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SEPA  OSWER Directive 9200.4-17P

Concepts described in Directive:

- Stable or shrinking plume
« Source control measures
- [dentify mechanism(s) of attenuation

- Demonstrate irreversibility of attenuation
process (“sorption”) — recognizes that many
iInorganic contaminants will persist in
subsurface
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Conceptual Distinction for Inorganic
vs. Organic contaminants
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shrinkage due to
degradation or
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present on
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YEPA  Contrast with MNA for Organics

Environmental Protection
Agency

« EXisting protocols do not include metals and metalloids

« “Immobilization” will likely dominate over
“transformation” (with some exceptions...)

— Nitrate/perchlorate reduction
—Radioactive decay

 Non-destructive mechanisms necessitate extensive

characterization
—Q: Where did the contaminant go?

* Few “complete” case studies
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Monitored Natural Attenuation
of Inorganic Contaminants in

Ground Water
Volume 1
Technical Basis for Assessment

Evolution of inorganic Contaminant Plume

- Regulatory Overview

 Tiered Analysis
Approach (TAA)

- Role of Modeling in TAA

« Technical Basis for NA In
Ground Water

 Site Characterization to
Support Evaluation of
MNA



Tiered Analysis Approach

Tier 1: Evaluation of Plms Evobior
plume stability Tier 1 o
Tier 2: Evaluation of : ==
rate and mechanism(s) Tier 2 55‘% %
of attenuation i

: . S|y GOOD . 5ju BAD
Tier 3: Demonstrate S : J o : Hw
capacity & stability of T
Tier 4: Development of | AT
long-term monitoring ULLLE, Q.
plan, contingencies Performiance Monitoring Parameters




SEPA Impacts of Improper
sy Preservation of In-situ
Mineralogy/Microbiology

 Transformations in sediment mineralogy
» Misleading identification of mineral(s)
controlling contaminant immobilization
» Changes in chemical speciation of
contaminant(s) leading to misidentification of
attenuation process(es)

 Loss of viable organisms that can be cultured
to determine microcosm degradation rates



Ground Water Issue Paper

Mineralogical preservation of solid samples
collected from anoxic subsurface environments

(http://www.epa.gov/ada/publications/html)

EPA/600/R-06/112

tudy Parameters
Examine preservation methods
Evaluate & develop freezing
protocol
Iron, Sulfur, and Arsenic

11

Uniter Status
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<EPA Ground Water Issue

Bpaney

Mineralogical Preservation of Solid
Samples Collected from Anoxic Subsurface

Environments

Richard T.Wilkin

Background
Remedial technologies utilzed at hazardous waste sites for the

of reduciion-aridation (redcx) processes to reach ground water
slsan up goals (Bamlona and Halm, 1081; U8 Envirermarial
Agsnz.y znnz) Thls s becauss redax reactions, in

many cases, sochemisl bebsuior of iorgenlc
cortaminans by i aﬂec(lng oy solubllty, reactvity, and bi
abilty. She efforts, remedial

gty
Jongrterm poct.remecial monitorg oan e sampling and
areiyei of aolile. Soliphass stidis ars neaded 1 evaluste
conaminant partring i varkus minarl fectons 2 daveks
site concaptual modal rt and fats, and

o asmaas Haether af ot saoeclal ek anones are cocurring as
tpected. Wessuremenis to determine minsralogical compos:

and

with information necessary for preparing sampling plans to sup-

port site characterization, remedy selaction, and post-remedial

manitoring efforts

For further informafion coniact Richard T. Wiikin (550) 436-5874

a:ms G\:ln'nd Waterand qu'ﬂm Restoration Division of the
t Fssaarch Laborstary, Offics of Re-

mrdmm us. Protection Agency,

Ada, Oklahoma.

Introduction

Solid phase samples may be collected for phy sical, chemical, or

biological tests during site charactarization and remediial parfor-

mance monitoring studies. ﬂvepdmlpalobjmhaofwaanp\m

progrm is to collect and deliver materials to

are mpmaemamedme orlglna] material prsaam \mheeﬂvlm

tlons,
uptaks capacities of suhau ﬁsm solids or reactive media used for
Insitu treatment of the subsuriace all depend upon propersample
collection and preenvation practices. This |esus Paper discusses
minarslogiealpreasivaton mathads r sclid samples st canba

et soremiaon. hen b rs of praservation may n

26 mporiant aiscs e coamnant b aviatio o cormivalaiie
Gomponent. However, when sclid samples are collected for more
sensitive. such

applied during site. dies and of
remedial performance. Apmm protocol s presented that
is applicable 10 solids collected from andic eubsurface envimn-
ments, such s soils, aquifers, and sediments.

methods becoms critial and mey direstthe outoems of allsubse-
uent analyses and intsrpretations. For samples collscted from
anoxic subsurface ervironments, cridation is the primary reaction

The preservation method evaluated and here for

. Thersfore, proper

from anox freez-
ing (-18 °C), transportation of frozen samples on dry ks, and
brostny processing of slide in sn anssrbic gove box. This

el to preserve tha redcs: Intagrity of reduced iron-
and aunum«anng scmpand, which e ypialy preckminant
redx-sensitive inor

sampl ideally
of oxidation. Urbrtunately, the litsrature is not extersive on the
f procedures for Lacking

b

dsvelopedw beet suit needs on a projscby-project base.

ANk terials
aredars important incantralinacontaminart behuior st heserdous

ommonly important in enwirormental
e te iron, manganese, sulfur, chromium, capper, ura-

wastesites. A selection of solid-p

nium, (0.5 Protection Agency, 2002]

to identical Emp\e splits i
whichno pr

sampes ware sjmd 1o adza In em:m s analysis of
reaults illustrates the. roper sample pressvation

bmb\nlnlngmesnhgiulaol\¢phssschmm(haﬂm This lssus
Paper provides emedial project managers and ather tata of pri-
vatte remediation managers and theirtechnical suppert parsonnel

idation processss imvolving ion and sulfur com-

pourts, in particular, have significant impacts on the partitioning
of metals to solids and these mpacts must be considered when
collecting and preserving field samples. For example, minerals
containing farmous iron (8.9, siderite, FeGO,; mackinawits, FeS;
pyiite, FaS,) may undergo epid axidation reactions during air
axposura and ransform 1o farmicdron phases (e.g., ferrhydrits,
Fe(OH), H,0; spidocruche, rFe00H: goathte, acf£00H)
Subsequently during batch adsorption tests or sequential extrac-
ﬂwnm‘fwﬂ thanthe

inal,

U8, Environmental Protection Agency, National Risk Mansge-
ment Ressarch Laboraiory, Ground Water and Empsm
Restoration Division, 91 Kerr Aasearch Diive, Ads, OK 74820
(wilkin. rick @apa. gov)

meﬂt Dlldamsm\nsrsltlarafnrmslbm raay m msult inchanges in

bm o Mggsr diffarent surkce Edaorplim reactions,
Similarly, sulfide minerals are in ganeral highly susceptible o
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“EPA  volume Il — NA of Non-Rads

Environmental Protection
Agency

Y Linknd Statwa
amimmu Promcion

Monitored Natural Attenuation
of Inorganic Contaminants in
Ground Water

Volume 2

Assessment for Non-Radionuclides
Including Arsenic, Cadmium, Chromium,
Copper, Lead, Nickel, Nitrate,
Perchlorate, and Selenium

/ f \ N,
/ k! hY
7 1
i 1] H kY
SVl Miirats Adsorpiion fo
of Suiciea | | and Co Afswrrstion Aguiter Sobds
with Fo Qxides

* Reviews on As, Cd, Cr,
Cu, Pb, Ni, NO,, CIO,,
and Se

« Occurrence and
Distribution

- Geochemistry & NA
Processes

 Site Characterization

- Long-Term Stabllity &
Capacity

 Tiered Analysis
- References
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Arsenic — Chemical
e o Characteristics

Inorganic and organic forms (methylated and

Inorganic forms most common — typically present as

negative or neutral ions in GW

Arsenic bound to O and/or S in agueous and solid species
Microbial oxidation-reduction documented for inorganic

forms

Microbial methylation-demethylation possible, but less

common in GW

Sulfate Reducing

Oxic Iron Reducing
Aqueous > H;As(V)O, H;AS(111)O4
Solid 7> As,O¢, FeAsO, As,0,

HaAs(111)S,

As,S,
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Coprecipitation
commonly occurs
near plume edge
where there is rapid
change in redox

Adsorption is more
prevalent at pH<7,
since As is anionic
and mineral surfaces
neutral or positively
charged

Arsenic Attenuation

Immobilization
Mechanism

Types of Solid Species

Precipitation

Metal arsenates/arsenites
Sulfides

Coprecipitation

Trace component in
oxyhydroxides or sulfides of Fe
and Mn

Adsorption

Surfaces of iron oxyhydroxides,
iron sulfides, clay minerals




\,EEQS Arsenic - Precipitation

ironmental Protection
Age cy

» Direct precipitation
not anticipated
except at very high
As concentrations

PO.=1 bar

: i » Stability region for
xh —1> these precipitates
ASSH Nirccommeodaend does not overlap
PH,=1 bar AsOy significantly with
Orpiment(a) o) common Eh-pH
Realgar(a) AsS, Ry range for GW

0 2 4 6 8 10 12 14

PH



EPA Arsenic - Adsorption

United States
Environmental Protection

Agency Aqueous As Aquifer Fe-bearing Minerals

Eh, V

® Adsorption of arsenic in aquifers shows a common link to the
abundance of Fe-bearing minerals

® Ferric oxyhydroxides (ferrihydrite, goethite) in oxic conditions
Ferrous sulfides (mackinawite, pyrite) in sulfate-reducing conditions

® As mobility highest under Fe-reducing conditions in the absence of
sulfate reduction



wEPA Arsenic — Characterization Data

United States
Environmental Protection
Agency

» Geochemical characteristics of GW — especially “redox
condition” & pH
® Changes in these parameters may dictate re-mobilization (solid
phase dissolution, As speciation)

» Mineralogical composition of aquifer
® Solid phase association critical for understanding capacity & stability

» Chemical speciation of arsenic
® As(V) & As(lll) oxyanions common, but others can be significant
(thioarsenic, organoarsenic)

000000

Thioarsenite
—75As

Plume around ZVI
PRB

Response
.

000000

Arsenite UL
0 2 4 6 8 10 12

Minutes




wEPA Arsenic — Sample Integrity

Un|ted States
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» Solid samples — preservation of redox condition
® Oxygen exposure usually most critical

» Water samples (laboratory or field analysis)
® Prevent precipitation of dissolved constituents, e.g., Fe(ll)
® Preserve arsenic speciation
1) Minimize air exposure
2) Acidify, unless sulfide present (precipitates As,S,)
3) Filter and light exclusion (microbial, photocatalyzed
reactions)

Field methods for species analysis and/or separation are
available, but need to be tested under site-specific conditions.

I::) http://cluin.org/download/char/arsenic_paper.pdf



SEPA ORD Workshop Synopsis
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Region 4 (Atlanta, GA) June 19, 2007
Presenters: Steven Acree (ORD-Ada), Robert Ford (ORD-Cincinnati)
Coordinator: Felicia Barnett (ORD/OSP STL)

Region 5 (Chicago, IL) July 31, 2007
Presenters: Steven Acree (ORD-Ada), Robert Ford (ORD-Cincinnati)
Coordinator: Charles Maurice (ORD/OSP STL)

Region 8 (Denver, CO; Helena, MT videoconference) August 2, 2007
Presenters: Rick Wilkin (ORD-Ada), Steven Acree (ORD-Ada)
Coordinator: Brian Caruso (Chief — Wetlands & Watershed Unit)

Region 1 (North Chelmsford, MA) September 10, 2007
Presenters: Randall Ross (ORD-Ada), Robert Ford (ORD-Cincinnati)
Coordinator: Steve Mangion (ORD/OSP STL)
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Region 4 (51 total)
28 Regional Office Staff

8/8 State Offices (23 Stalff)

ORD Workshop Synopsis

Region 5
24 Regional Office Staff

(33 total)

3/6 State Offices (9 Staff)

4 Georgia 3 Tennessee

4 Kentucky 1 North Carolina

3 South Carolina 2 Mississippi

5 Alabama 1 Florida
Region 8 (33 total)

17 Regional Office Staff
1 USGS-EPA Liason

3/6 State Offices (15 Staff)
10 Colorado 3 Montana
2 Wyoming

4 Indiana 4 \Wisconsin
1 Ohio
Region 1 (38 total)

19 Regional Office Staff
1 Region 3

4/6 State Offices (18 Staff)

11 Massachusetts
2 Connecticut

4 New Hampshire
1 Rhode Island
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In Situ Bioremediation for Metals

nvironmenta | Protection
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* MNA Principles: F&T, Site Characterization,
Monitoring

- Maximizing Rates & Capacity
 Control & Manipulation of the Subsurface
- Redox Manipulation
— Direct biodegradation
— Indirect biogeochemical process, solubility
- Related technologies: PRBs, In situ injections
— Delivery of Substrate




wEPA Microbial sulfate reduction and

United States

En i s metal attenuation

EPA-USGS In pH 4 acid mine water

IAG at Penn Mine (CA)

Geochemical
Transactions, 2007,
V. 8

Geochemistry

Stable Isotopes (S, C, O)
Dissolved gases
Molecular Biology

Solid Phase Studies

DGGE scans



SEPA In-Situ Biodegradation

Environmental Protection
Agency

§mi Technical/Regulatory Guidelines

A Systematic Approach to In Situ Bioremediation
in Groundwater

Including
Decision Trees on In Situ Bioremediation for
Mitrates, Carbon Tetrachloride, and Perchlorate

— iy

qqqqqq
iermate Fechaology and Regulaory Couscl
in Siu Eoemcdiation Tam

www.itrcweb.org/Documents/ISB-8.pdf

« System Characterization &
Design Tree Approach

» Design and Testing
e Monitoring and Evaluation

* Inorganics: nitrate and
perchlorate
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PRB Installation/Biowall
for Nitrate




Nitrate-N, mg/L Nitrate-N, mg/L

Nitrate-N, mg/L
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20 ol . .
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0__,_|_,_|_-,_-.|_-,_T_,-_r._,_-.|_-,4’:,.->r._

15 20 25 30 35 40
Months of Operation

Nitrate

Average % removal
ranges from 42 (T1) to
91 (T2), based on
influent & effluent

Nitrate removal within
PRB is 92 — 100%

Transect 1 PRB wells
show subtle increases
In nitrate starting at 35
months; no nitrate
detection in Transect 2
PRB wells

Declining source term?



SEPA Denitrification
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2NO, —2NO, — 2NO — N,O— N,
|

Nitrate ions  Nitrite ions  Nitric oxide Nitrous oxide Dinitrogen
(+5) (+3) (+2) (+1) gas (0)

Dissimilatory
Nitrate reduction

to ammonia
(under low electron acceptor conditions,
l.e., C>>>NOy) 10
v | O
80
2NH,* -
4 O) 60
E_ @]
Z| 40 ©
£ o
-%' 20 P
0- .O ® ®
0 15 20 25 3 3%

15 .
) NNO3, permil

1
40



wEPA  Heterotrophic Denitrification

United States
Environmental Protection

"~ 5CH,0+4NO, = CO, + 2N, + 3H,0 + 4HCO.

4000
\ e Mean DOC values in cluster
3500 - y Wells, n = 14
3000 - y .
; in transect wells
— \
Sy 2500 - y Decrease in
c ¢ capacity from
d 2000 — ~2200 to 38 mg/L
O Nitrate-N
A 1500 - TON,
based on reaction
1000 A ~40 mg /L stoichiometry
500 — \
0 B 60 n--. O-0-0--0-
| ! | ! | ! | ! | ! | ! | ! | ! |
0 5 10 15 20 25 30 35 40

Months of Operation
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ClO, — CF

Decreasing Redox

Potential

Substrate
Addition

Methanogenesis

Sulfate Reduction

Perchlorate Reduction

Aerobic Respiration

In perchlorate, pg/L

Concentration, mg/L

Biodegradation - perchlorate

Wilkin et al. (2007)
ES&T, v. 41, p. 3966-3971.

8
6 ] 8 o ® no nitrate
i * 5 O initial nitrate = 5 mg/L
4 —
24 $
0 5 e}
] °
'2_' ------------------ D ---------- o---o.(j-o----g- -----
Concentration range : @]
-4 - A p ding fireworks display Y
-6 T T T T I
5 0 10 20 30 40 50
—— Ammonium-N
—&— Nitrate-N
4 + —Oo— Perchlorate*5
2 -
0 - B & e, A==
1 Ll I I I
0 10 20 30 40 50
time, d



SEPA  |ndirect Biogeochemical
o Process
- Carbon/Sulfate addition
A COQ—"" CH4 Methanogenesis tO drlve SR
E 8042-—1- HZS Sulfate Reduction o LOW Solub”lty Of, e_g_,
_g_ ClC)4 —> (| | Perchlorate Reduction Pb1Cd1 N|1 Zn1 & Cu
E% -—D . sulfides.
A5 I - «Precipitation as MeS or
02 o HEO Aerobic Respiration . PreC|p|tat|0n of FeS
Addition and metal/metalloid
Interaction

Desulfovibrio
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Metal Sulfide Solubility
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Pb
L. 'Cd
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Environmental Protection
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SEPA  Arsenic Sulfide Solubility

Sulfide Range

< »
<« »

Contrasting
Behavior of
AS

Multiple
Factors:

"| pH, Total
Sulfide,
Arsenic
speciation,
o Surfaces

-10

T T T T |
-10 -8 6 -4

log H.S (M)
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In Situ Injections

» Calcium Polysulfide

o Abandoned Well
(nfection Well or Fractire

« Sodium Dithionite

 Ferrous Sulfate
« Sodium Phosphate
« Aluminum Hydroxide
 Zerovalent Iron
— Precipitation
— Adsorption




Tiered Analysis Approach

Plume Evolution

Tier 1: Evaluation of

plume stability Tier 1
Tier 2: Evaluation of g
rate and mechanism(s) Tier 2 55‘% i
of attenuation SR
....-E GOOD .,.-§ BAD
Tier 3: Demonstrate Tier 3 : \ | S ;w
g8 g8

capacity & stability

Time Time

O2=%

Tier 4. Development of .
L Tier 4
long-term monitoring a '@r-'

1 I



“EPA  Einal Remarks

* Need for improved conceptual understanding of
element behavior; biogeochemical processes

« Technology verification for inorganics
— Where did the contaminant go?

 Improved: site characterization methods;
sample characterization practices; model input
parameters

« Coupling MNA with source control/in situ
remediation

- Case studies
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