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Low-permeability (flow-limited) regions
Reversible fluxes )
of aquifer:

* Do not contribute to volumetric flow

= => q q

| . * Act as reservoirs for contaminant storage
rreversible fluxes )

* Mass fluxes into and out of low-
permeability regions defined via
diffusive exchange with more permeable
aquifer materials




+ Lowpermeability  E]low-Limited Regions of an Aquifer

material may not
be significant
with respect to
volumetric
groundwater
flow. . .

O Low-permeability material embedded in a permeable sand

Dye injection. . . from Doner and Sale, Colorado State University

During
contaminant
“loading”, dye
diffuses from
permeable
pathways to low-
permeability
materials due to
concentration
gradient

During “flushing”,
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Matrix Diffusion in Fractured Rock: Contaminant Retention and Release

Example of chemical

transport and matrix

diffusion in a single
fracture. ..

L.

Concentration versus time
at fracture inlet
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diffusion*

advection and dispersion
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Dispersion: D = oy |v|
Matrix diffusion: D, =nyD,,

*direction of diffusion depends on the local
concentration gradient in the z-direction

Longitudinal dispersivity: o,
Matrix porosity: n
Matrix formation factor: y

Free water diffusion: D,

Shapiro et al., 2007




Matrix Diffusion in Fractured Rock: Contaminant Retention and Release

Example of chemical transport
and matrix diffusion in a
single fracture. . .
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Matrix Diffusion in Fractured Rock: A Blessing or a Curse ?

The “curse” of matrix diffusion. . .

An example: Pulse injection and monitoring 50 m downgradient

" the curse. . .retention of
contaminants in flow limited
regions of the aquifer. .

| limiting access to remediation
Advectlon dispersion amendments

Advection, dispersion,
matrlxd|ffu3|on (Dy2 = Dy

slow release of contaminants to
Trend line .
\slope- 15 permeable pathways yields a
long-term contaminant source

102 103
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Matrix Diffusion in Fractured Rock: A Blessing or a Curse ?

The “blessing” of matrix diffusion. . .

Concentration v me

An example: Pulse injection and monitoring 50 m downgradient

the blessing. . .retention of
contaminants in flow limited
regions of the aquifer. . .

attenuating the downgradient
concentrations. . .

delaying downgradient
migration of contaminants. .

dvection, dispersion,
matrix diffusion (D, > D

.. .matrix diffusion is the
rationale for the licensing of
selected geologic environments
10 102 103 as sites for waste isolation (e.qg.,
WIPP site, New Mexico, USA)

Elapsed time (days)
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Matrix Diffusion in Fractured Rock: Why do we see extended residence times?

Although fractures are highly permeable groundwater pathways, contaminants introduced into
fractures have extended residence times. . .

C=Co (0<t<10years) 100 meters
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with diffusion into an
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Matrix Diffusion in Fractured Rock: Why do we see extended residence times?

Although fractures are highly permeable groundwater pathways, contaminants introduced into
fractures have extended residence times. . .
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Matrix Diffusion in Fractured Rock: Why do we see extended residence times?

Although fractures are highly permeable groundwater pathways, contaminants introduced into
fractures have extended residence times. . .
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Matrix Diffusion in Fractured Rock: Why do we see extended residence times?

Although fractures are highly permeable groundwater pathways, contaminants introduced into
fractures have extended residence times. . .
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Matrix Diffusion in Fractured Rock: Why do we see extended residence times?

Although fractures are highly permeable groundwater pathways, contaminants introduced into
fractures have extended residence times. . .
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Matrix Diffusion in Fractured Rock: Why do we see extended residence times?

Although fractures are highly permeable groundwater pathways, contaminants introduced into
fractures have extended residence times. . .
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Characterizing contaminant mass in the subsurface

Naval Air Warfare Center, West Trenton, NJ

Interpretation of contaminant mass from mobile
groundwater . . .water samples extracted from
permeable fractures intersecting monitoring
intervals (~20 ft sections of borehole)

Mudstone units of the Lockatong Formation
on Cross Section G =G’
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Are these isocontours of aqueous concentrations
from fractures a physically meaningful way of
characterizing contaminant mass in fractured rock ?

Are they useful in designing remediation strategies ?
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Characterizing contaminant mass in the subsurface

Water samples from mobile groundwater TCE in fractures and the rock matrix
(fractures) do not provide an accurate picture of
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Characterizing contaminant mass in the subsurface

Water sample collected Distribution of organic contaminants between
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Quantifying Matrix Diffusion — Laboratory Analysis of Rock Core

Diffusion of 137Cs in a Granite Core
Diffusion through a rock face

Time = 101 days
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1 — rock matrix porosity Distance, millimeters

J, - diffusive mass flux in the x-direction per unit area (ML2T1)
y - formation factor (inversely proportional to tortuosity) n n
D,,—137Cs free water diffusion coefficient (L?T1) _ 7/D —
D, = yD, —rock matrix diffusion coefficient (L?T) R R ™
R —137Cs retardation factor

C — aqueous concentration (mass per unit volume, ML?3)
x — spatial coordinate (L)

L — units of length; M — units of mass; T — units of time

a USGS

Are laboratory interpretations appropriate
for field scale characterization?
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Injection Pumping

35m Breakthrough Curves
Transport through fractures in a Crystalline Rock
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The Significance of the Rock Matrix at
Sites of Groundwater Contamination

U Do not underestimate the significance of the rock matrix in retaining
contaminant mass. . .a critical element of source zone delineation. . .and
contaminant longevity. . .

O Even crystalline rocks exhibit matrix retention. . .e.g., nuclear waste
isolation (e.g., Swedish Nuclear Fuel and Waste Management Program)

0 The retention of contaminant mass in the rock matrix can be of significance
in both the source zone and the downgradient plume

O Large concentration gradients “drive” contaminant mass into the rock
matrix “rapidly”. ..

1 Rate of “back diffusion” diminishes as the concentration gradient in the rock
matrix decreases over time. . .

O Surface chemical processes (sorption) must also be considered in evaluating

retention and release of contaminants in the rock matrix. . . ,
Shapiro et al., 2017

Shapiro and Brenneis, 2018

Shapiro et al., 2019
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