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d Site between Communities

Overall Property is 2,850 acres 3 miles x 1.5 miles

Undeveloped Land

Boeing-owned: NASA-owned:
Area | 670 acres Areal: 750 acres
Arealll 114 acres Area ll: 400 acres

Area IV 290 acres; DOE-leased 90 acres
Undeveloped Land - Boeing-owned 1,325 acres



Groundwater is a potential pathway

for contaminants to reach points of
exposure.

Study of groundwater flow is a
prerequisite to understanding how
contaminants migrate.
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SSFL Location

SSFL in Relation to the Physiographic Provinces of Southern
California

Santa Susana Field Laboratory, Ventura County, California
Source: Yerkes and Campbell, 2005
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Simi Formation
Conglomerate

Santa Susana Formation
Sandstone

Chatsworth Formation
Sandstone

Monterey Formation
Sandstone

Sespe Formation
Sandstone and
Conglomerate




The Chatsworth Formation
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TIONAL MONITORING WELLS

Conventional Monitoring well nest Monitoring well with Long Open Intake
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~ 50 ft :
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The water table
stands 100’s of
feet above the
valleys.

San Fernando
Valley




rmeable is the Mountain?

L_ow Water 'I_'a_ble: — - High Water Table:
High Permeability Low Permeability




~ Resistance to Flow

Recharge

Valve Controls

Resistance to flow
(Water Head - h) .....

Water Storage
Reservoir

Discharge



Resistance to flow -
Bulk Permeability of
fractured Rock




K is a measure of the
resistance to flow of water




K is commonly expressed as
centimeters per second (cm/s)
or feet per day (ft/day)

BUT

Does not indicate
groundwater velocity



Darcy’s Law
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Q = (K) x (A) x (i)

Where:

Q = flow rate

K = hydraulic conductivity
A = cross-sectional area
Q I = hydraulic gradient
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s > ﬁ-élzl‘ydraU"C Conductivity

The more easily water flows, the higher
the hydraulic conductivity.

K ~ 0.00000001 (10-8) cm per second - Shale
K~ 0.000001 (10-) cm per second — Sandstone matrix
K~ 0.00001 (10-°) cm per second — Fractured sandstone

K~0.01 (10-2) cm per second -- Gravel
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as a Ridge

PIS i i

K,=RL2/ h?

K, = bulk hydraulic conductivity
R = recharge rate

L = width of mound

h = height of mound at center

2L

Groundwater mound forms a long
ridge of constant cross section.

K = 0.00001 (1E-5) cm/s



Terminology

_ .. E#=Evapotranspiration
P= Preclpltatlongg

4

F = Surface Flow
(Runoff)

%



5 Methods




Precipitation

(P)
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Surface Runoff (F)




Runoff Stations
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" “*Flume & measuring devices
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"L atoutfall 8 on east side of site




Surface Runoff

Assign: F=0
Therefore: R =18 -E;

When F is assigned 0, recharge is overestimated,
but within the error of two big numbers






Water :
Movement

Transpiration

Transpiration:

The loss of water vapour from parts of
plants (similar to sweating), especially

in leaves but also in stems, flowers and
roots
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- Evaporation (E)

Evaporation:
The loss of water vapour from
the ground surface and surface water bodies




~ Evapotranspiration (E,)

Evapotranspiration:

the sum of evaporation and plant transpiration
from the Earth's land surface to atmosphere
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~ Chloride Balance

Transpiration
+ +
Omg/L_ L+ + +
et Lt
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‘Chloride Balance

--‘

Overbur_den

Cl in Recharge Water (C))

Chloride is added
to the root zone
from rainfall.

Chloride is leached
downward from the
root zone by recharge
water.

Long term chloride
inputs must equal
long term removal.

R={C,/C}P



Midpoint of Screened Interval (ft bgs)

Rock Core Porewater Chloride Concentration (mg/L)
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Collects both chloride in dry fall
and rainfall.

Dry fall deposited in the
collection funnel is periodically
flushed down into the storage
bottle by rainfall.

Collection
Funnel

g




~ Chloride Balance

Transpiration
+ +
Omg/L_ L+ + +
et Lt

- S ’ S H+D'r'y+
s y , | .. *F "

I
\d

Rae
¥




- \
- S5 YL x’f »
Ty . Y

e = S How MUCH RECHARG E?

Chloride Mass Balance
Recharge Range:

0.4in/yrto 1.3 in/yr e e e et s es s e s e
60 gpm to 200 gpm .

Other Methods
Recharge Range:

0.4in/yrto 1.8 in/yr
60 gpm to 250 gpm



Garden Hose
discharging
at 5 gpm
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S = Groundwater
flow discharges on
Mountain slopes

D = Deep flow
= discharges beyond
mountain
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S = Discharge to
seeps springs and
plants

D = Deep flow

= discharges beyond

mountain







AP S S Causes of Seeps:
B - Topography

Water Table Topography

Seep

Seep occurs where water table
intersects mountain slope



Causes of Seeps:

Geology
- &
"""--...__.. /Sprlng
ST o™ ™ Seep occurs where shale

- o directs groundwater to

o )\ A surface
Spring
L A 2%
Sandstone Seep occurs where fault

Sandstone directs groundwater to

YammmmT i surface







Deep-rooted plant Phreatophytes

that obtains much of
its water from the
phreatic zone
(groundwater)

— Vadose Zone

" Water Table

| Phreatic Zone
(Groundwater)
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Locations of
Seeps and

| Legend

® Seep/Spring
(0 Phreatophytes




What Happens When A
Big Rainfall Event Occurs?

How is groundwater stored?

1

How does groundwater flow occur? i,

N
-




After Event:
Q=AK{(H+A)/(L+A)}

Water Table Rise is A

Before Event: e -
Q=AK{H/L}

Seep or Spri




After Event:
Q=AK{(H+A)/(L+A)}

Before Event: R
Q=AK{H/L} f~""""TTTTT™™7777
H



Joes Groundwater Occur?

Practically all of the groundwater is
present in the blocks of sandstone
and shale between the fractures.




iXx Blocks Are the Solid-Looking Sandstone

Matr

Between the Fractures






Rock Matrix Porosity

mineral particle

/
7
AL

Inter granular
void space

Microscopic View of Rock Matrix

Matrix porosity ( ®,.) = _volume of inter granular voids
total rock volume
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Matrix Porosity

About 13 percent of the total rock
volume Iis matrix void space.

®_ = 0.13 (13%)
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._x"* = " Core Sample Measurements:
atrix | Porosny by Material Type and Method

S0 1 | | | |
45 : @ Gravimetric method mean (no. of samples) X
10 — *Gravimetric method standard deviation Total No. of o T
C ¥ Gravimetric method minimum & maximum Measurements T (30)
35 +
- A Thin-section method mean (no. of samples) -
= 30 ~
= : f T X
2 % : X ® 2
8 20 + - ® (20)
— C X (12) I
(@] - X
o 15+ T T X i
: i (105) 5) X -
- (9) -
10 1 . >
5 A (22 - N X * (13)
SRS (1) g(ﬁ) *
0 & (3)
Sandstone Hard Banded Breccia Siltstone Shallow Shallow Weathered | Unconsol-
sandstone  sandstone | shale sandstone  weathered  sandstone idated
Chatsworth Formation siltstone/shale ~| silty sand

Santa Susana Field Laboratory, Ventura County, California
Chatsworth Formation

Source: Hurley et al., 2009




Joes Groundwater Occur?

Practically all of the groundwater is
present in the blocks of sandstone
and shale between the fractures.
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S0 E S Interconnected Fracture

Ve =, Network
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. lume of fracture voids
bulk fracture porosity (®; ) = VOume 9 macture YoIes

total rock volume



Aperture




 Conceptualization of
Bulk Fracture Porosity

For an aperture of 50 Microns

Cubic Matrix Blocks Tabular Matrix Blocks
E
Fracture Porosiy = 3s/L Fractur Porosity = €/L
| Spacing - Meters |  Fracture Porosity | [SpaGiRg S Meters | N Fkacture Forasity )
1 0.00015 1 0.00005
5 0.00003 5 0.00001

10 0.000015 10 0.000005
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Groundwater Flow

Groundwater flow is controlled by
numerous, interconnected fractures.

>~
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FRACTURE

* A secondary permeability feature that
renders a geologic unit more permeable.

* Any open elongated feature such as open
crack, joint, fault or bedding plane




Structural Fractures:
— Joint
— Fault
— Shear Zone
— Slip Plane

Sedimentary Features:
— Bedding Plane
— Parting
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Typical Fracture Density at SSFL = 2 to 3 per meter



network connectivity

—

Monitoring Well 2

Pumping Well

Head

Time

—Toring Well 3

Time

Monitoring Well 1
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[ ——

\~ Drawdown at 36 days (ft)

~_ _+ Maximum extent of draw-
down after 152 days

Shale unit

4

IEL FAULT

e —
I% 0 500

1000 FEET

HAPPY VALLEY FAULT

Long term
Aquifer Test

Corehole C-1

-600 ft deep

-Pumped at
40 gpm for
152 days

2003-04



- ‘Groundwater Flow R

ates (Q)InA

i S lenl o Fractured Porous Rock

K ~ Hydraulic Conductivity

. _‘.l é
Hy|c_||raL(|jI|c — —~ ¢ | Hydraulic
ea == ‘ Head
h, g i h
J o i Pl il ] ot i
< L >
In Rock Matrix In Fractures In Both
Q,, =AK, (h;-h,) /L Q; = AK((h;-h,) / L Q, = AK(h-h,) / L
K., = matrix K K; = fracture K K, = bulk K

(Lab Measured)

(Field Measured)



~“~Core Sample Measurements of Matrix

Fo Hydfhullc Conductlwty by Hydrogeologic Unit

Hydraulic Conductivity (cm/s)

1E-03

1E-04

1E-05

1E-06

1E-07

1E-08

1E-09

1E-10

1E-11

\
Total No. of

Boxes = 50% of data

Bars = geometric mean
X Measurements Diamonds = median
137 Whiskers = 10th & 90t percentiles
X = minima and maxima
X (N) = number of samples
K3 X . y 5
] Q i
X | : | T @ X L
o I
X — X
X
X
X
Older<— » Younger
Lower Undifferen- Bowl Canyon Sage Member Shale 2 Burro
Chatsworth tiated upper Member & Happy with Bravo (8) Flats
Formation Chatsworth (15) Valley & Line beds Member
(18) Formation members (34)
(17) (15)

Santa Susana Field Laboratory, Ventura County, California

Source: Hurley et al., 2009



Types of Evidence for
Permeable Fractures

» Hydraulic Tests in boreholes
- Using packers
- Using Flexible Liners

« Large Scale pumping Tests

» Temperature Profiling
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|| Liner attachment ‘7 al Liner descent -
"] ocasng aaion | bereahvater | Fyjdence for Permeable Fractures

Before During

Tether

Top of

Pumping Pumping
Casngf  [ff 1

Ground Surface

Hon-Pumping
Water Depth

Water Level

Available

Eversion Point
“Ep”

Base of Aquifer

| Temp2
r 11.75 (Op mpgm
Tripod w/ pulley p t P f I g
T Temperature Profilin
| MASL 1emp 1£/U4/us
200 Water Leyel | 11.75 (Lined) 13.5
T
290
280
Transducer wires, N, line Downward
and injection line 270 Flow in
Borehole
260 h> g
250 4
240
Most Water
230 Out =>
220 pparent Limit of l o
Major Flow
210 Stabilization I etec io“ Limit
Out Fractures . = S
200 Apparent Limit of e 2
Active Flow ‘ Without ALS
=
190 - =2
Open Lined | !

180

170,




Before During
Pumping Pumping

Top of
Casing

Ground Surface

Water Level 4

Available
Head

Base of Aquifer

Aquifer
Depth

Aquifer
Thickness

Fluid pressure

Borehole wall ———> transducers

Top packer

Submersible

Test interval s

Fluid-injection
apparatus

Bottom packer

Not to Scale
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imates of Hydraulic Conductivity
by Method of Measurement

1E-01
1E-02 > X
X X
— 1E-03 ..
@ I
—
£ 1E-04 X i .
) o xex X
= 1E-06 I | 8 %
S ava | X
- N

'g 1E-07 X [Total No. of Measurements:
Q  4E-08 231 Boxes = 50% of data |
o (excluding 137 core samples) Bars = geometric mean
é’ 1E-09 Diamonds = median [ |
¢=U Whiskers = 10t & 90t percentiles
-ad i X = minima and maxima |
g 1E-10 x (N) = number of measurements
I 1E11 | |

Core-Sample Discrete- Open-Hole Single-Well Multiple-Well Recharge Mound

Tests Interval Tests Slug Tests Pumping Tests Pumping Tests Interpretation
(137 cores) (19 wells, (NE Area) (78 wells) (10 tests, (10 alternative
Matrix K 114 intervals) (29 wells) 26 solutions) solutions)
(from ) Bulk Hydraulic .
previous _ . . .
slide) condauctivity

Santa Susana Field Laboratory, Ventura County, California Source: MWH, 2009



Ik Hydraulic Conductivity by
Hydrogeologic Unit

1E-01 Boxes = 50% of data
Bars = geometric mean
X X Diamonds = median
—_ 1E-02 Whiskers = 10t & 90t percentiles
v X X X = minima and maxima
¢E> 1E-03 | I (N) = number of measurements
>
=
S 1E-04 o oS - 2
13 — ISZ. :
'g 1E-05
S =2
o ]
o 1E-06
3
_:5 1E-07 x* x* x* % Total No.of | |
>, X Measurements
T (*Default minimum value) 246
1E-08 : !
lower Bowl Canyon, Sage Member Sandstone 2 Santa
Chatsworth Member Woolsey, & with Bravo members Susana
Formation (11) Happy Valley & Line beds (mostly Formation
(30) members (42) Burro Flats) (1)
(94) (68)
Source: MWH,

2009



“~ 'Groundwater Flow Rates (Q) In A

Fractured Porous Rock

K ~ Hydraulic Conductivity

. _-.‘ é
Hydraulic g —~ ¢ | Hydraulic
Head
h == ‘ Head
| JlP‘——ﬂ: - e
< L >
In Rock Matrix In Fractures In Both
Q,, =AK, (h;-h,) /L Q; = AK((h;-h,) / L Q, = AK(h-h,) / L
K., = matrix K K; = fracture K K, = bulk K
(1E-6 cm/s) (5E-5 cm/s)
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The open distance between fracture walls.

% Aperture




1 micron = 1/1000 millimeters

1 micron =3.9 1072 inches



Concept of
Hydraulic Aperture

smspm

Same Flow Rate

l Smooth-Walled Fracture
‘ That Produces Same
Flow Rate

(Hydraulic Aperture)

Rough-Walled Fracture
( Variable Aperture)




Tripod w/ pulley
and winch cable

Liner attachment
to Casing

Evidence for Permeable Fractures

During
Pumping

Water
Addition

iner descent
beneath water
table

Blended Head
in borehole

Eversion Point

Tether

Ground Surface

Temperature Profiling

230

220

210

200

190

Out

Stabilization
Out Fractures

Open

T /02/04
11.75 (Open) 13.5 11.756 (Lined) 135
11.756 (Lined) 135
MASL Temp 12/04/04
300 Water Lgyel | 11.75 (Lined) 13.5
T
290
Water IN <=
280
Downward
270 Flow in
Borehole
260
250
240
Most Water

pparent Limit of
Major Flow

Apparent Limit of
Active Flow

Lined




Typical Values
for Hydraulic
Apertures at
SSFL

Over 900 determinations of hydraulic
aperture:

Typical: 70 to 100 microns
Range : 10 to over 1000 microns



~ Summary

Resistance to groundwater flow is substantial:
Groundwater mound stands 100’s of feet above
surrounding valleys with only about 200 gpm of
recharge.

San Fernando
Valley




ummary

Some groundwater discharges to seeps on hill
slopes:

More than 100 seeps and phreatophyte areas
have been identified off site.




Summary

Volume water entering/leaving site is small:
Recharge = discharge ~ 200 gallon per minute




Summary

Virtually all the groundwater occurs in the
matrix:

Matrix voids ~ 13 percent of rock volume
Fracture voids ~ 0.01 percent of rock volume




Summary

Flow is dominated by inter-connected
fractures:

Matrix hydraulic conductivity ~ 1E-6 cm/s
Fracture hydraulic conductivity ~ 5E-5 cm/s
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