observed value. The groundwater gradient is about 0.00 t from RD-5 3 to RD-38A,
 
and about 0.00 18 from HAR-25 to RD-35A. The cross sectional area is estimated at about 1.000 ft
 
wide by 300 ft deep based on TCE distribution in groundwater. Using these values. the estimated
 
rate of groundwater discharge to the n0l1heast ranges from about 0.3 gpm to about 2.2 gprn. This rate
 
of discharge is consistent with the groundwater yield of 2.7 gpm detived from RD-73 during the 90

day pumping test. The drawdown resulting from that test is shown in Figure 4.10.
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Figure 4.10 Drawdown Resulting from RD-73 Pumping Test at 2.7 GPM 

The vertical disttibution of hydraulic head and hydraulic conductivity in Unit LA has been 
investigated by the installation offive well clusters (RD-35A and S, RD-36A, S, C and D, RD-38A 
and B. RD-39A and B. and RD-43A, B and C) and a multi-port sampling system in the RD-35B well 
bore prior to the construction of the current well. The hydraulic head disttibution in RD-3SB is 
included on Figure 2. t4. 
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4.3.2 Groundwater Flow in (:;'roundwater Unit 1ll 

Groundwater elevations in Unit IB are shown on Fig'lre 4.11. There are a limited number of wells in 
Unit IB, and the degree of interconnection between all the wells in the unit has not been established, 
as discussed in Section 2. 

i" R[)-G'1 

Figure 4. I I Groundwater Elevations in Groundwater Unit 1B 
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I
 
I
 
I 

Groundwater flow in Unit IB appears to be captured by pumping wells RD- I and RD-2, with likely 
int1uence from WS-S, although no obvious connection between WS-5 and the other wells in Unit 1B 
is evident in available data. An estimate of groundwater discharge was not calculated for Unit IB 
because of the limited data set. 

I 4.3.3 Groundwater Flow in Groundwater Unit 2 

Groundwater elevations in Unit 2 are shown on Figure 4.12. 
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Figure 4.12 Water Level Elevations in Groundwater Unit 2 

Groundwater 
Unit 1B 

Groundwater 
Unit 3 
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Water level data for Groundwater Unit 2 are limited to wells with long open intervals concentrated in 
the northern half of the unit. As a result. estimates of groundwater were not attempted for Unit 2. 
Groundwater now is primarily to the center of the unit coincident with the location of the major 
pumping wells. 

4.3.4 Groundwater Flow in Groundwater Unit 3 
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Figure 4.14 Water Level Elevations Measured in Groundwater Unit 4 
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Figure 4.13 Water Level Elevations in Groundwater Unit 3 

Hydraulic head data for Unit 3 is limited plirnarily to data from single well completions. As such, it 
is not possiblc to estimate groundwater now conditions, There is sufficient datil with which to 
estimate groundwater discharge from the unit to the north and west. The rate of groundwater 
discharge to the north and west along the approximate 5.000 ft perimeter is estimated at about 12 gpm 
based on a geometric mean hydraulic conductivity of 6.8 x 10-6 em/sec, a grOLtt1dwater gradient of 
about 0.15, and a cross sectional area of 5,000 ft wide by 200 ft deep. 

4.3.5 Groundwater Flow in Groundwater Unit 4 

Groundwater elevations in Unit 4 are shown on Figure 4.14. 
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Sufficient depth discrete head data does not exist in Unit 4 to allow estimation of groundwater flow 
I
t
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directions. Groundwater in the western portion of the unit appears to he captured by WS-9A and 
HAR-7. Groundwater in the eastern half of the unit appears to migrate to the south, but the rate of 
discharge was not estimated. 
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APPENDIX A 

CHATSWORTH FORMATION GROUNDWATER PRODUCTION 
Santa Susana Field Laboratory 

MONTHfYEAR 

WELL PRODUCTION (gallons x 1,000) 
RD-1 RD-2 RD-4 RD·9 RD-63 WS-5 WS·6 WS-9 WS-9A WS-12 WS·13 

1961 20,649.0 28,281.0 1,238.0 43,208.0 26,929.0 
1962 37,558.0 35,892.0 24.0 56,762.0 21,710.0 
1963 47,863.0 25,639.0 48,168.0 4,581.0 
1964 
1967 5,424.0 3,870.0 5,654.0 
1968 497.0 28.0 30.0 
1969 564.0 0.0 0.0 
1984 32,353.0 14,124.0 
1985 5,742.0 25,198.0 
1986 35,631.0 6,168.0 
1987 1,963.0 0.0 1.0 615.0 0.0 38,105.0 1,326.0 1,318.0 8,466.0 
1988 5,955.0 0.0 30.9 0.0 0.0 38,811.9 11,183.0 33.0 9,363.0 0.0 0.0 
1989 9,452.0 1,361.0 3,406.8 0.0 0.0 39,206.0 102,406.0 8,674.8 50,729.0 0.0 0.0 
1990 10,224.0 8,279.0 16,424.0 0.0 0.0 34,733.0 60,760.0 6,641.0 21,847.0 0.0 0.0 
1991 4,697.0 8,179.0 3,264.0 61.8 0.0 48,852.0 62,110.0 6,891.0 13,170.0 0.0 0.0 
1992 5,932.0 8,687.0 611.0 78.6 0.0 57,943.0 55,687.0 4,742.0 7,846.0 0.0 0.0 
1993 5,540.0 5,542.0 0.0 665.7 0.0 54,447.0 44,322.0 4,450.0 21,851.0 0.0 0.0 
1994 7,837.0 4,537.0 606.0 986.5 0.0 70,047.0 38,529.0 5,483.0 10,199.0 0.0 0.0 
1995 3,642.0 6,665.0 31.0 834.6 0.0 50,266.0 49,653,0 4,825.0 11,046.0 0.0 0.0 
1996 6,465.0 4,203.0 906.0 953.0 484.0 27,567.0 19,029.0 4,240.0 12,529.0 0.0 0.0 
1997 6,751.1 7,006.4 4,691.2 517.2 0.0 21,148.4 33,660.9 6,930.3 25,152.7 0.0 0.0 
1998 5,139.2 4,847.7 5,847.1 115.2 0.0 26,028.7 27,740.4 3,845.0 58,356.4 0.0 0.0 

TOTAL 73,597.3 59,307.1 35,819.0 4,827.6 484.0 693,436.0 596,218.3 58,097.1 251,793.1 152,036.0 104,394.0 
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TABLE B-1
 

CHATS\VORTH FORMATION \VELL COMPLETION INFORMATION AND DESIGNATION OF
 
HYDROSTRATIGRAPHIC UNIT AND SUB-BASIN
 

Santa Susana Field Laboratory
 

AREA 

HYDRO
STRATIGRAPHIC 
UNITISUB-BASIN 

WELL 
IDENTIFIER 

MEASURING 
POINT 

(feet I\'fSL) 

TOPOF 
PERFORATIONS 

(ft above MSL) 

BOTTOM 
OF WELL 

(ft above 

MSL) 

DEPTH 
OF 

WELL 
(feet) 

PERFORATED 
INTERVAL 

(feet) 

Area I Sub-Basin 2 - SSI HAR-Ol 1874.13 1844.13 1764.13 110 OPEN HOLE 

Area II Sub-Basin 3 - SS2 HAR-05 1812.65 1782.65 1632.65 180 OPEN HOLE 

Area II Sub-Basin 3 - SS2 HAR-06 1815,03 1785.03 1655,03 160 OPEN HOLE 

Area II Sub-Basin 4 - SSI HAR-07 1728.38 1698,38 1628,38 100 OPEN HOLE 

Area II Sub-Basin 4 - SS1 HAR-08 1730.75 1700,75 1600.75 130 OPEN HOLE 

Area I Sub-Basin lA - SSI HAR-16 1872.31 1842.31 1752.31 120 OPEN HOLE 

Area II Sub-Basin 4 - SSI HAR-17 1711.59 1681.59 1611.59 100 OPEN HOLE 

Area III Sub-Basin 4 - SSI HAR-18 1749.41 1719.41 1669.41 80 OPEN HOLE 

Area II Sub-Basin 2 - SSI HAR-19 1833.46 1803.46 1613.46 220 OPEN HOLE 

Area II Sub-Basin 2 - SS 1 HAR-20 1830.6 1800,6 1600,6 230 OPEN HOLE 

Area II Sub-Basin 2 - SSI HAR-21 1821.3 1791.3 1691.3 130 OPEN HOLE 

Area II Sub-Basin 3 - SS2 HAR-22 1816.41 1786.41 1726.41 90 OPEN HOLE 

Area II Sub-Basin 3 - SS2 HAR-23 1805,87 1775,87 1715.87 90 OPEN HOLE 

Area I Sub-Basin 1A - SSI HAR-24 1906.89 1876,89 1796.89 110 OPEN HOLE 

Area I Sub-Basin lA - SSI HAR-25 1889.75 1859.75 1799.75 90 OPEN HOLE 

Area III Sub-Basin 2 - SS 1 HAR-26 1763.17 1733.17 1673.17 90 OPEN HOLE 

Area I Sub-Basin 1B - SSI RD-Ol 1935.89 1909.89 1429.89 506 OPEN HOLE 

Area I Sub-Basin IB - SSI RD-02 1873.92 1847.92 1473.92 400 OPEN HOLE 

Area I Sub-Basin 4 - SS 1 RD-03 1743.5 1716,5 1443.5 300 OPEN HOLE 

Area II Sub-Basin 2 - SSI RD-04 1883.85 1856.85 1387.85 496 OPEN HOLE 

Undeveloped Land Sub-Basin 4 - SSI RD-05A 1704.66 1675.16 1546.66 158 OPEN HOLE 

Undeveloped Land Sub-Basin 4 - SSI RD-05B 1705.89 1678.89 1395.89 310 257,6 - 310.0 

Undeveloped Land Sub-Basin 4 - SSI RD-05C 1705.25 1284.25 1225.25 480 OPEN HOLE 

Undeveloped Land Out-Side of Sub-basins RD-06 1617,21 1481.21 1357.21 260 OPEN HOLE 

Undeveloped Land Out-Side of Sub-basins RD-06 1617.21 1590,21 1357.21 260 70,0 - 140.0 
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TABLE B-1
 

CHATSWORTH FORMATION WELL COMPLETION INFORMATION AND DESIGNATION OF
 
HYDROSTRATIGRAPHIC UNIT AND SUB-BASIN
 

Santa Susana Field Laboratory
 

AREA 

HYDRO
STRATIGRAPHIC 
UNIT/SUB-BASIN 

WELL 
IDENTIFIER 

MEASURING 
POINT 

(feet MSL) 

TOP OF 
PERFORATIONS 

(ft above MSL) 

BOTTOI\'1 
OF WELL 
(ft above 

MSL) 

DEPTH 
OF 

WELL 
(feet) 

PERFORATED 
INTERVAL 

(feet) 

Sage Ranch Park Sub-Basin lA - SSl RD-32 1808.47 1709.47 1658.47 150 OPEN HOLE 

Undeveloped Land Sub-Basin 3 - SS2 RD-33A 1792.97 1692.97 1472.97 320 OPEN HOLE 

Undeveloped Land Sub-Basin 3 - SS2 RD-33B 1793.21 1433.21 1378.21 415 OPEN HOLE 

Undeveloped Land Sub-Basin 3 - SS2 RD-33C 1793.54 1313.54 1273.54 520 OPEN HOLE 

Undeveloped Land Sub-Basin 3 - SS2 RD-34A 1761.83 1745.83 1701.83 60 OPEN HOLE 

Undeveloped Land Sub-Basin 3 - SS2 RD-34B 1762.51 1582.51 1522.51 240 OPEN HOLE 

Undeveloped Land Sub-Basin 3 - SS2 RD-34C 1762.6 1382.6 1312.6 450 OPEN HOLE 

Area I Sub-Basin 1A - SSl RD-35A 1906.68 1887.18 1796.68· 110 65.0 - 105.5 

Area I Sub-Basin 1A - SSI RD-35B 1906 est. 1744 est. 1547 est. 359 ]62-359 

Sage Ranch Park Sub-Basin 1A - SSI RD-36A 1913.09 1893.09 1815.78 97.31 OPEN HOLE 

Sage Ranch Park Sub-Basin IA - SSt RD-36B 1915.26 1795.26 1744.58 170.68 OPEN HOLE 

Sage Ranch Park Sub-Basin IA - SSI RD-36C 1913.82 1715.82 1447.9 465.92 405.0 - 455.5 

Sage Ranch Park Sub-Basin lA - SSl RD-36D 1920.08 1366.08 1316.2 603.88 575 - 605 

Sage Ranch Park Sub-Basin 2 - SSI RD-37 1870.01 1610.01 1470.01 400 272.0 - 377.0 

Sage Ranch Park Sub-Basin 1A - SSl RD-38A 1878.92 1858.92 1758.92 120 OPEN HOLE 

Sage Ranch Park Sub-Basin 1A - SSl RD-38B 1881.45 1602.45 1511.45 370 OPEN HOLE 

Sage Ranch Park Sub-Basin 1A - SSI RD-39A 1960.23 1940.23 1801.23 159 OPEN HOLE 

Sage Ranch Park Sub-Basin IA - SSI RD-398 1959.48 1746.48 1482.53 476.95 440 - 470 

Area II Sub-Basin 4 - SSI RD-40 1972.02 1952.52 1672.02 300 OPEN HOLE 

Area II Sub-Basin 4 - SSI RD-41A 1773.09 1753.59 1653.09 120 OPEN HOLE 

Area II Sub-Basin 4 - SSl RD-41B 1774.32 1434.32 1384.32 390 OPEN HOLE 

Area II Sub-Basin 4 - SSl RD-41C 1773.33 1281.33 1215.33 558 OPEN HOLE 

Area II Sub-Basin 4 - SSl RD-42 1945.46 1925.96 1825.46 120 OPEN HOLE 
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Figure 5-3: East-west section through study area 
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 Figure 5-4: Drilling of RD-46B 

I
 
I
 Document Provided and Located on: 

 http://www.RocketdyneWatch.org



•
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 
I
 

Figure 5-5: Diamond bit on 
core barrel used for 
continuous coring 

Figure 5-6: Field examination 
of typical core segment 5-feet 
long 
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Figure 5-7: Stage 1. Coring and removal of a small core segment for 
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Figure 5-10: Sterling Rock Crusher 
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 Figure 5-11: Broken up rock core preserved in methanol 

I
 
I	 Typical Core 

concentration [I profile from ~ 
subvertical fracture -p~,::::::n~:;:::~" -l 

0.5-2 It l(	 additional sampling location
 
(diffusion profile samples, i
I	 

~ 

lithology change, duplicate !
 

samples) I

facies comparison 

I	 
'- ,., ~__JI
 

I
 
I
 horizontal featurel ----lio>
 Figure 5-12: Approach for 

fracture	 1-....;.;•.,.----1 
selection of core samples for 
vac analysisx
 

I 
~
 

I
 
I
 Document Provided and Located on: 

 http://www.RocketdyneWatch.org



I
 
I
 
I
 Pore water TCE (mg I L)
 

0.01 0.1 1 10 102 103 

o 

I
 50
 

i'100 

I 
<1.1 

::=.. 150 ·.. s.... ,J:: 
1:.i5.. 200 

I 
<1.1 

~.a 
ilon,.(!.~_,:~:>..(;..:~':'i ~250 

300 

I
 
R = 3.4
 

350 ~m =12 % 

400 L----L__L--_..L...._....L-_---LJ 

I
 0.01 0.1 1 10 102
 
Sterling (1999) 

Total TCE (I-Ig I g) 

I
 Figure 5-13: RD-35B Rock sample results expressed as TCE in pore water
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Figure 5-1 9 : Comparison of TCE in RD-46 rock core and A-Well 
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Figure 5-20: Comparison of TeE in A-Well and rock core at RD-46 
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Figure 5-21 : Comparison of TCE in RD46B rock core and A-well 
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Sample 

CH1 

CH1 

CH1 

CH2 

CH2 

CH2 

CH3 

CH3 

CH3 

CH3 

RD54-C 

Lithology Dry PorositlDepth (ft) I 
(%)Densitr 

(g/cm)
I 

114-115 2.370 11.9 
, 

209-210 : 2.336 12.5 
! 

sandstone, It brown, v. 
fine to fine qrained 
sandstone, It grey, fine to 
coarse qrained 
sandstone, coarse 
grained, It qrey 
siltstone, grey, massive 

sandstone, It brown, fine 
to coarse grained 
sandsone, grey, coarse 
grained 
claystone/siltstone, dk 

, grey 

siltstone, grey 

sandstone, It brown, fine 
to coarse grained 
sandstone, It grey, fine to 
coarse grained with some 
gravel 
sandstone, It grey. fine to 
coarse grained 

272.5-274 2.328 

40.25-41 2.540 

62.8-64 2.313 

68.5-70 2.409 

26.5-28 2.333 

46-47 2.392 

76.4-78 2.220 

90-91 2.341 

13.1 

6.6 

13.4 

10.8 

10.6 

11.4 

15.9 

13.3 

I I 
28-29.1 2.328 13.4 

Lithology provided by Groundwater Resources Consultants, Inc. 
2 ASTM Method 04531-86 (1992) 
J Total porosity (n) of rock matrix calculated using the equation: n = 1 - Po I Gs Pwaler 

where	 Pd = dry density [Mg/m3j 
Go = specific gravity of the rock matrix 
pwaler = density of water and 23°C = 0.998 Mg/m 3 

4 Walkley and Black Wet Oxidation Method (Walkley, 1947) 

Total 4 CI Matrix~ MatrixI 
Organic 
Carbon 

(%) 
0.14 

0.10 

0.05 

0.39 

0.02 

0.15 

1.22 

0.70 

0.07 

0.15 
2.3E-6 0.15I

I I
!,

\ 
0.13 1.3E-6  0.08 

1.7E-6 0.11 

Diff,D Tortuositl 
(cm2/s) Factor, T 

i 
1 

1.6E-6 I 0.10
 
i
 

0.9E-6 0.06
I
 
1.1 E-6 0.07 

0.7E-6  0.05
 
0.8E-6
 
1.4E-6
 0.09 

1.4E-6 0.09I
 
claystone sample
 
fractured during
 

saturation
 
1.5E-6 - 0.10 

I1.8E-6 0.12 
2.1E-6  0.14 
2.3E-6 0.15 

i 2.0E-6 - 0.13 

Intrinsic 
Permeabi Iity 

(m2
) 

1.60E-15 

1.13 E-14 
I 
, 1.57E-14I 

8.70E-20 

2.00E-15 

1.54E-15 

6.50E-18 

2.60E-19 
i 

,• 6.90E-15 
I 

1.13E-14 

1.60E-15 

Estimated K 
R (TCE) (cm/s) 

.1 

3.6 ! 1.6E-06 

2.7 1.1 E-05 i 
i 

1.8 1.5E-05 I 
I 

I 14.8 8.5E-11 I 
I, 

1.3 I 2.0E-06 i 
4.1i1.5E06·i 

I ' 

25.7 6.4E-09 

I 
14.5 2.5E-10 I 

6.8E-06l1.9 

---.. ~-. ---I 
3.4 1.1 E-05 ! 

I i 
I 13.1 1.6E.06_~ 

5 Chloride matrix diffusion coefficient) obtained at 23°C using the test method described in this report 
6 Matrix tortuosity factor (1) calculated as DCI- ! Docr- where Docl- Is the aqueous diffusion coefficient for chloride when diffusing together with sodium from a source 
solution containing 0.03 Molar NaCI at 23°C. The value used for DoCi is 15.5 X10-6 cm 2/s (American Institute of Physics Handbook. 1972) 

Figure 5-25: Chatsworth Formation rock matrix property measurements (Golder Associates, 1997). 
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matrix porosity (<Pm) 

Figure 5-26: Distribution of Matrix Porosity Values: Chatsworth Formation 

Minimum Maximum Sandstone 
Average 

<Pm (0/0) 1.0 21.6 12.9 (n==58) 

De CI- (cm2/s) 7.5 x1 0-7 2.2 X 10-6 1.5 X 10-6 (n == 10) 

foe (%) 0.02 1.22 0.10 (n :::: 8) 

R 1.5 28.7 3.3 (foe ==0.1%) 

Figure 5-27: Matrix Parameters for Chatsworth Formation 
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Figure 5-28: Schematic Drawing of the Chloride Diffusion Cell 
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Figure 5-29: Triaxial cell for saturation of core samples and hydraulic 
conductivity measurements (Golder Associates, 1997) 
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Figure 5-30: Dual reseNoir diffusion test apparatus for chloride and porous 
rock (Golder Associates, 1997) 
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Sandstone: light grey, 
fine to coarse grainee] 

Depth: 209 " 210ft 

Figure 5-31: Chloride diffusion test results for a fine to coarse grained 
sandstone sample from the Chatsworth Formation (Golder Associates, 
1997) 
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Figure 5-32: Course sandstone sample from SSFL Chatsworth Formation 
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Figure 5-33: Chloride diffusion test results for a very fine grained 
sandstone-siltstone sample from the Chatsworth Formation (Golder 
Associates, 1997) 
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Figure 5-34: Fine sandstone - siltstone sample from SSFL Chatsworth 
Formation 

1. Measure CI- diffusion coefficient (DeCI-) 

2. Calculate CI- tortuosity factor (1' == De / Do) 

3.	 Calculate TCE free solution diffusion coefficient 
(DoTCE ) from correlation equation 

4.	 Calculate TCE porous medium diffusion 
coefficient (DeTCE == l' CI- DoTCE) 

Figure 5-35: Steps for estimating TeE - sandstone diffusion coefficient
 
based on chloride diffusion test results
 

Document Provided and Located on: 
 http://www.RocketdyneWatch.org



Pore water TCE (mg I L) 
o 0.1 1 10 102 103 

I I 

-'> RD-35B50 , . 

---CIl 
CIl 150 

:I' :~!j - -, 
'" c.. 

J:-
III 200 •

J,.
Q 

~~ ..
 
250" >
 

• 
non·detects minimum300 J,..' conc. 

~ ~,.:, 
for DNAPL:. . 

350 -J.
'", 

Sterling (1999)
Figure 5-36: Results of core analyses for RD-35B compared to TCE 
solubility 
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Figure 5-37: Results of core analyses for RD-46B compared to 
TCE solubility 
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Figure 5-38: RD-4GB vadose zone rock pore water concentrations compared 
to TCE solubility 
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Figure 5-39: Calculated TCE disappearance times for DNAPL 
film thicknesses equal to hydraulic apertures for RD-35B 
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Figure 5-40: Calculated TCE disappearance times for 
DNAPL film thicknesses equal to hydraulic apertures 
in RD-46 
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Figure 5-41: Illustration of the rock core TCE peaks expected at fractures in 
which TCE migration occurs. 
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Figure 5-42: Examples of rock core halos at three fracture zones in RD-35B: Two 
peaks and one bulge 
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Figure 5-43: Example of rock core TCE results showing features indicative 
of reverse diffusion. 
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HYPOTHETICAL ROCK CORE RESULTS 

TCE mglL 
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CONCEPTUAL MODEL 

Inward Diffusion 
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Reverse Diffusion 

8 --~-------
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inward 

Figure 5-44: Conceptualization of a double peak caused by reverse diffusion
from a single fracture 
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Figure 5-45: Conceptualization of reverse diffusion from two fractures
causing four peaks. 
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Figure 5-46: Example of a TCE bulge in rock core profile associated with a 
coarse grained sandstone bed; this bed is likely a TCE migration pathway. 
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Figure 5-48: Summary of multiple lines of 
evidence for TCE migration zones and other 
hydraulically active zones for RD-46A & 468: 
Rock core TCE results, core descriptions and 
borehole geophysics. 
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I Figure 5-50: Comparison of a simulated field TCE profile for a location 70 m from 
source after 50 years with the measured profile at RD-35B. 
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I Figure 5~51; Schematic of plume in fractured sandstone 
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Figure 5-52: Conceptual diagram for SSFL showing small plume 
expansion due to strong retardation caused by matrix diffusion. 
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Figure 5-53: Conceptual diagram for SSFL showing extensive plume 
caused by large groundwater velocity with weak retardation. 
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I LIST OF FIGURES 

I
 Figure 1. Model domain for the single fracture simulations.
 

I
 
Figure 2. Breakthrough curves at x=lO m in the fracture for cases with a constant source
 
and a finite life source of 10 years. Concentrations arc plotted using (a) a linear scale,
 
and (b) a log scale to illustrate the tailing effect for the finite source case. 

I
 Figure 3. Concentration profiles at x:::l0 m for (a) the base case with no vertical gradient
 
and no matrix sorption, (b) a case with a downward gradient, (c) a case with a downward
 
gradient and matrix sorption included, (d) a case with a finite life source, and (e) a case
 

I with a finite life source and a downward gradient.
 

I
 
Figure 4. Comparison of breakthrough curves at x=lO m in the fracture for cases with
 
and without vertical tlow in the matrix, and a finite life source.
 

I
 
Figure 5. Model domain and fracture network for the smaller vertical cross--section
 
simulations.
 

I
 
Figure 6. Steady state hydraulic head contours for the "base case" smaller vertical cross

section si mu] ation.
 

I
 
Figure 7. Concentration contours for the "base case" smaller vertical cross-section
 
simulation at (a) 5 years, (b) 10 years, (c) 20 years, and (d) 50 years.
 

I
 
Figure 8. Concentration profiles at x:::10 m, 50 m and 100 m for the "base case" smaller
 
vertical cross-section simulation at 5, 10, 20 and 50 years. The profiles are plotted to a
 
linear concentration scale over a CICo range of 0 to 1 for comparison, and then with a
 
linear scale modified for the range of concentrations observed.
 

I Figure 9. Concentration profiles at x= I0 01, 50 m and 100 m for the case with matrix
 
sorption included (Rm=3.0) at 5, 10,20 and 50 years.
 

I Figure 10. Concentration profiles at x= 10 m, 50 m and 100 m for the case with a
 
"stepped" declining source and no matrix sorption at 5, 10, 20 and 50 years. 

I Figure II. Concentration profiles at x::: 10 In, 50 m and 100 m for the case with a 

I 
"stepped" declining source and matrix sorption included (Rm:::3.0) at 5, 10, 20 and 50 
years. 

I 
Figure 12. Concentration profiles at x=lO m, 50 m and 100 m for the case with a 5 year 
finite life source and matrix soqJtion included (R m=3.0) at 5, 10,20 and 50 years. 

I 
Figure 13. Concentration profi les at x= 10 m, 50 m and 100 m for the case wi th a residual 
NAPL source (Snw=20%) and matrix sorption included (Rm=3.0) at 5, 1O, 20 and 50 
years. 
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I Figure 27. Concentration contours (log CICo scale) at (a) 20 years and (b) 50 years for a 

variable aperture case with a 10 year source life. 

I Figure 28. Concentration contours (log CICo scale) at (a) 20 years and (b) 50 years for a 
case with a different realization of variable apertures and a 10 year source life. This 
simulation is taken as the large model domain "base case". 

I Figure 29. Concentration contours (log CICo scale) at (a) 20 years and (b) 50 years for a 
case with a different realization of variable apertures and a 10 year source life. 

I Figure 30. Breakthrough curves (linear and log concentration scales) for the aITi val of 
the plume front at the model boundary (at x:::200 m) for the "base case" large vertical 

I cross-section simulation with a 10 year source life. 

I 
Figure 3 L Concentration profiles at x::::50 m for the "base case" simulation with variable 
apertures and a 10 year source at 20 and 50 years, with (a) a linear concentration scale 
and (b) a log concentration scale.

'-

I Figure 32. Concentration profiles at x:::102 m for the "base case" simulation with 
variable apertures and a 10 year source at 20 and 50 years, with (a) a linear concentration 
scale and (b) a log concentration scale. 

I 
I Figure 33. Concentration profiles at x::::200 m for the "base case" simulation with 

variable apertures and a 10 year source at 50 years with (a) a linear concentration scale 
and (b) a log concentration scale. 

I 
Figure 34. Concentration profiles at x::::50 m for the "base case" simulation with variable 
apertures and a 10 year source at (a) 20 years and (b) 50 years. Average concentrations, 
estimated by spatial averaging over the entire profile and over a zone between z::::25 and 
40 m, arc also plotted. 

I 
I Figure 35. Concentration profiles at x:::: 102 m for the "base case" simulation with 

variable apertures and a 10 year source at (a) 20 years and (b) 50 years. Average 
concentrations, estimated by spatial averaging over the entire profile and over a zone 
between z::::25 and 40 m, are also plotted. 

I Figure 36. Concentration contours (log Cleo scale) at (a) 20 years and (b) 50 years for 
the simulation with variable apertures and a constant source. 

I Figure 37. Concentration profiles at x::::200 m for the simulation with variable apertures 
and a constant source, at 50 years with (a) a linear concentration scale and (b) a log 
concentration scale. 

I Figure 38. Concentration contours (log Cleo scale) at (a) 20 years, and (b) 50 years for 
the simulation with variable apertures with a mean of 100 ~m, and a 10 year source. 
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I 
I 1.0 INTRODUCTION 

I Numerical modeling studies of groundwater flow and solute transport in fractured 

I 
sandstone systems are ongoing as part of the University of Waterloo research efforts at 

the SSFL Site. These simulations have been designed to improve our understanding of 

I 
the influence of various parameters on the mobility of dissolved TCE in fractured 

sandstone. Phase I of this modeling (Chapman and Parker, 1998) involved sensitivity 

I 
analyses of various parameters on solute transport in generic fractured sandstone. Many 

of these simulations were conducted on plan view model domains, although a few 

I 
vertical cross-section simulations were also performed. Cases with uniform fracture 

apertures and cases where apertures were varied either on a fracture-by-fracture basis or 

I 
along individual fractures were investigated. Sandstone matrix properties were assigned 

that were considered reasonable in the context of what was known about the sandstone at 

the Santa Susana Field Laboratory (SSFL), and were within the range typically expected 

I for similar sandstones. This conceptual modeling effort was conducted concunently with 

two other University of Waterloo projects pertaining to the SSFL site, which involved 

I monitoring with removable multilevel systems and rock core subsampling and analysis 

for volatile organic concentrations. Results from these projects are described by Cherry 

I et al. (1998) and Sterling and Parker (1999). Cherry et al. (1999) provide an integrated 

interpretation of the data from the field studies and numerical modeling. 

I Results from the Phase I numerical modeling exercise showed, It1 a gencnc 

manner, the significance of matrix diffusion in slowing down the transport of dissolved 

I TCE in fractured sandstone systems. Thus the results indicated that the TeE attenuation 

conceptual model is a plausible explanation for the limited extent of plumes observed at 

I the SSFL Site. In this conceptual model, the combined affect of matrix diffusion and 

sorption within the matrix acts to transfer contaminant mass from the fractures to the 

I porous matrix where the TCE movement is slowed considerably relative to movement in 

fractures. This diffusive mass transfer causes the maximum TCE concentrations to 

I decline slowly over time and acts to slow the rate of advance of plume fronts relative to 

the average groundwater velocity in the fracture network. The model also explains the 

I persistence of high TCE concentrations or "hot spots" in source zones that at one time 

contained DNAPL. In these zones, after the DNAPL has disappeared from the fractures 

I
 
I
 Document Provided and Located on: 

 http://www.RocketdyneWatch.org



I 
I model can be found in Sudicky and lvlcLaren (1992), and Sudicky and McLaren (1997). 

For the FRACDNT model, additional information can be found in VanderKwaak and 

I Sudicky (1996). Simulations for Phase II were conducted either on a Pentium II

300MHz PC with S12 MB of RAM, or a Windows NT Workstation with dual Pentium 

I Ill-SOO MHz processors and I GB of RAM. 

FRACTRAN is a two-dimensional numerical model for the simulation of 

I groundwater flow and contaminant transport in a discretely fractured porous medium. In 

the model, fractures are represented by line elements, which are superimposed on a 

I rectangular element mesh representing the porous matrix. The program computes both 

the steady-state groundwater flow solution and the transient evolution of a contaminant 

I plume. Groundwater flow and advective contaminant transport within the porous matrix 

is rigorously accommodated, which can be important for moderately permeable geologic 

I materials including sandstones. First-order decay of the contaminant and sorption both 

within the matrix and on fracture walls can also be included. The model utilizes the 

I 
I Laplace Transform Galerkin (LTG) method for solution of the transient solute transport 

equations. This method allows coarser grid discretization than conventional finite

I 
element methods, without loss of accuracy in capturing the effects of matrix diffusion. 

The method also provides a solution that is continuous in time, which avoids time 

I 
stepping when evaluating the transport solution at any future time. With this method 

large-scale, long·-term problems of solute transport in discretely fractured porous media 

I 
can be handled. 

FRACDNT is a two-dimensional groundwater flow and contaminant transport 

I, 
model developed to study dissolution of immobile DNAPL in discrete fracture networks. 

Concepts for the diffusive disappearance of stationary non-aqueous phase liquids in 

I 
single fracture and idealized fracture networks are provided in Parker et al. (1994) and 

Parker et al. (1997). The FRACDNT model allows more complex cases to be 

I 
investigated with random fracture networks and groundwater flow both within the matrix 

and along fractures. The model differs from FRACTRAN in that it uses a standard finite 

I 
element solution with an adaptive time-stepping algorithm, which allows more efficient 

solution of transient solute transport. FRACDNT permits the simulation of DNAPL 

dissolution in fractures within a defined "source" zone, and allows the incorporation of 

I 
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I 
I the source is shut off, reverse diffusion continues to slowly release dissolved mass back 

into the plume from the matrix blocks. 

I A second seties of fracture network simulations were conducted using a larger 

model domain (50 m x 200 m) to investigate longer-term plume behaviour. Simulation 

I times up to 50 years were used in the simulations presented in this report. For the next 

phase of modelling (Phase IV), time periods up to 500 years will be considered. 

I Parameters were modified to be more consistent with conditions at the SSFL Site. In 

particular, matrix porosity was increased from 10 to 13%, and mean apertures were

I decreased from 100 j.tm to 70 j.tm, to provide bulk hydraulic conductivities within the 

range expected at the SSFL Site for large flow domains. Most of the simulations also 

I 
I used cases where fracture apertures were variable, also to be more consistent with 

conditions expected in the field. 

I 4.0 SINGLE FRACTURE SIMULATIONS 

Single fracture simulations were conducted, using FRACTRAN, to illustrate the 

I nature of TCE profiles close to a source zone for a relati vely simple case. Later on, more 

complex cases involving fracture networks are considered. Comparisons are made

I between cases with no vertical gradients and cases where vertical gradients exist, as well
 

as cases where the source is constant versus a source with a finite life.
 

I The model domain (Figure 1) is iOO m in the x-direction and 10 m in the z


I 
direction. A single 100 j.tm fracture is located in the middle of the model domain at z ::::: 

I 
5.0 m. For the "base case" simulation, constant head boundaries were set at the left and 

right sides of the domain to provide an average horizontal gradient across the domain of 

I 
0.02, with no vertical flow gradient. Table 1 is a summary of the relevant tlow and 

transport parameters used in these simulations. Sorption within the sandstone matrix is 

I 
not included in the base case simulation (R m::::: 1.0). A constant source with a specified 

concentration of Co:::::l.O is located in the fracture at the left side of the domain. With the 

I 
100 llm fracture aperture, and horizontal hydraulic gradient along the fracture of 0.02, the 

groundwater velocity in the fracture is estimated to be about 5200 m/year (over 3 miles 

per year). 
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I 
Therefore flow in the matrix has si gni ficantl v enhanced mass transfer into the matrix 

~I 
helow the fracture, compared to the base case with no vertical flow in the matlix. 

I For the second variation, SOllJtion in the matrix is included (Rm :::3) in addition to 

downward flow in the matrix. With the inclusion of sorption, the rate of solute mass 

I transfer to the matrix is increased, but solute transport within the matrix below the 

fracture is slowed, so the extent of solute invasion into the matrix is less than the case 

I with no sorption. Figure 3(c) shows concentration profiles at x ::: 10 m. In this case, the 

solute front below the fracture has migrated ahout 1.9 m into the matrix after 50 years, 

I significantly lower than the case with no sorption. However, the total mass stored in the 

matrix is probably greater, due to an increase in the storage capacity of the matrix. 

I 
I The third variation is similar to the base case, except the source is assumed to 

have a finite life of 10 years. Plots of solute concentration in the fracture at x::: 10 mare 

I 
plotted in Figure 2, for comparison to the base case with an infinite source. For this case 

where the source is shut off after 10 years, concentrations in the fracture decline rapidly 

I 
as c\can water is allowed to enter the fracture at the left boundary after the source is shut 

off. However, significant tailing is evident due to slow reverse diffusion back out of the 

I 
matrix hlocks. Profiles for this case are plotted in Figure 3(d). Even 40 years after the 

source is shut off, significant mass remains in the matrix that is being slowly released 

I 
back into the fracture. Over time, the peak concentration in the matrix decreases as the 

solute continues to diffuse back towards the fracture, as well as further into the matrix. 

I 
The slow process of reverse diffusion causes mass to persist in zones where DNAPL once 

existed for long periods of time. However concentrations in the matlix also decrease 

I 
over time, along with rates of release of mass back into the fracture. 

For the final variation, the source life is 10 years, and a downward gradient of 

I 
0.01 is also applied. Figure 3(e) shows profiles for this case. Peak concentrations in the 

matrix also decrease over time after the source is shut off, similar to the previous case. 

However with downward flow also occuning, the solute peak also migrates vertically 

I downward further into the matrix. Figure 4 shows a comparison of concentrations over 

time in the fracture at x::: 10m for hath cases with a 10 year source life, to illustrate the 

I difference in rates of reverse diffusion for cases with and without vertical flow in the 

matrix. With downward flow in the matrix included, release of solute mass back to the 
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I 

~~~~~_--_--I_Ja~r_~_m_eter :=]----------- --.-~-- Va_l_u_e~~~_ 

Matrix H dt.:.':!:~~!i~S:_ondllctivity, Km 1.___________ 10 6 em/sec 

Mat~~x Porosity <1>m 10% 

Matrix Lon itudinal Dis Jersivity, (XL 0.01 m 

0.01 mMatrix Transverse Disrersi vity,__~__ _ 
-------------.~------~--------_i 

6 "'!/10-
cm~ sec 

Matrix R~t,~!_~_~tion Factor, Rm 

Eff~ctive Diffusion Coefficient, De 

1.0 

_Fracture Apetiure, 2b____ _ _ ) Q~~_'__f.-l_m _ 

Fracture Dispcrsiy_it--<.y--'-,_(X---'-f +-___ 0.2 m 

Fracture Retardation Fi.l.ctC?E, Rf . +- J._.O _ 
i\iinimum Horizontal Fracture LenB~~l _ 10m 

.. Maximum H~Ei.zontalFract~~e Len...gth __ 20m 
-,,----._.~--------------

Densit of Horizontal Fractures 0.05 fractures/m2 
----t------------------------

~inimum Vetiical FractL~~~ Le!1if~~ _ 2m 

_.Maximum Vetiical Fra~!ure}"e~_g~b . Sm 

Densit of Vertical Fractures 0.075 fractures/m-
')

-----_._----------------

Table 2. Summary of matrix and fracture properties for the "base case" small vertical 
cross-section model domain simulation. 

Constant head boundaries were assigned on all four sides of the model domain, to 

establish an average horizontal gradient of 2% and average downward vetiical gradient of 

I%. Horizontal fractures range in length from 10 to 20 m, with an average vertical 

spacing of about 1.8 m, and a minimum spacing between hotizontal fractures of 0.5 m. 

Vertical fracturcs range in length from 2 to S m, with an average horizontal spacing of 

about 5.0 m and a minimum spacing of 1.5 m. The bulk hydraulic conductivity of this 

fracture network was estimated, in both the hOlizontal and vertical directions, using 

Darcy's Law: 

Q:;:K = Q, K._=-
IIX i A uZ • A 

.\ .\ I z · 

In these equations, Qx and Qz; are the average horizontal and vctiical flow through the 

model domain in the horizontal and vertical directions, respectively_ These are estimated 

by averaging the inflow and outflow at the top and bottom of the model domain for Qz, 

9 

Document Provided and Located on: 
 http://www.RocketdyneWatch.org



I 
I only about 13 days. \\lith a constant source and no sorption in the matrix, this "base 

case" is expected to represent an unrealistic case with very rapid advance of the plume 

I front. This will be compared later to cases where matrix sorption in included, and the 

source is not constant. 

I Figure 8 shows plots of profiles at x=1O m (close to the source), x=50 m (midway 

across the model domain), and x=100 m (end of the model domain) at time periods of 5,

I 10, 20, and 50 years. The profiles are plotted on a linear concentration scale with a CICo 

range of 0 to 1, which allows easier comparison of concentrations. Below each of thesc 

I plots, the concentration scale is modified for each location, to bettcr show thc nature of 

the profiles. Even with no sorption in the matrix and a constant source, it is evident that 

I plume attenuation is occurring with distance from the source due to the decline in 

concentration with distance from the source. The maximum relative concentration at 50 

I years, at the end of the model domain, is nearly C/Co=0.30. With a constant source, 

concentrations downgradient will continue to increase over time. The profiles also 

I indicate that significant transfer of mass is occuning from fractures into the matrix 

blocks. 

I 
I Several variations of the "base case" scenario were simulated. These simulations 

are briefly summarized below: 

(a) Sorption in the matrix included (R Il1=3.0). 

I (b) Declining source with an assumed "stepped" function; no matrix sorption. 

(c) Declining source with an assumed "stepped" function; sorption included (R Il1=3.0).

I 
(d) Source that is constant for 5 years and then shut off; sorption included (R Il1=3.0). 

I (e) Stationary residual DNAPL source (20°,k) initial saturation in fractures). 

(f) Variable aperture case; no matrix sorption 

I 
I 

(g) Matrix hydraulic conductivity decreased by 1 O.M.; no matrix sorption 

Figures 9 through 13 show profiles at x= 10 m, 50 m, and 100 m at time periods of 

5, 10,20, and 50 years for cases (a) through (e), respectively. In each of this figures, the 

I profiles are plotted on a linear concentration scale with a CICo range of 0 to 1, which 

allows easier comparison of profiles between each case, and with the concentration scale 
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I 
I x:;;;100 m at 50 years is only about 0.01, and concentrations at this location are declining, 

with the highest concentration of about 0.015 occurring at around 10 years. However, 

I even with the source shut off after 5 years, high concentrations persist near the former 

source area, due to slow reverse diffusion from the matrix blocks. At 50 years, peak 

I' concentrations 10 m downgradient of the source are still almost 10% of the initial source 

concentration. 

I For case (e), with a residual DNAPL source located within several fractures near 

the upgradient boundary, the plume is even more attenuated compared to case (d) where 

I the source was constant for 5 years. The maximum relative concentration at the exit 

boundary at x:;;;100 m was less than 0.004, occurring at around 10 years. In this case, 

I complete DNAPL disappearance occurred in about 1.5 years, with 90% of the DNAPL 

depleted in about 0.8 years. Rapid DNAPL disappearance occurs in this case due to both 

I dissolution of the DNAPL in groundwater flowing in the fractures and matIix diffusion. 

Estimates of the time for complete DNAPL disappearance from a 100 /-tm fracture

I were perfonned using methods described in Parker et aL (1994). A plot of fracture 

aperture versus time for complete TeE DNAPL disappearance is presented in Figure 15. 

I 
I These estimates indicate that complete disappearance from a 100 /-tm fracture will occur 

in about 20 years, assuming a matrix retardation factor of 3.0. In fracture networks with 

I 
groundwater flow included, DNAPL disappearance is expected to occur even more 

rapidly. The above estimate is based on diffusion only, and therefore neglects DNAPL 

I 
dissolution in groundwater flowing through the fractures, which is expected to 

significantly decrease times for DNAPL disappearance. Estimates also assume the 

I 
fracture is initially fully saturated with DNAPL, although in field cases DNAPL 

saturation in a fracture is probably much lower. 

I 
Based on estimates of times for DNAPL disappearance based on diffusion only, 

and results from the simulation with an initial NAPL source, a source with a finite life in 

I 
the range of 5 to 10 years may be a reasonable source condition for a single DNAPL 

release. However, if intermittent releases occurred over a longer time petiod, the use of a 

I 
"stepped" source condition may be more appropriate. Such a source condition was not 

investigated in these larger scale simulations, but may be considered in future 

I
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I 
I so significant solute transport does not occur along this pathway. This also influences 

flow to the middle fracture, where the gradient above this fracture is now towards the 

I fracture so upwards diffusion from this fracture is opposed by groundwater flow. This 

illustrates the variability in local flow conditions, as a result of variability in fracture 

I apertures. For case (g), where the matrix hydraulic conductivity is one order of 

magnitude lower than the base case, flow velocities in the matrix are low compared to 

I rates of diffusion, so the profiles appear to be mainly diffusion controlled. finally, for 

case (h), with a finite source life of 10 years, reverse diffusion is evident at 20 and 50 

I years, with declining peak concentrations in the matrix at these ti me periods. 

A major assumption inherent in all of these model simulations is that of a steady 

I state flow system. Temporal variations in the flow field at real sites, due to seasonal and 

annual variations in groundwater recharge, would further influence the style of head and 

I concentration profiles. 

I 5.2 Large Model Domain Simulations 

I Simulations with a larger model domain (50 m by 200 m) were conducted. These 

I 
simulations were conducted using a Windows NT workstation with dual PIlI-SaO MHz 

Processors and 1GB of RAM. This system allows the simulations to be conducted 

I 
efficiently with adequate grid discretization, gi ven the larger model domain used. 

Parameters were modified for these simulations to be more consistent with those 

I 
expected at the SSFL Site. These parameters include the matrix porosity, average 

fracture apertures, and the use of a finite,life source condition. The matrix porosity is 

now assumed to be 13%, instead of 10% typically assumed for simulations performed in 

I the Phase I modeling study and the earlier Phase II simulations. This value for matrix 

porosity is consistent with the average sandstone value based on measurements on core 

I samples taken from the SSFL Site (Sterling, 1999). The higher porosity acts to increase 

plume attenuation by enhancing the rate of diffusive flux into the matrix (according to 

I Pick's First Law, diffusive flux is proportional to matrix porosity) and increasing the 

matrix storage capacity. 

I Fracture apertures are now assumed to have a mean aperture of 70 /-lm, instead of 

the previous assumption of 100 /-lm. With this new aperture size and fracture spacing

I 
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I 
I Figure 17 shows the model domain and fracture network for the "base case" 

simulation. As described later, the base case simulation was selected from three 

I simulations performed with different realizations of random fracture apertures. The 

model domain is 200 m in the x-direction (horizontal) and 50 m in the z-direction 

I (vertical). Constant head boundaries are set along all four sides of the domain, to 

establish an average horizontal gradient of 2% and an average downward vertical 

I gradient of 1%. The source is located along the upgradient boundary at x=O m, between 

z=35 and 45 m. The source is assumed to be constant at C,=1.0 for 10 years, at which 

I point the source is shut off and clean water is allowed to enter the fractures along the 

fonner source boundary. Conceptually, this is equivalent to having DNAPL in these 

I fractures for a period of 10 years, with solubility levels of TeE occurring in groundwater 

leaving the source during this time period. After 10 years, the source is shut off, which is 

I equivalent to assuming that the DNAPL has completely disappeared, thus allowing 

reverse diffusion to occur back out of the matrix blocks. Therefore, mass stored in the 

I matrix near the source is then slowly released to the groundwater by this reverse diffusion 

process. Once the source is shut off, the concentrations in the fractures in the source area 

I gradually decline even though reverse diffusion occurs. Table 3 is a summary of the 

relevant flow and transpOI1 parameters used for the "base case" simulation. 

I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

of about 1.7 m. Histograms of fracture lengths (vertical and horizontal fractures 

separately) are plotted in Figure 19. In the FRACTRAN model, fracture lengths are 

generated randomly between specified upper and lower limits, according to a unifonn 

probability density function. The fracture network used for these simulations is the same 

except for the variation in fracture apertures. Using Darcy's Law, as described 

previously, bulk hydraulic conductivities were estimated for each of these generated 

fracture networks. The bulk hydraulic conductivity was also estimated for the uniform 

aperture case for comparison. These estimates are summarized in Table 4. 

... _.. 

Variable 

Variable 

Variable 1.8 x 10'') 4.5 X 10-6 
. .•___.__ .__ .._._ _ ._ ___ __.... l_ .. .__. ._. .. .__ 

Table 4. Bulk hydraulic conductivity for a uniform aperture case (70 microns) and three 
realizations with random aperture fractures (mean::: 70 microns). 

Contour plots showing hydraulic heads for the uniform aperture case, and the 

three vaJiable aperture cases, are shown in Figures 20 through 23, respectively. 

Hydraulic head profiles at two distances from the source (x=90m and x= 102m) are shown 

for the base case in Figure 24. These plots illustrate the variable nature of head profiles, 

even over the relatively short distance between the profile locations. As indicated in the 

profiles, both upward and downward flow is occurring in different zones, even though the 

average gradient is downward. Locally within the model domain, hydraulic gradients can 

be much larger than the average gradients of 2% horizontal and 1% vertical. At some 

locations near where fractures "dead end", localized gradients can exceed 20%. Such 

large gradients may have an influence on DNAPL flow in the source zone carlyon, when 

the DN APL is in the flow stage. Figure 25 is a comparison of head profiles at x= 102m 

for the unifonn aperture case and the variable apelture base case. The difference in these 

plots, with the same fracture locations, illustrates that the aperture distribution also 

influences the hydraulic head disttibution. 
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I 
I boundary. Such estimates will be conducted in the Phase IV modeling effort, where 

simulations are conducted to time periods of 500 years. Average concentrations were 

I calculated for the entire 50 m vertical interval, and then for a 15 m interval (between 

z:::25 and 40 m) near the core of the plume where concentrations are relatively high. 

I Figure 34 shows the concentration profiles at x=50 m at 20 years and 50 years, along 

with the estimated average concentrations. Similarly, profiles at x= I 02 m are plotted in 

I Figure 35. Estimated average concentrations for profiles at x:::200 m at 50 years are not 

plotted, as the average concentrations are lower than the range of concentrations shown in 

I Figure 33. As shown in the plots, average concentrations are typically several times 

lower than peak concentrations, particularly when the concentrations are averaged over a 

I 
I greater depth interval. This is impOltant when trying to relate model results to data 

collected in the field, particularly concentration data collected using standard monitoring 

I 
wells, where long screened intervals are common (typically >50 ft at the SSFL Site). The 

model provides "exact" concentrations at individual nodes in the domain, whereas 

I 
averaged concentrations may be significantly lower than the peak concentrations. 

Several variations of the "base case" simulation were perfonned. These include a 

I 
simulation with a constant source and simulations with a greater mean aperture of 100 

/lm and 200 /lm. Also performed were a simulation with greater aperture variability and 

I 
a final simulation where horizontal and vertical gradients were reduced by a factor of 2. 

Plots of solute concentration at 20 and 50 years for the case with a constant source 

I 
arc shown in Figure 36. Concentration profiles at the boundary at x:::200 m at 50 years 

are plotted in Figure 37 (linear and log concentration scales). These can be compared to 

I 
the base case concentration profiles in Figure 33, where the source life was 10 years. At 

50 years, the maximum relative concentration along this boundary is 6.1 x 10-5
, compared 

I 
to 3.7 x 10-5 for the base case with a IO year source. When the source is constant, 

concentrations at the downgradient boundary are expected to continue to increase over 

time, while for cases when the source has a finite life, concentrations are expected to 

I reach a plateau and then gradually decline over time. This will be ex.plored in more detail 

in the Phase IV modeling study on long-tenn plume attenuation, where these simulations 

I will be conducted to a time period of 500 years. 

I
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I 
I due to higher velocity pathways along larger aperture fractures. However the plumes are 

similar to the base case. At 50 years. the maximum concentration at x=200 m is about 

I 1.2 x 104 
, about a factor of 3 higher than the base case. 

For a final case, horizontal and vertical hydraulic gradients were reduced by a 

I factor of 2 compared to the base case, so the average horizontal gradient is I% and the 

average downward vertical gradient is 0.5%. Figure 42 is a plot of solute concentrations 

I at 20 and 50 years. Under these lower gradient conditions, plume transport is slowed 

significantly compared to the base case. The relative importance of matrix diffusion is 

I increased relative to advection in the fractures. By 50 years the plume front has only 

migrated to about 135 m from the source. Lower average gradients in this range may be

I more representative of conditions at the SSFL Site. Long-term plume behavior for this 

case will also be investigate in the Phase IV modeling study. 

I 
I 5.3 Comparison of Model Results with Field Data 

I 
Detailed data on the TCE concentration distribution in the fractured rock matrix at 

the SSFL Site were obtained by the University of Waterloo at RD-35B and RD-46B 

I 
(Sterling and Parker, 1999). The style of the concentration distribution at these locations 

is consistent with the style of model generated concentration distributions. As an 

example, a plot of rock porewater TCE concentration at RD-35B is shownin Figure 43. 

I The profile covers a total depth interval of 120 m. Figure 44 shows a blowup of the 

profile from 20 to 50 m bgs. For comparison to the data at this location, a profile of 

I model concentrations from the "base case" large veltical cross-section simulation at x = 

70 m, at a time period of 50 years, is plotted next to the field profile. The model 

I simulation had an assumed source life of 10 years. Model concentrations were converted 

from relative values (assumed Co=l.O) to TCE concentrations, assuming the source 

I concentration was at TCE solubility (-·1400 mg/L). No effort was made in the design of 

the model simulations to try and match the field data. However, the field and model 

I profiles have similar shapes and peak concentrations. Both profiles show zones where 

significant mass occurs in the sandstone matrix, and gaps in the matrix where TCE 

I concentrations arc below detection limits. Such comparisons provide more confidence in 

I
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I 
I 6.0 MAJOR OBSERVATIONS AND CONCLUSIONS 

I Numerical modeling studies have been conducted as part of the UW research 

efforts at the SSFL Site. Phase I of this work (Chapman et aI., 1998) focused on 

I investigating the influence of matrix diffusion on the mobility of dissolved TCE in 

fractured sandstone, and parameter sensitivity analyses. This first phase showed the 

I strong intluence of matrix diffusion on slowing down the transport of dissolved TCE, and 

therefore indicated that the TCE Attenuation Conceptual Model, is a plausible

I explanation for the limited extent of plumes observed at the SSFL Site. 

In the second and third phases of modeling, simulations were tailored more

I closely to SSFL conditions to provide more insight into the processes controlling the 

nature or style of TCE profiles in the rock matrix. These included the inf1uence of

I hydraulic head patterns and flow in the matrix, along with source conditions. Results of 

the simulations showed that in sandstone with relatively low matrix permeability, flow 

I 
I velocities in the matrix may be appreciable compared to rates of diffusion, and therefore 

intluence the style of concentration profiles. The concentration history in the fracture, 

I 
dependent on factors such as distance from the source, hydraulic head distribution, 

fracture connectivity and aperture distribution and source history, also influences the 

I 
nature of matrix profiles. 

Results from these simulations also show the strong influence of source 

I 
conditions on the attenuation of plumes. When sources are not continuous but have a 

finite life, plumes are more attenuated downgradient. Finite life sources are consistent 

I 
with expectations of DNAPL disappearance due to the combined effects of matrix 

diffusion and dissolution in groundwater flowing in fractures. However, long-term 

I 
release of dissolved TCE from such sources is expected, and observed in the modeling 

simulations, due to slow reverse diffusion. At the SSFL site, the fanner source areas are 

I 
observed to persist as "hotspots", consistent with DNAPL disappearance and slow 

reverse diffusion. 

I 
Comparison between the nature of the profiles collected at the SSFL Site at RD

35B and RD-46B, with profiles from model simulations, indicated the similar nature of 

field and model profiles. Such comparisons provide more confidence in the applicability 

I 
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Function: Hydraulic Head 
Set : Heads at steady-state 
Data set: vert140 
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I (a) Concentration profiles; X=102 m, 20 years 
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(a) Function: Concentration 
Set : Concentration at 20.0 
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Function: Concentration (a) Set : Concentration at 20.0 
Data set: vert200 
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INTRODUCTION•
I 
I 

It is believed that the Chatsworth Formation can be monitored reliably to determine the spatial 

distIibution of solutes such as TeE and other chemical constituents that may impact groundwater 

and also to determine the evolution of the solute disttibutions over time. This belief is based on 

I five main factors: 

I 1) The interconnected nature of the fracture network. 

2) The strong influence of matrix diffusion on solute behaviour. 

I 3) The distributary influence of dispersion on solute behaviour. 

4) Results of modeling simulations of TeE in fractured sandstone. 

I S) Recent advances in monitoting methods. 

I The evidence for the first two factors is considered in other appendices. The other thrce factors 

are the focus of this appendix. The belief that monitoring can determine solute distribution docs 

I not imply that complete delineation of the solute zones is necessary, but rather that the 

determination of solute distribution can be accomplished to vetify the conceptual site model at 

I appropriate locations and for delineation where appropriate. 

I The term 'plume' derives from studies of air pollution in which the term has long been used to 

refer to zones of smoke or other contamination transported by air downwind of emission points 

I such as smoke stacks. A plume in a hydrogeological context is an entity (continuum) of mobile 

dissolved contaminant mass that moves with the groundwater. It has a beginning at a source 

I such as a landfill, mine tailing impoundment and/or NAPL zone that continuously supplies 

contaminant mass to the moving groundwater. As that plume migrates from the source the 

I 
I plume body has an interior and a front. The plume front is the leading edge of the dissolved 

contaminant zone defined by a specified concentration such as the detection limit, MeL or other 

I 
value. Plumes are common in granular porous media, fractured media and fractured porous 

media. The ease of characterizing or delineating a plume in geologic media is a function of the 

I 
complexity or heterogeneity of the system. Heterogeneity is affected by bedding/strata as well as 

the orderliness and interconnectedness of fracture networks. However, in all cases the plume is 

I 
definable conceptually and advances along pathways that are necessarily connected. The plume 

serves as a tracer of the groundwater flow paths. 

I
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I 
In this appendix, plumes are examined in the context of TeE in the Chatsworth Fonnation. This 

I examination uses a discrete-fracture mathematical model for simulations of plumes in idealized 

fractured rock and an integration of concepts and experimental results of solute behaviour in 

I single fractures and fracture networks. 

I SIMULATIONS USING A TWO DIl\lENSIONAL MODEL 

I A two dimensional model (FRACTRAN) developed by Sudicky and McLaren (1992) was used 

to simulate patterns of dissolved-phase transport in a network of discrete uniform fractures in 

I which the fractures have variable length and arc oriented either parallel or otthogonal to the 

general groundwater tlow direction. This model has been used previously to study solute 

I behaviour in several types of porous media with discrete fracture networks (e.g. Harrison ct al. 

1992). The model si mulates steady groundwater tlow through the model domain from left to 

I right. The flow occurs exclusively through the fractures because the hydraulic conductivity 

assigned to the rock matrix is relatively small. The solute is transported in the fractures by 

I groundwater flow (advection). As the solute front moves forward, dispersion occurs in the 

direction of tlow in each fracture (longitudinal dispersion). The magnitude of the longitudinal 

I dispersivity is constrained to being negligible in the simulations. The model is two-dimensional 

and therefore it does not include transverse dispersion in each fracture plane. At each fracture 

I junction, the model produces complete instantaneous mixing of all solute molecules that enter 

the junction from different fractures. 

I 
Figure 3 shows the model domain, with a constant solute input to an area of fracture network 

I 200m x 200m. The model domain is set up to represent a horizontal plane through a solute 

transport zone. Table 1 lists the geometric properties of the fracture network- Figure 4a shows

I the steady-state hydraulic head distribution. Figure 4b shows the pattern of solute transport in the 

fracture network for the case in which the rock matrix has negligible porosity. The bulk average 

I 
I linear velocity across the model domain (Darcy discharge based on the hydraulic conductivity 

times the hydraulic gradient di vided by the bulk fracture porosity) is 1 mile per year (1.6 km per 

I 
year). Thus, the front of the solute zone reaches the right-hand side of the model domain in less 

than three months and then the pattern of solute occurrence in the fracture domain shown in 

I 
Figure 4b remains steady with time. The front of the zone moves quickly through the model 

domain because there is no retardation caused by matrix diffusion (i.e. zero matrix porosity). 

The front of the simulated solute zone described above would be very difficult to monitor 
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I 5 
factor of five (i.e. anisotropy ratio of 5). This results in the solute plume moving nearly 

I horizontally across the rectangular domain (Figure 8b).
 

I Figure 9 represents the solute transport plume after 20 and 50 years. The plume is caused by the
 

solute source near the upper left side of the model domain. Similar to Figure 5, the dashed line 

I encompasses the area in which fractures contain solute at a relative concentration above 10-4
. 

The source contributes solute at a constant concentration for 10 years, which represents DNAPL_ 

I occurrence causing solute saturation levels for 10 years. After 10 years, the DNAPL has 

disappeared from all of the fractures in the source zone by mass transfer to the rock matrix and 

I the solute mass in the source zone begins to be depIcted as groundwater t10ws through the source 

zone. Therefore, there is no addition of solute mass to the model domain after the end of the 10

I year period. Figure 10 shows the solute distribution along a vertical line through the modeled 

domain at a distance of SOm downgradient of the source. CIC" represents the measured 

I concentration relative to the initial concentration (i.e. TCE solubility). This 'sampling' of the 

modeled plume is analogous to the results of closely-spaced rock core analyses from a 

I continuously cored hole. This figure also shows, for comparison, depth-averaged solute 

concentrations over vertical 'sampling intervals' of 15m (48 ft.) and SOm (160 ft.). These 

I 
I comparisons show that the concentration obtained from a monitoring location depends on the 

scale of sampling. The pattem of solute distribution in Figures 9a and 9b for the vertical domain 

I 
are generally similar to the patterns in Figure 5 for the horizontal domain. This illustrates the 

expectation that, when considered in three dimensions, an interconnected fracture network with 

I 
many fractures will produce a solute plume in which the solute occurs in many fractures of 

different orientation (e.g., vertical and horizontal fractures). 

I
 The simulations described above represent contaminant distributions in two-dimensional
 

I 
horizontal and vertical planes in which the fracture pattern represents the pattern of vertical or 

sub-vertical joints on the plane. This is analogous to taking a planar slice through the three

I 
dimensional representation of the plume shown in Figure 2. In a real three-dimensional plume in 

sedimentary rock, contaminant migration also occurs along the bedding plane fractures. 

I 
Therefore, a vertical borehole or well through the three-dimensional contaminant domain has 

enhanced probability of encountering solute. Also each two--dimensional horizontal planar 

domain through the plume shown in Figure 2 represents a pattern of vertical joints that has 

I offsets from the patterns on horizontal planes above and below. At sites such as SSFL, this 

I
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The fracture information from boreholes and outcrops at SSFL are consistent with this 

I conceptualization of the fracture network. (See Appendices A, B, and E). 

I Dispersion In Each Fracture Plane 

In addition to the dispersion that occurs at junctions, longitudinal (in the flow direction) and 

I transverse (orthogonal to flow) dispersion of the solute also takes place in each fracture plane. 

This dispersion is caused by the large variability of aperture along each fracture as illustrated by 

I Figure 12. Aperture variability along each fracture causes the solute molecules to follow 

inegular pathways of preferential groundwater flow. The phenomenon of preferential flow, 

I commonly described as channeling, has been invoked to explain dispersion in many laboratory 

and field studies of solute transport in fractured rock. The channeling effect due to aperture 

I variability along each fracture causes each solute molecule transpot1ed by the f10wing 

groundwater in the fracture, to follow a very irregular path (Figure 13a). This effect insures that 

I solute occun'ence is not restricted to narrow enclosures as it moves from fracture to fracture. 

This spreading effect makes the solute easier to find and thus monitor due to its transverse 

I spread. The consideration of many solute molecules transported by groundwater in the single 

fracture provides a vision of many small plumes spreading laterally as they advance along the 

I fracture (Figure 13b). The individual 'plumes', or more conectly 'plume segments', are caused 

by channeled flow in the fracture. Varying rates of groundwater flow from channel to channel 

I impose lateral concentration gradients on the plume segments. The lateral concentration 

gradients result in transverse dispersion within the fracture plane. This process of lateral

I dispersion occurs in each fracture plane where solute transport occurs. 

I The most detailed field experiment to demonstrate the effects of transverse (orthogonal to flow) 

I and longitudinal dispersion (in the flow direction) in a single horizontal fracture was conducted 

by Lapcevic et al. (1l)l}9) in a bedded shale and limestone rock sequence near Toronto, Ontario 

I (Table 3). This experiment, which was initiated by injecting a small volume of tracer into the 

I 
fracture plane, involved monitoring tracer movement in 27 boreholes in a 35 x 40 m area (Figure 

14). Test data revealed a tracer plume that spread hoth longitudinally and transversely in the 

direction of mean groundwater flow (Figure 15). 

I 
I 

The tracer ani val curves were simulated using a two-dimensional numetical model for solute 

transport that incorporated both transverse and longitudinal dispersion, diffusion into the rock 

matrix and constant fracture aperture. The mean aperture obtained from this modeling was close 
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• removable multilevel monitoring systems 

I 
Figures 17,18 and 19 illustrate these three approaches. Figure 20 shows the locations of the 

I monitoring wells and Figure 2 I shows the two locations (RD-35 and RD-46) where removable 

multilevel systems were used. In addition to these three methods of sampling groundwater from 

I boreholes, rock core analyses were used at the two locations of the removable multilevel systems 

(RD--35 and RD-46) to detennine VOC concentrations in the rock matrix. 

I 
In response to changes in general practice in the hydrogeological profession and to adapt to new 

I information provided by monitoring results, thcre has been an evolution in the approach to 

bedrock monitoring since monitOling began in 1983. The purpose of this Appendix is to 

I comment on each of the methods in light of the most recent advances in monitoring technologies 

and approaches. Long open boreholes were the preferred monitoring method in the 1980's

I because they were believed to be the most cost-effective means of locating plumes. Although 

the long open boreholes did locate several plumes, they produced blended values of water level

I and solute concentration_ These concentrations are generally not representative of actual 

concentrations in the plume at the borehole location. In cases where no VOC's are detected, the 

I 
I long open boreholes also provide the possibility that actual VOC's at the location are diluted to 

levels below detection by mixing in the borehole. Therefore, long open boreholes are no longer 

a preferred method of monitoring. 

I 
I Long open boreholes present another disadvantage. In some cases, cross connection in the 

borehole causes shallow water to flow downward in the borehole and then outward into deeper 

I 
fractures. 'Ihis type of borehole cross connection was observed in RD-35B, as described in the 

M.Sc. thesis by Sterling (1999). Sterling (1999) shows a comparison of the hydraulic head 

I 
profiles obtained using a removable multi level system (Solinst system) at RD-46B and the 

blended head from this hole measured after the multilevel system was removed from the hole. 

I 
When removed, the hole behaved as a long open well bore, The blended head was dominated by 

one fracture zone in the hole that had a high head and a relatively large hydraulic conductivity. 

I 
This blended head was much different than the mean head calculated from the discrete-level 

head measurements in the hole. In other cases cross connection in the borehole causes upward 

flow, as occurred in RDA6B (Sterling 1999). 

I
 
I
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watcr containing 'ICE originating from at least several fractures at vmious distances from the 

I well. Thus, the TCE concentratIon measured in the sample is a blendcd value dependant on the 

local details of fracture network. The fact that each well samples a domain that is local but has 

I appreciable size, provides confidence that the plume, if it exists in the vicinity of the well, w'ill be 

detected by the sampling. Additional insight into the distribution of TCE in the vicinity of a 

I 
I monitoring well can be obtained by analysis of a series of samples collected from the pumped 

water over a time starting soon after purging begins. Each subsequent sample is drawn to the 

well from a zone farther from the well bore. 

I Monitoring By Rock Core Analyses 

I Another approach for monitoring plumes in fractured sandstone involves the analysis of rock 

samples obtained from continuous cores. For volatile organic investigations in rock this 

I approach was first used in North America by B.L. Parker at a fractured sandstone site, in 

Rochester, N.Y. in 1989. It has also been applied to determine PCE occurrence in the Chalk 

I Aquifer in England (Lawrence et aL 1990), where this "rock" is soft so that cores were taken 

I 
using the push-tube method rather than the rotary dlilling method necessary in most sedimentary 

rocks. The core sampling approach to identify contaminant migration pathways is shown 

schematically in Figures 22 and 23. 

I 
I 

This rock core method was used at two locations at SSFL (RD-35B and RD-46B) where 

continuously cored holes were drilled in 1998. The core holes were drilled by standard diamond· 

bit drilling with water mist circulation. Soon after arrival of the core at surface many small 

I pieces of core were removed for the VOC analyses. The field procedure for obtaining and then 

preserving the rock pieces for analyses was developed to minimize loss of volatile organics from 

I the samples. Figure 21 illustrates the approach used for sampling the core and sample 

processing. The rock samples for VOC analyses were collected from the continuous core (5 foot 

I segments) at a rate that did not slow the drilling operations. The sample analyses were done in 

an offsite laboratory using standard methods. Sterling (1999) describes the procedure, and the 

I results summarized by Figure 25. He provides evidence indicating that minimal TeE loss 

occurred during coring and sample processing. Rock core analyses provide detailed information 

I on the vertical distribution of TCE at each core hole location. Unlike monitoring well data, rock 

core VOC profiles can be used to determine the VOC mass storage depth at each location and to 

I identify specific VOC migration pathways. The analysis of core samples from many depths in 

each hole avoids possibilities of not identifying all major VOC pathways within the vertical span 
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I Another design for multilevel monitoring in boreholes was developed by Cherry and Johnson 

I (1982) which later became available commercially (The Waterloo System) from Solinst Canada 

I 
Limited in 1988. These systems have many monitoring intervals (ports) in each hole; each open 

interval has a specified vertical length with inflated packers above and below to prevent vertical 

I 
leakage. The systems provide both hydraulic head data and water samples from each monitoring 

port. The Westbay System and the Waterloo System have been used at many fractured rock 

I 
contaminated sites around the world, however they have the disadvantage of being very difficult 

to remove or decommission once the need for monitoring ends or when failure of downhole 

components occurs. In 1998 two new multilevel systems became available, one from Solinst 

I Canada Limited and one from Flexible Liner Underground Technologies Limited of Santa Fc, 

New Mexico. These two systems arc designed to be easily removed from boreholes once the 

I need for monitoring ends or to reconfigure or repair the systems for continued use in the holes. 

The removable Solinst System is an adaptation of the earlier permanent system for groundwater 

I monitoring in rock. A prototype version of the removable Solinst System was used in RD-35B 

and RD-46B in 1998. The new system uses water inflated packers that are easy to inflate and 

I deflate (Figure 18). The installation of the two removable systems at SSFL in 1998 was the first 

field use of this device. The two Solinst systems performed successfully. Two minor design 

I problems have been corrected by changes in the current version of the system. 

I The FLUTe system has been used in many holes in the vadose zone since it was developed in 

1990, however, use below the water table only began in 1998. Both the FLUTe and Solinst 

I systems have the same design goals: to acquire head data and groundwater samples from several 

different depths in each borehole for a set period of time after which the system can be removed 

I from the hole. The successful use of the Solinst System in RD-35 and RD-46, and successful 

uses of the FLUTe system at other fractured rock sites since 1998 indicate that these two systems 

I are now proven alternatives to the use of cluster wells for groundwater monitoring. These 

systems are well suited for acquisition of vertical profiles of hydraulic head. Such profiles are 

I needed to develop a clear understanding of the groundwater flow systems and the migration of 

TeE solute. The monitoring systems can also be used for groundwater sampling for VOC and 

I other chemical analyses. However, as demonstrated by the cross connection effects observed in 

RD-35B, it is necessary to minimize open-hole time prior to installing the multi-level system in 

I 
I order for the system to produce chemical results representative of the in situ conditions. The 

FLUTe and Solinst systems are rugged so that they can be left in place for long periods of 
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location. These data sets can accomplish plume characterization and conceptual model 

I verification. In the first step in the data acquisition process, a cored hole is drilled and samples 

for rock core VOC analyses are collected as drilling proceeds. Borehole geophysics are then 

I conducted to provide geological infonnation and to identify the most active hydraulic now 

zones. At SSFL, the bulk hydraulic conductivity and fractures are small so that the detection 

I limits for flow zone identification are higher than all but the most active flow zones. Based on 

the rock core log and rock core VOC analyses, a removable multilevel system is then installed to 

I measure the hydraulic head profile for a period of time and in some cases to sample 

groundwater. Between these stages of borehole use, the hole should be plugged with a flexible 

I liner to prevent cross connection. A period of a few months to a year may be needed to complete 

all of the stages. After completion of the above steps, the borehole can be pennanently 

I decommissioned by grouting, or temporarily decommissioned using a flexible liner plug. It may 

also be decided that a permanent monitoring well should be placed in the hole to monitor a 

I critical depth interval identified from the comprehensive data set. 

I SUMMARY OF CONCLUSIONS 

I The hydrogeological conditions of the ChatswoI1h Formation at SSFL arc very favourable for 

monitoring to determine source zone and plume characteristics and to verify the site conceptual 

I model. The conditions are favourable for several reasons: 

I I) The overall structural geology and stratigraphy is not unduly complex, 

2) The fracture network is comprised of many interconnected fractures, 

I 3) Matrix diffusion combined with matrix sorption and small fracture apertures causes 

very slow 'ICE migration, 

I 
I 4) Dispersion and other factors cause the 'ICE impacted zones to spread transverse to 

the main directions of groundwater tlow, which increases the target size for locating 

I 
plumes by monitoring, 

5) The rock characteristics are such that rock core analyses can be used to locate VOC 

I 
mass, and 

6) The boreholes generally have sufficient stability to allow for multiple entries with 

I 
monitoring devices such as geophysical tools and removable multilevel monitoring 

systems. 

I
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Table 1: Fracture Network Properties Plan View
 

Domain; Uniform 100 pm Fractures
 

Fracture connection density = 0.033 connections/m2 

Parallel Transverse
 
Fractures Fractures
 

minimum fracture spacing (m)
 
fracture density (fractures/m2)
 

minimum fracture length (m)
 
maximum fracture length (m)
 
average fracture frequency (fractures/m)
 
average fracture spacing (m)
 

2.0
 
0.015
 

10
 
20
 
0.15
 
6.7
 

2.0
 
0.015
 

10
 
20
 

0.15
 
6.7
 

Note: fracture frequency and density were estimated by counting the #
 
of fractures along 3 profiles in each direction and averaging the results.
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Table 3: Fracture Network Properties: Vertical
 

Cross-Section Domain; Uniform 100 J.1m Fractures
 

Fracture connection density =0.141 connections/m2 

Horizontal Vertical 
Fractures Fractures 

minimum fracture spacing (m)
 
fracture density (fractures/m 2)
 

minimum fracture length (m)
 
maximum fracture length (m)
 
average fracture frequency (fractures/m)
 
average fracture spacing (m)
 

0.5
 
0.050
 

10
 
20
 
0.58
 
1.7
 

1.5
 
0.075
 

2
 
5
 

0.19
 
5.4
 

Note: fracture frequency and density were estimated by counting the #
 
of fractures along 3 profiles in each direction and averaging the results.
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APPENDIX: Groundwater Monitoring In F'ractured Sandstone 

I And Implications For SSFL 

I 
FIGURES / CAPTIONS 

I 
1. Contrasts in features between two types of contaminant impacted groundwater zones 

I
 (a) difficult to monitor, (b) favorable to monitor.
 

2. 

I 
Three dimensional conceptual view of a plume in fractured sandstone with an orderly 
network of interconnected fractures. 

3. Boundary conditions and internal characteristics of the planar model domain of the 

I discrete fracture network modeling using FRACTRAN (a) schematic of model view, 
(b) plan view model domain. 

I
 4.
 Model results: (a) steady-state hydraulic head distribution showing gradient from left 
to right, (b) pattern of solute distribution showing transport pathways for the case 
with no matrix diffusion. 

I 5. HOlizontal plane model results for the case with matrix diffusion and sorption: the 
dashed line encompasses all fractures containing solute. The area inside this dashed 

I line represents the plume. (a) the solute distribution after 20 years (b) the solute 
distribution after 50 years. 

I 6. Schematic illustration of the vertical groundwater flow domain used in the planar 
cross section FRACTRAN modeling. 

I 7. Characteristics of the variable-aperture fracture network used in the planar cross 
section FRACTRAN modeling (a) fracture network, (b) statistical features of the 
network.

I 
8. Hydraulic features of the modeled domain: (a) hydraulic conductivity and velocity, 

I
 and (b) steady-state hydraulic head distribution.
 

9. 

I 
Vertical plane model results for the case of matrix diffusion with sorption: (a) solute 
distribution after 20 years, (b) solute distribution after 50 years. 

I 
10. Vertical profile of solute distribution in fractures and the rock matrix at 50 m from the 

input location after 50 years of solute transpOli: (a) arithmetic plot of concentration 
profile with vertically averaged zones, (b) log scale plot of the high concentration 
zone. 

I 11. Schematic illustration of the effects of solute mixing at fracture intersections 
(junctions): (a) detailed view of three junctions, each receiving clean and 

I
 contaminated water, (b) the transverse dispersion effect caused by junction mixing.
 

I
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(a)
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PlumeZone 

(b) 

Figure 1: Contrasts in features between two types of contaminant impacted 
groundwater zones (a) difficult to monitor, (b) conducive to monitoring. 
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Figure 2: Three dimensional conceptual view of a plume in fractured 
sandstone with an orderly network of interconnected fractures. 
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Figure 3: Boundary conditions and internal characteristics of the planar 
model domain of the discrete fracture network modeling using 
FRACTRAN (a) Schematic of model view; (b) Plan view model domain. 
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I Figure 4: Model results: (a) steady-state hydraulic head distribution 
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showing gradient from left to right, (b) pattern of solute distribution 
showing transport pathways for the case with no matrix diffusion. 
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Figure 5: Horizontal plane model results for the case with matrix diffusion and I sorption: the dashed line encompasses all fractures containing solute. The area 
inside this dashed line represents the plume. (a) the solute distribution after 20 

I years; (b) the solute distribution after 50 years. 
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I	 Figure 8: Hydraulic features of the modeled domain: (a) hydraulic conductivity 

and velocity, and (b) steady-state hydraulic head distribution. 
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Figure 9: Vertical plane model results for the case of matrix diffusion with sorption: 
(a) solute distribution after 20 years. 
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Figure 9: Vertical plane model results for the case of matrix diffusion with sorption: (b) solute 
distribution after 50 years. 
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Figure 11: Schematic illustration of the effects of solute mixing at 
fracture intersections (junctions): (a) detailed view of three junctions, 

I each receiving clean and contaminated water, (b) the transverse 
dispersion effect caused by junction mixing. 
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Figure 12: Aperture variability in a single natural fracture: I
 
I 

(a) cross section, (b) plan view showing areas where the 
fracture is closed due to stress or geochemical infilling. 
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 Figure 13: Effects of aperture variability along single fractures:
 
(a) molecule transport paths, (b) dispersion due to channeling. 
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 Figure 14: Monitoring boreholes used in the tracer test area: (a)
 

I 
borehole locations, (b) hydraulic apertures obtained by straddle packer 
tests, (adapted from Lapcevic et al. 1999). 
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Figure 15: Tracer zone (mg/L) delineated 
at three times after injection (adapted from 
Lapcevic et al. 1999). 
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Figure 16: Tracer concentration versus time at 23 m downgradient of the 
injection point (adapted from Lapcevic et al. 1999). 
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Figure 17: Schematic illustrations of two of the groundwater 

I monitoring well approaches in boreholes at SSFL: (a) single well with 

I 
long open intake interval, (b) cluster wells, each well with a short 
intake interval. 
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Figure 18: The Solinst removable multilevel monitoring system used in 
RD-35B and RD-46B. 
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Figure 19: Installation of the Solinst removal multilevel monitoring 
system (a) ; VWP transducer and double valve pump (b). 
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Figure 20: Locations of monitoring wells in the Chatsworth Formation 
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Figure 21: Locations of monitoring wells in the Chatsworth Formation: 
RD-35B and RD-46B. 
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Figure 22: Schematic illustration of the use of rock core analyses to 
identify TeE pathways 
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Figure 24: Stages in the sampling and preservation of rock core 
samples for vac analyses (a) Stage 1:Coring and sample collection; 
(b) Stage 2: Rock Crushing 
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Figure 23: Schematic examples of (a) cross-section of plume and 
source zone and (b) rock core vac profiles from source zone to 
plume fronts. 
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