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Session Outline

• Site Operations and Contaminants 
• TCE Nature and Extent 
• Contaminant Transport Processes
• Role of Diffusion
• Computer Representation of Plumes



Upland Site Between Communities
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Overall Property is 2,850 acres 3 miles x 1.5 miles
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Areas of Operation at SSFL
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Two Primary Functions at SSFL
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• Contaminants found on-site: 
solvents, metals, perchlorate, petroleum hydrocarbons, mercury, 

dioxin, furans

• Surface water, soil, bedrock, groundwater:
all being addressed in separate programs

• Monitored surface water outfalls surround site

Environmental Investigations



Two  Subsurface Investigation Programs
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Distribution of Mapped Alluvium



Surficial Media Investigation Groups 
and Sites
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Surficial Media Sampling Locations
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Surficial Media Contaminated Areas

5#����#�����������.�#���##���
6������'#�����'�1�9�� �������'9'#9���#��
����
�(�(����'��



"��

How Did Contaminants 
Get Into SSFL Groundwater?
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Extent of Key Groundwater 
Contaminants
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Groundwater Monitoring Network

-/0����������#����#�������1�������������#���������� ���������



Processes Influencing
Transport and Fate

How Contaminants Move -
Transport Processes

• Advection (Flow)
– Groundwater 
– DNAPL

• Molecular Diffusion

How Contaminants Change -
Reaction Processes

• Sorption
– Adsorption
– Absorption

• Chemical Reactions
• Biological Reactions

Radioactive Decay



Terminology

DNAPL

Dense  Non - Aqueous  Phase  Liquid

DNAPL’s  =  sinkers

LNAPL ’s  =  floaters 
(petroleum products)
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Dissolution to Saturation
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Dissolution and Diffusion
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Solubility
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TCE will dissolve in water and can be 
measured over a large range of 

concentrations

Concentrations measured above the 
solubility limit (1,100 mg/L) indicate the 

presence of DNAPL



TCE Dissolution and Diffusion in Water



DNAPL
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Rocket Test Stand



TCE is Most Mobile Contaminant
Due to DNAPL

Water Tritium
Dissolved 

Perchlorate Dissolved TCE TCE DNAPL

DNAPL

Plug Flow Position

Detection 
Limits
(MCL)



TCE Plumes

Off-Site Contamination
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Schematic of TCE Plume at SSFL

Groundwater 
Flow Direction



Focused Look at NE Plume 
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Transect Approach

A B
C

Groundwater 
Flow Direction


#�������
����6�#�
��(��(
��



Source Zone Transect



A

Groundwater 
Flow Direction

Source Zone Transect





Most of the contaminant mass is 
in the upper 200 feet

The width of the source zone is 
less than 1400 feet

Concentration distribution is 
influenced by geology



Plume Transect



A B

Groundwater 
Flow Direction

Plume Transect





Plume Centerline (Longsect)



Schematic of TCE Plume at SSFL

Groundwater 
Flow Direction



TCE Migration Over 60 Years
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Concentrations Decline Rapidly with 
Distance from Source
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Plume concentrations decline rapidly with 
distance in the direction of groundwater flow
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Northeast Plume

Total Equivalent 
TCE (ug/L)



Key Finding
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Processes Influencing
Transport and Fate

How Contaminants Move -
Transport Processes

• Advection (Flow)
– Groundwater 
– DNAPL

• Molecular Diffusion

How Contaminants Change -
Reaction Processes

• Sorption
– Adsorption
– Absorption

• Chemical Reactions
• Biological Reactions

Radioactive Decay



DNAPL Dissolution in Sandstone
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Dense Non Aqueous Phase Liquid

DNAPL Refers only to the immiscible liquid, 
not the dissolved TCE

�
��%� *�

)$����91�34�)�#��#

�����������
%�����2�#��
�



DNAPL Flow Experiment 
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DNAPL Dissolution and Diffusion

mass mass

x x+
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Aperture Size Concepts
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About 13 percent of the total rock 
volume is matrix void space.

� m = 0.13 (13%)

Matrix Porosity Recap



Diffusion in Water and SSFL Sandstone
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Diffusion Slows Plume Fronts
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Key Finding
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Advection
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Molecular Diffusion
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Processes Influencing
Transport and Fate

How Contaminants Move -
Transport Processes

• Advection (Flow)
– Groundwater 
– DNAPL

• Molecular Diffusion

How Contaminants Change -
Reaction Processes

• Sorption
– Adsorption
– Absorption

• Chemical Reactions
• Biological Reactions

Radioactive Decay



Contaminant Sorption to Matrix Solids

Dissolved 
Contaminant

Sorbed
Mass

Pore 
Water

Solid  
Particles 



Solid Organic Carbon ( foc) in Rock Matrix
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Solid Organic Carbon in Rock Matrix
D

477



Sorption
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TCE Input Areas and Location of 
15 Source Zone Core Holes



Rock Core Sampling to Find 
Contaminants

ROCK CORE

1

2

3

4

5

6

fractures core
samples
analyzed

0          1          10       100
TCE  mg/L

non-detect

Fractures with
Diffusion halos



Rock Core Drilling 
at C-2, Canyon 
Test Stand



Core Collection and Inspection 

Core was collected in five 
foot lengths

Inspection of sandstone core



Rock Core Sampling and Preservation Method
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Rock  Porewater TCE  Profile
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Rock core data show a lot of 
TCE mass in matrix

There is strong evidence that TCE as 
DNAPL has completely dissolved 
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BG


B7


B0

Rock Porewater TCE Profiles 
from 6 Source Zones
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SSFL Core Hole Sites
�%8E� �%-G�


4


-


E


G


8


7

48
4-



Total of 20 Coreholes at 18 Locations



TCE Concentrations Decline with Depth
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Over 7,000 rock core samples show highest 
concentrations are shallow and diminish 

strongly with depth



Other Key Groundwater 
Contaminants
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Perchlorate
Diffused into 
Rock Matrix



Tritium 
Diffused 

into Rock 
Matrix



Key Finding
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Similar Results From 7 Other Sites 



Rock Core VOC Results at 4 of 8 Sites

Sandstone 
(SSFL, CA)

Black Shale
(Watervliet, NY)

Grey Siltstone
(Union, NY)

Red Siltstone
(Plainfield, NJ)



Research Projects & Student Theses
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Stage 1: DNAPL Enters and Moves along 
Fractures 



�&)�
�
H&��

2�#���
I���

�����#�����
I���

Stage 2: Immobilized DNAPL 
Dissolves



Stage 3: Dissolved TCE Moves along fractures and 
diffuses into matrix 
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Stage 4: No DNAPL remains and 
plume front slows
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Focused Look at Northeast Plume
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Northeast Plume

Total Equivalent 
TCE (ug/L)



Schematic of TCE Plume at SSFL



TCE Migration over 60 years
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Does this observed contaminant 
distribution make sense?
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Computer Simulated Plumes



Computer Model Domain
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Visual Fracture Observations
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Evidence for 
Permeable 
Fractures

<('��� #�.
(
��

)����#�
���
��


�� �#��'#��)#�.
(
��

)'� 
���
����





Dense Fracture Network 

Geometric Mean Fracture Aperture = 100 microns
Horizontal Fracture Length Range = 20-100 m

TCE Source

Histogram: Fracture Apertures
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10 Years
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Simulated Plume Contours: 
Dense Fracture Network

20 years

10 years

30 years

40 years

50 years
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These computer simulations are further 
evidence for a dense network of 

interconnected fractures

The influence of matrix diffusion is 
increased with more fractures



Plume Fronts are Nearly Stationary
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Groundwater Monitoring Network
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Groundwater concentrations are 
decreasing
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TCE 
Degradation



Key Finding
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Have plumes arrived at seeps?
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Location of Seeps and Phreatophytes
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44 Seeps Sampled for VOCs



Bell Canyon Seeps 
Sampling
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Key Finding
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Processes Influencing
Transport and Fate

How Contaminants Move -
Transport Processes

• Advection (Flow)
– Groundwater 
– DNAPL

• Molecular Diffusion

How Contaminants Change -
Reaction Processes

• Sorption
– Adsorption
– Absorption

• Chemical Reactions
• Biological Reactions

Radioactive Decay



Summary of Key Findings

• Diffusion of contaminants readily occurs in sandsto ne and 
shale and is a very important process at SSFL.

• Nearly all the contaminant mass is in the low perme ability 
rock matrix.

• Most of the contamination is found close to where i t went 
into the ground.

• Groundwater plumes are now stable and plume fronts are 
nearly stationary.

• Contamination has not been found at offsite seeps.
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THANK YOU


