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ABSTRACT

The effectiveness of cradellversus traditional limestone roédr the passive treatment of acid
deposition was tested in a series of batch microgcosntinuousflow column and fieldscale
roadsideditch andunderdrairexperiments.Contact with crab shell in batch microcosms
quickly increased the pH of acid impacted stream water from 3.1 to 7.6, and increased the
alkalinity from0 to 37.2 mg/L as G20; in as little as 6 hours. With increasing contact time, the
pH and alkalinity continued to increase, reaching a maximum of 8.2 and 136.8 mg/L ag CaCO
respectively, after a 10 days of treatméhtdercontinuousflow conditions crab shell increased
the pH of the water from 3.87 to 9.2 in just 2 days and then slowly returned to a-oeciral

pH of 7.5 for the remainder of the &y study. In comparison, columns containing limestone
were able to increase the pH to a maximum of 8.55 by day 24dwtdst neutralizing capacity,
ending at a pH of 6.01 after 54 daalkalinity followed the same trend as pH, increasing from
0 mg/L as CaCeto an average of 634 mg/L as Cagd@columns containing crab shell, yet

only reaching a maximum of 22.8 mg/k &aCQ in columns containing limestond.ow levels

of aluminum (0.6 mg/L) were easily removed from solution by crab shell, but broke through in
columns containing limestone, eventually reaching influent concentrations within 55 days.
Fermentation of ctashell released low levels of bioavailable ammoniuml}Hto the water
(<18 mg/L as N)which may be helpful for restoring biological diversity in nutridaficient
watershedsMinimum loading criteria for crab shell and limestone to neutralizedidic water
examined in thisaboratorystudy were determined to B2 0.9 g/Land1371 60g/L,
respectively.Field-scale roaesideditcheswith crab shelin underdrainshowedncreasesn pH,
alkalinity, and aluminum removal of 1.1@its 111mg/L as CaCO3, and 0.466 mg/L,
respectively over a3 month periodln comparison, treatment wittmestonein ditches and in
underdraingesulted inower net changes in pH, alkalinity, and aluminum remov&l.64, 6.13
mg/L as CaCO3, and 0.146 mg/L, pestively. This work suggests that crab shell may be an
effective alternative substrate for the restoration of waters impacted by acid deposition due to its
ability to provide excess alkalinity, remove metals, and provide trace nutrients, all with lower

mass requirements and thus a smaller footprint than limestone.

Keywords: acid deposition; acid rain; crab shell; chitin; brook trout; aluminum removal
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1. INTRODUCTION
Acid deoosition due to precipitatiomecamea major problenin the northeastern United States

following theindustrial revolution. As the pH of rain and snoelthas decreasemler time the
habitatsof vitally import speciefhiave been detrimentally altereth Northwestern Pennsylvania,
native populations of brook trout have been reduced due, in part, to increases in acid
precipitation. In this thesisit is offered thathe acidificationof tributaries feeding into
wildernesdrout streans can be remediatednd downstream waters potentially bufferédough
the use ofoadside ditch underdrains filled with novel,alkalinity-bearingsubstratecrab shells.

In thisthesis crab shells, which are waste products from the seafood indwstry testecs
an alternative substrate to limestone, which is the conventional materidbuseatingacid
deposition. The stream of intereghie South Branch dfinzua Creek|ocated in McKean
County, PA|s plagued by low alkalinity, high acidity, low pH, afwv, but significant,
concentrationsf the toxic metal aluminumTo test whether crab shells could successfully
restore Kinzua Creek water more efficigritian limestone, a series of batch microcosm tests,
continuousflow columns, and fielescale experiments were performed.

A literature review of th@roblemof acid depositioneffects on fishand potential passive
treatment systems esented ilChaper 2. Chapter 3 describes thgperimentalaboratory
setup and thenethods used to determine alkalinity and acidity, ammonium, metals, and anions
concentrationsln Chapter 4, the results tife laboratory experimenfbatch microcosms and
continuousflow columns) are presente@hapter 5 discusses the results of those experiments
and how they might affect the ecosystem of Kinzua Creek by increasing thaékalkhity, and

ammoniumfrom crab shelfermentationln Chapter 6a presentation of the fielstale study



resultsis provided Finally, in Chapter 7, are the conclusions of the laboratioiyy, their

significance to the field of environmental engineeyargd suggestions for future work.



2. LITERATURE REVIEW
2.1. ACID DEPOSITION
Acid deposition is anajor problem in the United States and is mostly due to anthropogenic

activities, land use practices, and low buffering capacities of natural bedrock. The problem is

particularly of concern in the northeastUnited States which has shown progressively

decreasing pH and alkalinity of surface waters as recoogtedthe last 30 years (Driscet al.

2001)(Figure 21). Northern Pennsylvania is amneathatexperiences some of the highest acid

deposition rates in the nation due to the low natural buffe@pacity of the surrounding

bedrock (Herlihy etal. 1993. he Commonweal th of Pennsylvani a,

of chronically acidified st&ShapandV.Ed20@®s t o aci d
In a logical progression, the biota in manytlod impacted areas has also declined with the

pH inthewaters that harbor them. This is not only due to the overall trend of loweredlydd

in stream waters, but also due to the liberation of toxic metals that would not normally be

bioavilable under @utral pHs Thishas many researchers concerned for thedfatertain

macroinvertebratand fish species which asensitive to metals accumulatiddaker, et al.

1982.
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Figure 2-1. Acid Rain Deposition.Hydronium ion (H) concentration map made from pH
measurements in the continental USBxpanded detail shows McKean County,
Pennsylvanigk ), the location of Kinzua Creek watersheathich were examined

in this study(Taken from:

http://www.dep.state.ps.us/dgpte/arwaste/aqg/acidrain/maps/hyd_com.pdf and

http://nadp.sws.uiuc.eflu

2.2. ALUMIN IUM IN STREAM WATERS

Although few geological studies have characterized the area specific to the site of this study,

Northern Pennsyl vanderwid areain Edaltre Cauktry, Pennsgivaniai | ar

which has been shown to be deficient in calcite (C@@d other carbonates usually considered

as sources of alkalinity (Kirbgt al., 2008). Kirby et al. (2008) analyzed grab samples from a

geologically similar areto Kinzua Creekn Central Pennsylvania, and the clay mineral illite,

among others, was found. Also in the Kirby et al. study, the weathering of illite

(KA 5(Si3,Al)O10(OH),) to kaolinite (ALSi,Os(OH),) by preferential stream flowpaths, and the

drop in pH causeby acid deposition, is implicated in the release of aqueous (dissolved)

aluminum hydroxides by the following reaction:



AlLSOs(OH)s + 5H,0 2z 2 AL £2B,8iPs° (Egn 2-1)

Aluminum solubility is controlled by pHasthe pHrises, itis removedas a hydroxide
precipitate(Al(OH)3) (RobinsonLora & Brennan, 2009)Surface waters with alkalinity less than
200ueg/L are considered sensitive to acid deposition and the subsequent likgralioninum
(Cleveland, 1991) Aluminum affects thdéunction of fish gills creating respiratory and ion
regulatory dysfunctionPoléo, 1994)The Environmental Protection Agency (EPA) established
chronic and acute toxicigluminumconcentrations for freshwater ecosystems: 0.750 mg/L for

acute exposure dr0.087 mg/L for chronic exposure (EPA, 2004).

2.3. KINZUA CREEK
The South Branch of Kinzua Creek (hereafter referred to as Kinzua Creek), located within the

Allegheny National Forest in Northern PennsylvénkdcKean County, is managed as a
wilderness trout stream by the Pennsylvania Fish and Boat Commission (PFBC). Wilderness
trout streams are a valuable resource in Pennsylvania, providing angling opportunities in remote
areas with minimal human impacts.

Analysis of raw water taken fromdinzua Creek in February 2008vealed that the average
pH was 4.71 + 0.44, average alkalinity was 4.25 + W@/ as CaC@ and average aluminum
concentration was 0.53 + 0.07 mg/Lable 41). ThepreliminarypH andaluminum analysis of
the raw water suggesasproblem not only forthe ecology of Kinzua Creekutalsofor the state
of PennsylvaniaAccording to the Pennsylvania Fish and Boat Commisssmneational fishing
of streams like Kinzua Creek and its tributageseratesnore than $1 billion for Pennsylvania

annually(PA Fish and Boat Commissipp010. In 2010 alone, 3,959,700 trout were stocked



into Pennsylvania waters with the majority (2,599,600) stocked into s(@ish and Boat
Commission2010. If the acid deposition problem continues, fish kills may become more
prevalent during times of high flow rates irgiveams lik&kinzua CreekMany wilderness trout
streams, including Kinzua Creek and its tributaries, support brook 8alvelinugontinalis)

populationswvhich are a component of that $1 billion revenue

2.4. BROOK TROUT
The brook trout in ecologically and economically important specieféndommonwealth of

Pennsylvania. Bwever, recent studies have demonstrated population declines throtighout
Northeastern U.S. (Hudy et g008).Decliningbrook troutpopulations have conlted to

their recent listing aa fispecies of greatest conservation reesatt to their addition to the
Pennsylvania Wildlife Action PlaPennsylvania Game Commissiand Pennsylvania Fish and
Boat Commission, 2008Much of the decline and/or extirpatiof brook trout populations has
largely been attributed to habitat loss do@cid deposition and the problems the(elerlihy et
al., 1993. Thus,improvingwaterqguality in these tributariemayrestore important brook trout
spawning and rearing habitat to the Kinzua Creek watershed.

Brook trout, according to Baker and Christen€E991), ar e consi dered an
fish species. Brook trout are ablettberate chronic acidic conditions and also thrive relatively
well under episodic acification. Although the brook trout exhibit this amazing tolerance, the
number of brook trout per 0.1 hectamehe Northeastern United States viasnd to be215 in
nonacidic streams, 82 in episodically acidic streaamsl 46 in chronically acidic strear(Baker
et al., 1996) Although the brook trout may be able to tolerate acidic deposition in their habitat,

they are susceptible to toxic effects due to liberatiaiwxat aluminum which is most evident in
6



streams with lowered pHs (Baker et &P96). Furthermore, brook trout are better able to
rebound from episodiacidificationwhen water qualitys restored quickly. Clevelaret al.

(1997 found that after expasg brook trout to low pH/high aluminum conditions for 7 days and
then restoring the water quality for 120 hours afterwards, the brook trout were better able to

recover, spawn, and hatch than when continuously exposed.

2.5. USE OF PASSIVE TREATMENT SYSTEMS
Episodicacidification iscaused by the high flow rates a stream experiences duringssiprm

snowmelt These high flow rates are not only due to addition of precipitation directly to the
stream but also due to road faff. In order to combat thencreased acidity associated with high
flow rates, passive treatment systems (PTS) nh
bi ol ogi cal processes to treat acidity with [
2002). They are more common inteashed restoration projects because they are relatively
inexpensive to build and operate after placement.

There are two categories for PTS treatm@rigure 22): Category | and Category. |l
Category | methods aim to raise pH and alkalinity throughlthkming of watersheds and
wetlands 2) addition of limeston& groundwater wellsand 3) anoxic limestone drains (ALD)
Category Il methods are more invasive to the surrounding areas and generally more costly.
These methods aim to not only raise pieand alkalinity but also remove metals throughthe
addition of aerobic and anaerobic wetlgratsd 2)successive alkalinity producing systems

(SAPS).



Category I- Category II-
neutralize acidity neutralize acidity &
remove metals

Figure 2-2. Passive Treatment System<Categorically Determined by mode of action.
Adapted fom Schmidet al., 2002

2.6. USE OF LIMESTONE IN PASSIVE TREATMENT SY STEMS
Traditionally, limestone rock has been used in these PTS as an alkaline agent to neutralize the

acidity of the stormwateiLimestone works well to increase the pH of acidic watersite acid
neutralizing capacity (ANC) has come under question for the continuous bufféanglic

waters Limestonetreatmentsvork initially to restore pHsalues to circumneutralevels yet a
consistentlyhigherpH is not always possibldue toincreased precipitation at certain times of

the year (Ormerod et al. 2009). This would suggest that the buffering capacity of limestone is not
effective enough to maintain higher pHlues yearround. Although these types limestone
treatmentsanelevate pH, they have had conflicting success in their ability to restore fish

species. Irstudiesby Menendez et a(1972 and Clayton et a[1998 recolonization of

reproducing fish populationsas observeth streams which had little to no recruitment befor
8



the use of limestoné/et othersfound no change in fish communities followitrgatment with
limestone although said events were successful in raising strea(&gddeton et al. 1996,
Simmons& Doyle 1996, Bradley Ormeral 2002, LeFevr& Sharpe 2002McClurg et al.
2007).

Limestone mainly becomes a problem during episodic high precipitation events when the
limestone treatments cannot neutratize aid rapidly enough (Wheatherley al. 1988).
Furthermoreresearchers iBouthwestern Pennsylvanitilized limestonesandat twice the
amount needed to treat an annual calculated load for the stream of ifitesrstret al. 2005).

The study concluded that the double application of limestone did not produce any additional
improvements in the stream teaquality did not halt the remobilization of aluminymand did

not aid in theecruitment of macroinvertebratdgot only did these researchers not attain the

type ofsuccess thewere expecting for wateuality with a double application of limestone
theylater discovered that they had overestimated the mass of limestone required in the
applications. Based upon an equation established by Clayton (1998) for the loading amount of
limestone based on pH, the researcheded 26% morkmestone than what &g calculated to

be neededrlhey attributed this phenomentmthe increased flows durints application.During
monitoring, notable quantities of limestone were observed on the stream banks. The higher flows
rate may have deposited the limestoneontethe hi gher el evations and
high flow rate event was the limestone again able to become effective. Also, substrate samplers
filled with equivalent amounts of limestone by volume were placed in the streambed and
sampled for macroinventate densities. A negative correlation was found between the amount of

limestone collected in the sampler and macroinvertbrate densities. Keener and Sharpe attribute

t



this to the samplers becoming a hindrance to habitation by inundating the area macaigs/erb
would normally occupy with limestone.

In light of previous findings, a passive treatment system must then be designed to be able to
handle chronic and episodic acid deposition, provide consistent alkalinity for buffering acidic
pH, prevent the remalization of aluminum, and have a smaller footprint as to not inhibit

attractive habitat conditions.

2.7. NUTRIENTS
The pH of stream waters may be able to be restoredjdulitersity in and arounstreamsstill

remainghek ey t o t h erecbverp. 8dtdige andbLavwrénse (2001) measured the
density of brook trout in severely aditipacted streams, naatidimpacted streams, and the
habitat conditions of those streathat would be attractive to brook trotthey found that,
although therevere lower densities of brook trout in severely impacted streams which had pH
values similar to Kinzua Creek, tHeabitatconditions of the trout werlie most important factor
in population densitiedt was apparent from the findings of Baldigo and Laweee(2001) that
undercut banks, stream flow, and channel width were the conditions that attracted brook trout
This study proposes that a circumautral pH valués not the only factothat will enhancérook
trout recruitment to Kinzua Creek additionto stream characteristics which are hard to control
(i.e., habitat conditions found in Baldigo and Lawrence (2001)), nutrients within a watershed are
vital in creatingattractive habitat conditions for brook trout.

Watersheds require the macronutrientsogien and phosphorous to be able to support

aquatic life(Smith& Tran, 2010) Phosphorous is usually the most limiting nutrient in

10



watershedsand thuss in higher demand over nitrogen by plants and animals that make their
homes near or in the streams.

Excess nutrients can be problematic, howeyer.overabundance of nitrogen, as well as
the aldition of phosphorous excess ohitrogen can lead to eutrophicatiorfror this reason,
state water quality standards specify fhladsphorous should gerally be below 0.1 mg/L
nitrate levels should be below 1.0 mg/L (0.23 mg/L asaN@lammonia in streams should be
less than 0.03 mg/L (0.023 mg/L asiNunpolluted freshwater bodi¢EPA, 1986) Watersheds
which are deficient in these nutrients arerenlikely to experience shifts in macroinvertebrate
andother biologicacommunities.

In this studyammonium (NH") and ammonia (NFJ, or total ammonia nitrogen (TAN,
NH,;" and NH; together) are important nutrients due to their potential release daraigshell
fermentationToxic limits of nitrogen tovarious aquatic species have been established by the
EPA (Table2-3). The speciation of NF/NH3 is pH (pKa = 9.3) and temperatudependanéat
differert life stages ofish; thereforethe EPA (Document ER&822R-99-014) has established
limits of acutetoxicity (CMC) based opH and life stage of fish present in a watershed

equation2-2:

0.275 39.0
1+107-204—pH 14 10pH—7.204-)

CMC = (

(Egn. 2-2)

11



Table 2-1.

EPA Chronic Criterion for Ammonia in Surface waters

with early life stage species inhabitants

CCC for Fish Early Life Stages Present, mg NJ/L
Temperature, C

PH 0 14 16 18 20 22 24 26 28 a0
6.5 667 667 6068 533 468 412 362 318 280 246
6.6 657 657 587 525 481 405 35 313 275 242
6.7 644 ©44 586 515 452 38 350 307 270 237
6.8 629 6239 572 503 442 389 342 300 284 232
6.9 612 B12 55 489 430 378 332 292 257 225
7.0 591 581 537 472 415 385 321 282 248 218
7.1 567 567 515 453 3% 350 308 270 2385 209
72 539 539 490 431 378 333 292 257 226 199
7.3 508 508 461 406 357 313 276 242 213 1.87
T4 473 473 430 378 332 282 257 226 188 174
7.5 436 436 397 349 306 269 237 208 183 161
7.6 398 393 361 318 279 245 216 190 1.67 147
7.7 358 358 325 286 251 2H¥M 184 171 150 132
7.8 318 318 289 254 223 1% 173 152 133 147
749 280 280 254 224 1% 173 152 133 1147 103
5.0 243 243 221 184 171 150 132 116 1.02 0.8%7
8.1 210 210 191 188 147 129 114 100 0.879 0773
5.2 179 179 163 143 126 111 08973 0855 0.752 05861
83 152 152 139 122 107 0941 0827 0727 0.639 0.562
54 129 123 147 1.03 0508 0796 0700 0815 0.541 0475
8.5 109 109 0.990 0570 0.765 0672 0591 0520 0457 0401
86 0920 05920 0.836 0.735 0646 0568 0493 0439 0.385 0.339
8.7 0778 0778 0.707 0.522 0.547 0480 0422 0371 0.326 0.287
5.8 0661 0661 0.601 0525 0484 0408 0359 0315 0.277 0.244
859 0565 0565 0.513 0451 03597 0.349 0306 0269 0.237 0.208
9.0 04856 04856 0442 0389 0342 0300 0264 0232 0.204 0179
Taken from EPA, #1999 Update for Ambi

ent

12
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2.8. EUTROPHICATION
Nitrogen and phosphorous are the two mastl wiutrients in eutrophicatiowith phosphorus

beingthe mostimiting nutrientin aquatic ecosysten{Sharmeet al. 2009)Sharma, et al. (2009)
foundthatit wasphosphate (P§J) that plagdthe biggest role iaddition ofphosphorouso
watersexperiencing eutrophicationrhey alsdound thathere is a hierarchy with regards to
preferred forms of nitrogefor eutrophication by microorganism&ccordng to their results
nitrate (NQ) is the most favorable form, followed by nitrite (NQandammonium(NH;"). In
most plants, however, ammonia is the preferred nitrogen source since it does not require further
reduction before use.

Eutrophication ignarkedby algal (particularly cgn o b a ¢ tbleami &hede bléoms are
the major cause afecreased watguality from excess nutrieabeing fed into surface waters.
Some of the water quality issuiesludetoxicity to aqueous lifand food web alterations.
Cynaobacteria, blugreen algagare the most notorious bloom forméPaerl et al. 200). Other
nutrients andchemicalfactors play a role in algal blooms as well (iddssolved oxygen,
temperatureiron concentrations) but the overarching factor implicated in the majority of algal
blooms observed in freshwater ecosystaritls varying physical conditions is a nitrogen to
phosphorous rati¢N:P) of lower than29:1 (Sharmeet al, 2009 and Smith, 1983) Flettet al
(1980 foundthat the key ratio for nitrogefixing cyanobacteri@utrophicationin lakes is a N:P

of 10:1 orlower.

2.9. USE OF CRABSHELL IN PTS
In this studythe use of crabhellwas evaluateds an alternative source of alkalinity to

neutralize acid precipitation asdpply additional buffering capacity ttownstreanwatershed
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Crab shells are compospdmarily of calcium carbonate (CaGQprotein, and chitinCrab shell
has a higher surface area than limestone, makinigitlgenicCaCQ more available for
dissolutioninto acidimpacted watetrsWhen applied for the treatment of acid mine drainage, the
CaCQin crab shells has previously been shown to rapidly neutralize acidity and remove
dissolved metals as hydroxider carbonatgrecipitates (Daube& Brennan, 2007; Robinsen
Lora& Brennan2010).The protein and chitin in the shells provide respett rapid and slow
release of nutrientsuch as nitrogen

Crab shells release ammonium due to fermentation. This fact could be beneficial to aquatic
life living in nutrientdeficient waters. Yet, the toxic nature of ammonium/ammonia at certain
concentrdonsabove those which are acceptable in natural waters (Te8)leduld pose a threat
to fish, as well as contribute to eutrophication. The releadattyf acids, ammoniand the rapid
dissolution of CaCe@all contribute to elevated alkalinityith crab shell{Korte et al. 2008) As
long as theammonia concentratiorae within acceptable levels, toxicity and eutrophication
shouldnot be a concermandthe ammonia shouldnly affect the alkalinity which, when lacking,
is the root cause of problems associated with acid deposition.

The solid nature of craghell makes it easily applied in a variety of settings, while its
particle size and neswelling nature help to maintaporosity and prevent clogging in
continuousflow systems (Brennan, 2003). Due to the abundance osbelhbeing mainly a
waste produodf the seafood industrymeansavailability is not limited and costs are relatively
low ($0.60/Ib, JRW Bioremedi@n, LLC). Although cratshell has not been directly evaluated
in treating acid deposition in streanosir labhas extensive experience using cshbll as a

treatment material to mitigate a variety of pollutants, including the high acidity and metals
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contents of mine impacted waters at both the lab and field sé&de®{ et al. 2008).All of
these factors mak&ab shellsan attractive substrate for treating contaminated water systems

wherenutrients and spaaeay be limiting Vera et al., 2001; Brennaat al., 200%.

2.10. HYPOTHESIS
It was hypothesized that crahell would neutralize pH, enhance alkalinity, and remove

dissolved metals from waters affected by acid deposition and provide better treatment for
affected streams for a lower cost and at a smaller footprint than limestone. To test this hypothesis,
a seres of microcosm (batch) tests and contindibos column experiments were conducted
with acid rain water collected from a tributary to the South Branch of Kinzua Ciémlse
experimentexplorel the hypothesighrough thecompleton of the followingmaintasks
1. Determinef crabshell will neutralize pH, enhance alkalinity, and remove
dissolved metals from waters affected by acid precipitation more efficiently than
limestone through laboratory testing.
2. Measureany added undesirables to the water bgpaoduct of cralshell treatment.
The results of thabovetaskswere used to guide fielsicale testing of crab shell for the
treatment of acid deposition in the Kinzua Creek watersKeth. Anderson of the Pennsylvania
Fish and Boat Commission overs#we field study using ditch design from The Center for Dirt
and Gravel Studies at Penn Stdte.support the field activities, the following subtasks were also
completedn this studyand are presented in Chapter 6 for completeness

1. Calculate théoadingcriteriaof crab shelhecessaryo achieveefficienttreatment
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2. Determine a breakdown of costs for the treatmeat@fdeposition in Kinzua Creek

with crabshell as opposed to other, more common alternatives.

16



3. MATERIALS & METHODS
3.1. CHEMICALS
All chemicals used in this study were reagent gradeghrer quality ChitoRen? SG-20

(minimally processed crab shell), derived from Dungeness crab (JRW Bioremediation, LLC,
Lenexa, KS), was used as ttrab shelkource Previous workndicates that SG20 contans ~10%
chitin (CgH13NOs), ~12% protein€16H2405N4), and ~78% mineral matter (35% as CaO) and has
a specific surface area of 14/gram RobinsonLora& Brennan2010. The water used in the
microcosm experimenisasobtained froma tributary tathe South Banchof theKinzua Creek

just upgradient of the proposed cidtellPTSat approximately 41,43'34.29"N and
78,45'4.15"W.The water was collectezh Januaryl1, 2009into 5 polypropylene jerricans and
carboys with minimal headspace, transgdrimmediately to the laboratory, and held at room
temperaturg22 + 2°C)in the dark until the experiments were initiat&lithin 3 days of

collection, the water from each collection vessel was analyzed for pH, acidity, alkalinity,
ammonia, anions, andetals (Table 1). Silica sarf#l6-20 mesh, Badger Mining Corp., Berlin,

WI) wasused as an inert packing reaal in the column experimengsd was washed overnight

in 0.25 M nitric acid, thoroughly rinsed with deionized water, and dried aC16&fore us.

The purpose of this acid wash was to prevent any metallic residues on the sand from leaching
into the water during the experiment. The limestone used in the column study (#10 aggregate,
New Enterprises Stone & Lime, Tyrone Forge, PA) was selected basésuse inthe

companion field studgnd had a reported composition ot CaCQ and 3545% MgCQ.
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3.2. MICROCOSM TESTS
Microcosm tests were used to rapidly assess the ability oBtedltio achieve remediation of

acid precipitation. For thmicrocosm experiment, 0.04pof crabshell was added to 24 replicate

50 mL nonsterilepolypropylenecentrifuge tubes. This massafb shellwas selected based on
previous studies which found that a loading of 1 g/L was effective at neutralizing agd mi
drainage (Robinsehora & Brennan2010. After adding the crab shell, the vessels were filled
with 45-mL of Kinzua Creek water and seale@dh 5 ml air headspacg@-igure3-1). Negative

controls (without added crab shell) were also established. Thieaogms were incubated at

room temperature (22 = 2°C) in the dark, and shaken horizontally on an orbital shaker for a total
time of 10 days. Periodically during the course of the experiment (at 0, 1.5, 4, 6, 12, and 24
hours, and 2, 4, and 10 days), dogle active microcosms and singlet controls were sacrificed

and the aqueous contents analyzed for pH, acidity, alkalinity, ammonium, anions, and metals.
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45mLof 45mLof
Kinzua Creek Kinzua Creek
Water Water

0.045gof
Crzb-shell chitm

N
i
&%

(@) (b)

Figure 3-1. Microcosm Setup. Active microcosm (a), with 45mL of Kinzua Creek
waterand 0.045 mg of crab shedindcontrolmicrocosm (b), with 45
mL of Kinzua Creek watewnly.

3.3 CONTINUOUS-FLOW COLUMN SETUP
Column studies were conducted to quantify acidity reduction rates, reetaal capacities, and

confirm sutable retention times when crabell and/or limestone is used as a barrier material for
acid precipitation treatmentour, oot long 3-cm inner diameterclear,Schedule 4®VC
columns withmatching end cap@&Jnited States Plastic Corpyere washed with laboratory

grade detergent and tap wat@msed with deionized water, and air dried prior to use.
Polycarbonate stopcocks with luer fittings (GBlarmer) were attached to the eraps to allow

for samplingof the influent and effluent water. The columns were pastkedn free-standing
Kinzua Creek wateiPackingof eachcolumntook an average of 45 minutes to completi¢h

the crab sheltontaining columns packed lasthe olumns were placed dline with a
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continuous feed of Kinzua Creek water directly after packing was completed. The columns were
packedwith the following materials (where the percentages listedharolume):

1) 100%sand only(control) 2) 100%limestoneonly; 3) a mixture of 50%rabshell and 50%

sand; and 4) a mixture 60% cralshell and 50% limeston@&igure 32). The mas®f materials
packed into each column is provided in Tabie

Table 3-1. Masses of packing materials used in the
continuousflow columns.

Column Contents Mass(grams)
1 Sand 661.6
2 Limestone 730.5
3 50%Crab shell | 106.6 €rab shell
50% Sand 160.0 (sand)
4 50%Crab shell | 106.6 ¢crab shell
50%Limestone | 182.6 (limestone
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Figure 3-2. Continuousflow columns in the laboratorflack bag is covering Kinzua
Creek raw water being continuously fed through pump to coluGwismns
are (left to right) 100% Sand, 100% Limestone, 50% Crab Shell, 50% Sand,
and 50% Crab Shell, 50% Limestosampling ports above columns collect
effluent water for analysis.
A multichannel peristaltic pumywasused to deliver Kinzua Creek water through the
columns at ratef 0.5 mL/min, resulting in a hydraulic residence time (HRT) of 6 haungh
is representative of local runoff flow during an aversigem evenfor the tributaries that were
used in the field studyAqueous amples were collected from the effluent sampling ports of
each column every 1 to 7 days, depending on the observed rate of remediation, and analyzed for
pH, acidity, alkalinityammonium anions, and metalAll samples were taken in singlet from
each column and analyzed along with a sample of the influent widtercolumns were run for

a total of55 days,which wasthe time it took for all the collected water to be exhausted.

Throughout the experiment, the columns were kept at room tempg22ut@°C) in the dark.
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3.4. ANALYTICAL METHODS
Electrodes were used to measure(pldcumet® BASIC, AB15 connected to a TheHO&RION

pH probe)andammoniaconcentrations (ISERION 9512)which were nordetect< 1 mg/L,

and standard laboratory techniquesreused to measuteot acidity and alkalinitytitrations

(Methods 2310 and 2320; APHA, 1998he endpoint for alkalinity titrations was pH 4.5 and

the endpoint for acidity titrations was 8.8nions weremeasured usingDionex DX-100ion
chromatograph (ICyith an AG4A lonPac analytical columand an AS4A guard column

according to standard latadory techniques (Methods 411@etection limits were determined
experimentally by running a standard curve from 1 mg/L to 100 mg/L of a combined stock under
the same conditions as sample analysis. Any values below or above those erat@oints
extrapolaed valus. Samples for anion analysis wdittered with a 0.2 um filter andtored at

4°C until analyzed Samples for metals analysis were preserved with 70% nitric acid and stored
at 4°C until analyzedDissolved metalsvereanalyzedon a PerkirEImerOptima 5300 ICP
(inductively coupled plasma emission spectromdigthe Materials Research Institute on the
Penn Stat&niversity ampususing standard laboratory techniquktethods 3500, Part C)
Detectionlimits for metals analysis were as follovahuminumandmanganeselO ug/L; calcium

200 ug/L;iron, 50 ug/L; andsodium 200 ug/L.
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4. RESULTS
4.1RAW WATER ANALYSIS
Before microcosm testingasinitiated, preliminary testing was done thre 5samples of Kinzua

Creek raw watefTable 41). A table of the ind/idual results can bund inAppendixB-1.

Table 4-1. Raw water quality analysis of a tributary to the
South Branch of Kinzua Creek impacted by acid deposition.
Concentrations are quadruplicate averages.

Analyte Concentration
pH 4.71+0.44
Acidity (mg/L as CaCQ) 27.0 £ 0.07
Alkalinity (mg/L as CaCQ;) 4.25 + 0.07
Aluminum (mg/L) 0.53+0.01
Ammonium (mg/L as N) <1.0
Calcium (mg/L) 0.96 + 0.08
Chloride (mg/L) <1.0
Iron (mg/L) 0.01+0.01
Manganese(mg/L) 0.28 £ 0.01
Nitrate (mg/L) 26+0.3
Phosphate(mg/L) 27+0.2
Sodium (mg/L) 0.40 = 0.08
Sulfate (mg/L) 9.3+£0.5

4.2 MICROCOSM EXPERIMENT
4.2.1. TEN DAY MICROCOSM EX PERIMENT
In the microcosm experiment, an overall trend of increasing pHal&atinity and decreasing

acidity over the ten days was observed, reaching final values of 8.20 + 1.27 for pH, 136.80 *

27.01 mg/L as CaCgor alkalinity, and-100.3 + 5.52 mg/L as CaG@r acidity (Figure 41).
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TAN was below detection (< 1 mg/until day 10 when it reached a value of 4488.73mg/L
asN, which corresponds to 0.25 £+ 0.19 mg/L of free ammoniagfNH

The average anion contantreased from 2.11 + 0.59 mg/L to 90.75 * 1.37 mg/L for
chloride(CI), but remained relatively constant 805 (2.55 + 0.08 mg/L) an®0,> (3.05 +
0.37 mg/L) over the ten daySulfate (SG%) reached a maximum concentration of 21.86 + 0.25
mg/L at the éhour time point but had an average concentration of 16.37 £ 1.39 mg/L throughout
the experiment (Figure-3). Average metalsoncentrations at the end of the experiment were
0.37+ 0.44 mg/L Al,<0.01 mg/L Fe, 0.0% 0.04 mg/L Mn, 37.37 £ 6.01 mg/L Ca, and 40.35 +
1.20 mg/L Na Figure 43). A summary of water quality measurements for theldp

microcosm experiment can be foundliable 43.

--{F-- Alkalinity (Control- no crab shell) —&— Acidity
---A--- Acidity (Control no crab shell) —l— Alkalinity
180 ---©-- pH (Contro} no crab shell) —@— pH - 10
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Figure 4-1. pH and alkalinity ofLO-daymicrocosm experimeriteating acieprecipitation
impacted waterActives are dulpicate averagesntrols are in singleerror
bars represent one standard deviation
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Figure 4-2. Anion analysis ofL0-daymicrocosm experimertteating acidprecipitation
impacted waterData points are duplicate averageth error bars representing
one standard deviation
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Figure 4-3. Metals analysis of Hday microcosm experiment treatiagid-precipitation
impacted water. Data points are duplicate averages with error bars
representing one standard deviation.
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Table 4.3.Water quality analysis of the dday microcosmexperiment
testingcrab shell treatment of acitchpacted waters.

Analyte 0 Hour 10 Days
pH 4.37 £0.20 | 8.20 £1.27
Alkalinity (mg/L as CaCQy) 0.00 136.8 £27.0
Acidity (mg/L as CaCQ;) 22.35+1.06 | -100.3 £5.52
TAN (mg/L as N) 0.00 4.80 +3.41
Chloride (mg/L) 2.11 +0.59 | 89.78 +1.37
Nitrate (mg/L) 2.65+0.03 | 2.39+0.32
Phosphate(mg/L) 3.89+1.51 | 3.72+0.90
Sulfate (mg/L) 18.44 +3.00| 19.61 +0.94
Aluminum (mg/L) 0.760 0.37 £0.44
Iron (mg/L) 0.02 +0.01 <0.01
Manganese(mg/L) 0.300 0.05 +0.04
Calcium (mg/L) 1.02 £+0.03 | 37.75+£6.01
Sodium (mg/L) 0.63 £0.04 | 40.35+1.20

4.2.2. SIX HOUR MICROCOSM E XPERIMENT
To better understand the chemical charigaswere occurringpfrontat early timesn the 10

daymicrocosmexperiment, a shortenicrocosmexperiment was conducted under the same
conditions, but withmore frequensamplingpoints at 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5,
3, 3.5, 4, 5, and 6 hourshat experiment yielded similar resulpggd and alkalinity rose from
3.13+0.01to 7.62 £ 0.81 and 0.00 to 37.15 = 7.14 mg/L as ga€spectivelyAcidity

decreased étm 24.30 + 4.38 to 3.10 = 10.61 mg/L as CaClQotalammonia nitrogen (TAN)

was nondetect until hours 1, 1.25, and 1.5 when it measured 6.12 + 4.76, 3.27 + 3.17, and 0.45 +
1.59 mg/L as N. Total free ammonia measurements for those 3 timepointsOn& mg/L as

N. After 1.5 hoursTAN became nofetect again for the remainder of the experiment. Analysis
of metals concentrati@showedAl removal from a starting concentration of 0.77 + 0.01 to
0.625 mg/L over the 6 hours of the experiment. CaNaothcreased in the system from 0.02 +
0.01 to 10.97 £ 3.3@ndfrom 0.66 = 0.02 to 22.55 + 4.60 mg/tespectivelyFeandMn were
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below the limit of detection (0.0hg/L) throughout the 6 hour microcosm experiment. All tables

and figures for the-Bour migocosm experiment can be foundAppendix B2.

4.3. CONTINUOUS-FLOW COLUMN EXPERIME NT
The behavior of crabhell in the column study followed patterns similar to those observed

during its use as a substrate for the treatment of acid mine drainage (Rdlns@nd Brennan,
2009. Within the first 2 hours of comuousflow treatment with crab shelpH and dtalinity

rapidly increased to 8.1 and 1627 mg/L as CaCG€spectively, with corresponding decreases in
acidity (Figures4-4 & 4-5). This was followed by a decrease in alkalinity over the next two days
to a local minimum of 241 mg/L as Cag;@lthough pHontinued to increase during this period

to a maximum of 9.2. After this initial period, alkalinity slowly rose over the next 30 days to a
maximum of 1045 mg/L as CaGQand then slowly decreased to 70 mg/L as Cdfyhe end

of the experiment at 55 days

10 —@— Influent
—=—-100% Sand
9 ——100% Limestone

—4&—50% Crab Shell, 50% San
—A—50% Crab Shell, 50% Limeor

0 10 20 30 40 50
Time (days)
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Figure 4-4. pH change# continuousflow column studies over 55 dagreating acid
precipitation impacted waterBata points are singleteasurements
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Figure 4-5. Alkalinity and aciditychanges irtontinuiousflow column studies over 55
daystreating acigprecipitation impacted waterBata points are singlet
measurements

The initial rapid neutralization and bafing was likely caused by crabell fines in the

system, which readily dissolved in the acidic influent water. Similadlg,dissolution from the
surface of the crab shells is likely responsible for peak sodium concentrat@0® if@g/L)
within the first 2 hars of treatment, followed by an exponentlatrease to 3.3 mg/L at 10 days

as the salts were washed out of theesys eventually reaching a final background value of 1.5

mg/L by theend of the experimeriEigure4-6).
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Figure 4-6. Sodium concentrations in continueflsw columns over 55 days
treating acidprecipitation impacted wateData are singlet measurents.

Rapid fermentationfaavailable protein in the craghells likely caused the initial spike in
TAN (16 mg/L as N) at 2 hours, followed by a more gradual fermentation of chitin over time
which resulted in a maximum concentration of 18 mg/L as N at 31 days, gradually falling to 8
mg/L as N by day 55 (Figuee7). It is important to note that the speaatiof nitrogen in the
columns would have been predominantly as the bioavailable ammoniugh) (Kither than the
more toxic ammonia gas (NHdue to intracolumn pH values below the acid dissociation
constant of ammonium (pKa = 9.3yhemeasured totaimmonia nitrogen (TAN) and

calculated free ammonia (NHvalues based on pateshown in Table 4.
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Figure 4-6. Total ammonia nitroge(fAN) concentration as nitrogen in continueflesy
column experimentsver55 daydreating acieprecipitation impacted water
Dataaresinglet measurements.

Although effluent pH values were similar in systems containing either limestanator
shells the concentrations of alkalinity, sodium, ammonium, and caldirigu e4-7) were nuch
higher in systems containirmgab shell In fact, it is clear thahecrab shelwas controlling the
overall values of these analytes, even in systems wiaénshellvas combined with limestone.
Nevertheless, aluminum wasmoved tdelow detectiorf< 0.01 mg/L) in all active treatments
until day 24 when it began to break through in columns containing limestone only, returning to
influent values by day 55 (Figu#e8). Except for an isolated point at day 24, columns

containingcrab shelimaintainedaluminum at levels below detecti¢hO ng/L)
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throughout the entire experimerA summary of water quality measurements for the initial

influent (t = 2 hours) and final effluent (t = 55 days) for each column is provideabile 45.

Table 4-4. Total ammonia nitrogen (TAN) and free ammonia gNebncentrations in the
effluent of columns containing crab shells throughout the continflowscolumn
experiments as a function of pH.

50% Crab Shell,

50% Crab Shell,

Timepoint | pH 50% Sand PH 50% Limestone
(days) ) (mgT/’II:\Nas N) (mg?llfgs N ) (m;—/ﬁ’:s N) (mg?lll-'asls N

0.1 8.16 16.31 0.77 8.11 14.59 0.62
0.5 8.48 14.33 1.34 8.47 14.72 1.36
1 8.84 10.07 1.94 8.88 10.01 2.06
2 9.20 5.11 1.79 9.22 5.30 1.91
6 8.13 10.03 0.45 8.23 10.15 0.56
10 8.37 11.41 0.85 8.38 12.19 0.93
17 7.95 12.83 0.38 7.81 17.76 0.39
24 7.58 16.08 0.21 8.06 14.45 0.55
31 7.01 17.81 0.06 7.60 16.04 0.22
38 7.18 13.09 0.07 7.16 13.22 0.07
45 7.29 11.41 0.08 7.46 11.28 0.11
55 7.13 8.08 0.04 8.08 7.78 0.31
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Figure 4-7. Calcium concentrations itme effluent ofcontinuousflow columrs over 55 days
treating acieprecipitation impacted wateData points are singlet measurements.
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Table 4.5 Initial (t = 2 hours) and final (t = 55 days) watgrality analysis of continuotffow columrs testingdifferent substrates for the
treatment of acigprecipitationimpactedwater.

50% Crab Shell,

50% Crab Shell,

0 0 i
Influent 100% Sand 100% Limestone 50% Sand 50% Limestone
Analyte 2 Hours | 55 Days | 2 Hours | 55 Days| 2 Hours | 55 Days| 2 Hours | 55 Days| 2 Hours| 55 Days
pH 3.87 3.61 5.53 3.52 7.14 6.01 8.16 7.13 8.11 8.08
Alkalinity
(mg/L as CaCQy) 0.00 0.00 15.35 0.00 35.2 22.7 1626.8 70.4 1355 215
Acidity
(mg/L as CaCQy) 27.4 29.4 6.8 31.3 17.7 2.9 1876.8 73.5 155 228
TAN (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 16.31 8.08 14.59 7.78
0.596 0.143 0.172 0.037
Aluminum (mg/l) | +0.186 | +0.135 | <0-01 | 035 1 000 | 504 | 49gp | <001 | <0011 <0.01
1.402 0.684
Iron (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 +0.20 <0.01 +0.20 <0.01
0.057 0.11 0.208
Manganese(mg/L) +0.24 +0.02 <0.01 +0.04 <0.01 <0.01 0.611 0.014 | 0.359 | <0.01
1.05 0.417 7.05 0.77 108.1 18.66 376 33.1 231 31.7
Calcium (mg/L) +0.06 +0.05 +0.04 +0.12 +1.88 +3.29 +12.6 +4.74 | +2.64 | +5.87
0.735 0.762 3.51 1.23 20.2 1.34 4605 1.50 2604 1.36
Sodium (mg/L) +0.426 +0.427 +.045 +1.08 +1.41 +1.10 +140 +1.12 +23.4 | #1.11
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4.3.1. CONSERVATIVE TRACER TESTS
A sodium chlorideracersolution was usetb determine the HRT, effective pore volume, and

dispersion coefficient fathe columrs (Table4-5). Thenominal flow rate was 0.5 mL/min

throughout the tracer tests and entirety of the 55 day contifilamusolumn experimentalthough

the measured flow rate varied slighttyoughout the experimefdr each columnCalculations for
HRT, dispersion numbernpd effective pore volume are describ&opendixC-1. The tracer

response curves are showmippendix G2. According to Metcalf & Eddy2003, adispersion

number less than 0.05 indicates a gllagv reactor with low dispersion, while 0.8525 qualifies a
moderatadispersionldeally in continuouglow column experiment, low dispersion numbers are
desirable. When a column is acting unplerg flow conditionsall of the substrate is contacting
all the water for an equivalent amount ehdé throughout thentire column The dispersion
numbes for all the columnsn this experiment indicateoderate dispersioifthe moderate
dispersion numbers in the column experimgespecially in the case of the limestone column,
indicate that the columns may not havemeacked uniformly, and thus all of the influent water
might not have been contacting all of the substfatean equivalent amount of timat its

shorter retention time and higher dispersion number, the 100% limestone column may have
exhausted premately. The retention time and dispersion numbers of the control column (sand)
and 50% crab shell, 50% sand column are sirmlanever,ndicating that comparisons in water
treatment camdeedbe made.Unfortunately, hetracer test for the final 50%ab shell 50%
limestone column failedo an effective pore volume similar to that of the 50% crab shell, 50%

sand column will be assumed (288.5 mL)
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Table 4-6. Conservative traceestresults for the S5&lay continuouslow column

experiment
Flow rate Effective
Retention | Dispersion| Dispersion | during tracer pore
time number Number test volume
Description (hr) (-) Description (mL/min) (mL)
100% Sand 12.4 0.066 Moderate 0.440 326.4
Dispersion
100% Limestone | 7.5 0143 Moderate 0.411 185.7
Dispersion
50% Crab Shell, Moderate
50% Sand 11.2 0.085 Dispersion 0.429 288.5
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5. DISCUSSION
5.1. ALKALINITY, PH, AND BUFFERING CAPACITY
In all experiments containing crabell, pH and alkalinity rapidly increaséalithin hourg as

acidity decreased. Increasing calcium and magnesium iGf 46d Md") concentrations

throughout the experiments indicate that the increase in alkalinity was directly attributable to the
dissolution of calcium and magnesium carbonates from thestrelparticles (Figuré-1). The

other component of alkalinity (320%) released from the crahells is most likely in the form

of fermentation products (i.e., volatile fatty acids). Although not measured here, acetate is
known to be the primary product difitin fermentation (Brennan et al., 2006), and its

contribution to alkalinity has been well documented.

1800
---A--- Ca + Mg, 50% Crab Shell, 50% Limestot
1600 —®— Alkalinity, 50% Crab Shell, 50% San
—&— Alkalinity, 50% Crab Shell, 50% Limeston
1400 - --<Zr-- Ca + Mg, 50% Crab Shell, 50% Sat

Ca* + Mg?+ & Alkalinity
(mg/L as CaCgQ

0 10 20 30 40 50
Time (days)
Figure 5-1. Calcium and magnesium changes with alkalinitgontinuousflow
column experimentseating acidprecipitation impacted waterBata
points are singlet measurements.

While limestone alone was capable of raising the pH to chioeutral values similar torab

shell its ability to raise alkalinity and buffer the system was 1 to 2 orders of magnitude less than
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that ofcrab shell Thiscan be attributed to the greater dissolution of calcium carbonate from the
crab shell, as is clear from the“Ceoncentration profiles of the different materials (Figd®.

The greater release of Cagéhd the resulting greater bufferingpacity ofcrabshell may be

due to its greater surface area:n#g versus <0.5 nf/g for limestone Robinon-Lora &
Brennan2009. Based on surface area alone, 28 times more limestone mass would be needed
than crab shell to provide the same buffering capadihys larger mass requirement translates

into a larger treatment system footprint and greater total treatment cost.

The excess alkalinity generated by tinab shelin the 18day microcosm experiment
indicates that eveless material could have been dise effectively treat the same volume of
water. Over the course of th8-day microcosm experimerdlkalinity in thecrab sheltreated
active microcosms was able to neutralize the existing acidity plus provide excess alkalinity

ranging from 1.5 to 7.8mes, according to the following equatifign. 51):

Alkalinity, ., + Acidity,, .o

Egn. 51
ACiditycontrqt ( q )

Alkalinity, .. =

Onaverageeach microcosm could have contairdeftimes less crabhell to treat the same
amount of raw watereducing the required crab shelhding from 1 g/L to 0.3 g/LNote that
the required loading decreases with increabliRJ, from 0.64 g/L for 1.5 hours to 0.13 g/L at
10 days

Similar to the findings of the microcosm experiments, the continflowscolumns
generated excess alkalinag well. e alkalinity generated by crabell only column was on
average 27 times greater than that required to treat the influent acidity. In comparison, the

excess alkalinity in the limestone column was on average only 2 times greater than needed to
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treat the acidity of the same water. The difference in alkalinity generation between the two
amendments is even more striking when considering that their masses in their individual
columns were not equivalent: the limestone column contained approximdielgs more

limestone by mass than theab shell column, yet the crahelk produced 40 times more

alkalinity than limestone. When normalized by mass, and disregarding the initial rapid alkalinity
production period observed during the first 6 dayesfind that the minimum loading required to
neutralize the acidity of the influent water ranges from 13 to 60 g/L for limestahizan 0.2 to

0.9 g/L for crab shellAppendixA-1). Costestimate calculations based on these loading criteria
can be found iMppendicies A2 andA-3.

The greater alkalinity generation of the crab shell microcosms and columns is of particular
importance for this studyVhile both limestone and crab shells have the potential to increase the
pH in the local area of treatmeittis the excess alkalinitgenerated by the crab shetst will
continue buffering downstream wateVgaters treated with crab shalill experiencefar more

acid-neutralizing capacity (ANC) thatould notbe possible with the same mass of limestone

5.2. METALS REMOVAL
Throughout the 58lay continuouslow column experiment, aluminum was removed from the

waterin the crab sheltontaining columnsbut broke through by day 24 in the 100% limestone
column(Figure 49). With starting concentrations 6t53+ 0.01 mg/L of aluminunfiound from
the raw water analysiand theacutetoxic limit of aluminum a$.087mg/L, removal of this
particular metal is of extreme concern in this study.

It is asserted that themoval of aluminunis directly caused by additn of crab shell as a
substrate. Furthermore, the mode of action for removal of aluminum by the crab shell is due to

the coninued generation of alkalinifyasimple rise in pH accounts for aluminum forming
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hydroxideg(Al(OH)3) and precipitating out of safion. As stated previously, limestone cannot
generateexcessalkalinity to the levels of crab shell. Therefore, toatinualgeneration of
excesslkalinity from thecrab shell as a substratdl facilitate the removal chluminumfrom

acidic influentwaters to Kinzua Creek.

5.3. AMMONIUM/AMMONIA REL EASE FROM CRAB SHELL
5.3.1. TOXICITY OF AMMONIUM /AMMONIA
The difference irthe release of undesirable compouwitt a crab shell PTS versus a limestone

PTS is theammonium/ammonia (TAN) generation from fieementation of crab shellgvith the
pKa, of NH4/NH3 = 9.3, higher pH values would resultlower NH,"/NH;3 ratios in stream
waters.This is evident from theortinuousflow column experiments whethe largest increase
of NH3 naturallyfollowed the highst pH valuesThe NH; toxicity for freshwater fisthas been
reported as 3.38 Migas N(USEPA, 1999)A st udy by Bri nknsawvival, 2009,
growth, and biomass were nogsificantly affected at 7.44 migHs-N/L or lower concentrations
but were reduced 6.8 mgNH3-N/L. The chronic value based on lethal authlethal
endpointswas 11.2mgHs-N/ L. 06 A def i ni t i ytexicitydifficalintd r at i on
establish due to the nature of Pékcretionin fish. As with most metabolites in aquatic macro
organismsfish rely on a gradient to expel NH5tocked fish will have a naturally higher
tolerance to ambient NfHtoncentrations because they are held in tanks in closer proximity to
one another than they woub@ once releasenhto streams. It has been suggested that the EPA
NHj; toxicity concentration is a protective measure for youmgler fish thatwould be more
susceptible to lower concentratiogarlier in their life stage
TAN generation for the 55 dayuotinuousflow column experiment showed an initial rapid

increase within the first few time points sampled. On days 1 and 2¢cditdentrations
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corresponding to these TAN values were slightly above the CMC values for early life stage fish

(Table 51). After these time points, Ndgeneration fell to levels below the CMC. Although the

elevated levels found on days 1 and 2 were local values for the effluent of the contiowous

columns, dilution effects would likely decrease these values in the fidleNH;3 values in this

study never rose to the lower EPA limit of 3.88 mg/L as N, which would constitute chronic

exposure. The nature of the PTS in the field study (crab-lsiedl roadside ditches) would need

to be evaluated for episodic releases ot Mifactoring in temperature and overall pH.

Table 51. CMC values corresponding to TAN measurements observed in the 55 day continuous
flow column experiment.

50% Crab Shell,

50% Crab Shell,

Timepoint 50% Sand Toxic Limit 50% Limestone Toxic Limit
(days) NH3 NH3 NH3 NH3
(mg/L as N) (mg/L as N) (mg/L as N) (mg/L as N)
0.1 0.77 4.13 0.62 4.55
0.5 1.34 2.24 1.36 2.27
1 1.94 1.15 2.06 1.08
2 1.79 0.67 1.91 0.65
6 0.45 4.38 0.56 3.61
10 0.85 2.75 0.93 2.70
17 0.38 6.17 0.39 7.96
24 0.21 11.7 0.55 5.01
31 0.06 23.9 0.22 11.4
38 0.07 20.2 0.07 20.6
45 0.08 17.7 0.11 14.1
55 0.04 21.3 0.31 4.82

Baldigo & Lawrence (2001) found that habitat conditions affected brook trout population

density moreghanwater chemistry. The highest densities of brook trotheir study were found

in areas with more bank undercuts, gradsigherstream flow, and gravel fines in the stream

bed.

These

densities

hel d

t r 4.27). Ehg fendingi n

strong

suggests thahe TAN release from the crab shell PTS might have more of an effect on the brook
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trout populationsby supplyingbioavailable nitrogen to downstreaaguatic vegetatiowhich

will increase brook trout recruitment in the ar€AN by crab shells could affetthe amount of
grasses recruited to the area by supplying nitrogen which would possibly have been limited
before crab shell PTS additions. Ochéaeso and Manrique (2010) found that anthropogenic
additions of nitrogeim theform of fertilizers (about 20 kg of nitrogen per et per yeanvere
favored by annual grassesfich grow near stream banksowever, an excess of TAN may be
counterproductive to brook trotgcruitment and a native balance of folig@ehoaHueso and
Manrique, 2010)Further investigation would be required to determine the effects of additional

TAN on downstream biotand brook trout recruitment

5.3.2. EUTROPHICATION
It has been suggested that thBo of nitrogen to phosphorousust bdessthan29:1 for

eutrophiciation by cyanobacteria to oc€8harma et al2009) The intrinsic values for N©
and PQ?¥ for Kinzua Creek yield an N:P value of about 5&nalysis of the microcosm anisn
(NO3 and PQ*) andTAN dat (calculated in terms of nitrogen and phosphorgiedjisa
maximumN:P of about2:1 by the end of the X8aymicrocosmexperimeniFigure 52), which
is actually an improvement imater quality interms of eutrophication potentidlhefindings of
Flett etal. (1980)suggest tha&t N:P of 10:10r lesswould select for eutrophication by nitrogen
fixing bacterialf theuse of crab shells in PTS did select for nitref§igimg bacteria, thse
microbescould possibly addhore NH; to the stream ecosystehrough the conversion of
atmospheric Nto NHs, than would be generated by the crab shell alét@mvever, from the N:P

observed in the X8ay microcosm experiment, this is not likely to happen.
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Inspection of the ratios throughout thed&y microcosom geriment for phosphorous and
nitrogen show that, although there is some phosphourous associated with the crab shell surafce
which is transientobinsonLora and Brennan, 209Q&he ratio remains relitively constant until
the genration of ammonium, whieldds to total nitrogen in the ssgm. Therefore, N:P ratios can
be etablished for the the column experimentsibply adding in TAN data (as nitrogen) and
considering the N:P to be constant and intrinisic for Kinzua Greekighout the 55 days

(Figure 53).

0 1 2 3 4 5 6 7 8 9 10
Time (days)

Figure 5-2. N:P over time in the 1@ay microcosm experimetreating acigprecipitation
impacted watemitrogen data is addition of TAN (as nitrogen) and nitrate (as
nitrogen). Phosphorous data is phosphate (as phosphdpais)points are duplicate
averagesnd error bars represent one standard deviation
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Figure 5-3. N:P for the continuoufiow column experiment over 55 days treating gmidcipitation
impacted wateDatashowthe addition of background NO(as nitrogn,determined
from anion analysis of microcosm experinjeadded to TAN concentrations divided by
background phosphate (as phosphorous) concentrations. Dashed lin@8Hokasio
determined by Sharret al (2009), solid line shows 10rdtio determinedby Flettet al
(1980)for nitrogenfixing bacteria

The continuouslow column experiments showed a larger generation of TAN over 55
days,andonce the data is compared as a ratio to the background concentrations native to Kinzua
Creek it is seen that\eer the length of the experiment, the ragieceeds the 10:1 foitrogen
fixing bacteriaduring the majority of TAN generatioand also remains below the 29:1 theorized
for cyanobacterial eutrophicatioBased upothe ratios established by Flett, et(a980) for
eutrophication by selection of nitrogéring bacteriaand Smith (1983) for selection by
cynaobacteria, it appears as if only cyanobacteria would be of coRcetimermore, averaging
the ratios over the 55 days of the continufios column exeriment still shows that
eutrophication by nitrogefixing bacteria would not be probable (both columns averagel).

However, a better investigation in the field would be necessary to confirm the assertion that
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cyanobacteria would cause eutrophicatiBased solely on the N:P found in this study, it would
appear thathe possibility exists. Yet, eutrophication in surface waters is a complex issue with
several significant variables which were not addressed in these experiments. Additionally, brook
troutdensities have been more significantly linked to habitat conditions making those variables

of most interest for further investigation in conjunction with the ratios found in this study.
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6. FIELD STUDY
6.1. FIELD SITES
The field study portion of this work wasmpleted by Ken Anderson, Fisheries Biologist Il with

the Penndyania Fish and Boat CommissioFhe fielddatarecorded to dateias gathered by
Ken Andersonand monitoring of the different treatment sii@®ngoing at the time of this
thesis
Three inpaired tributaries of the South Branch of Kinzua Criegke Allegheny National

Foreston Forest Road 27@R 279) Wetmore and Hamlet Towhips, McKean County, PA
(Figure 61), weretreated inconcert with routine Forest Service road maintenance by
constucting innovativePTS The purpose of thed®TSwas tosupply buffering capacity to the
watershed via the stormwater managemesthanisnof the road Two substratesereused and
evaluated for their effectiveness in buffering stormwater runoff: limestoderalshell. An
additional tributary watershed sedvasa control duringthe monitoring phases of the project.
The laboratory results of this study were useguide thedesignof the fieldscalePTS

Driving surface aggregate (DSA) was appliedlidhe field sites. As a practice, the Fish
and Boat Commission routinely applies DSA to unpaved rdé&esthose providing access to the
tributaries of Kinzua Creek used in the field stuilye vel oped by Penn State |
for Dirt and GraveRoad Studies, DSA is a mixture of crushed stone and has a unique patrticle
size gradation designed to maximize packing density and produce a durable road surface that
performs better than conventional aggregates. According to DSA specifiq@idi$tate
Document, Publication 447, Section 40Me DSA materials are derived from crushed rock
silt or clay may be addgd98% of fines (#200) must be crushed rock, gnedmixture mushave
a pH rangef 6 to 12.45. Compared to alternatives, benefits of DffAide: denser, stronger

road surface, greater resistance to traffic abrasion, fewer soil particles at road surface which
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produces less traffic dust and less water pollution because surfac# comtains less silt and
clay fines.

Theditches were intslled beginningon June 36, 2009 by North Wind, Inc., and took 2 %2
weeks to complete. Geotextile fabric was placed under the substrate (limestone or crab shell) in
the ditches and crahellunderdrains were constructealdeliver the treated watdirectly to the
stream(Figure 62.). The crab shell used for the field study was purchased from JRW
Bioremediation and the limestone was purchased Qomity Aggregates, IncDSA, from New
Enterprises, Incwas applied to the road surface at every Sitibutaries marked 1.1, 1.2, and
1.3 are crab shell treatment sites, 2.1 and 2.2 are limestone treatment sites, 3.1, 3.2, and 3.3 are

DSA only sites, and 4.1 served as a control site.

Figure 6-1. Treatment sites for field study of PTS with crablksbelimestone as substrates.
Sites 1 were lined with crab shell, 2 with limestone, 3 DSA only, and 4 was a
control.
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6.2. DITCH CONSTRUCTION

The Penn State Center for Dirt and GraRehdStudiesprovided evaluation for the construction

of the limestone andrab shell ditcheand underdrain@~igures 6.2through 6.%. Ditches were

constructedhlongside of FR 27%vith a 6in depth and a Xih width. The bottom of the dites

sat on top o& geotextilewrappedunderdrain18-in wide x 18in deep) which was filled with

either#1 AASHTOIlimestonechoked with 4in of #10 limestone san@igure 6.2) o#l

AASHTO sandstonehoked with6-in of #10sandmixed withcrab shell (Figure 6.3Fach

underdrain had a

4 0

p e r fckorunmirtg ehiouglpolit &sslengtiAc

summary of dimensions for the active treatment ditches are presented in Table 6.1.

map symbol

T

AASHTO #1 Ditch with Underdrain
2 inches of Limestone

AASHTO #10 sand mixed

in 6” AASHTO #1 profile

2 .’1 Limestone

g'.. = Underdrain
b % See underdrain
.&‘j Ld detail to right

Ditch Specifications:

- Limestone AASHTO # 1 stone

- 6 inch depth; 18 inch width at base

- 2 inches of AASHTO #10 sand mixed in profile
- Ditch side slope: 2/1

Figure 6.2.Limestone ditctand underdrain

cross section detail. Taken from
PSU Center for Dirt and Gravel
Road Studies report.

pi

map symbol

Limestone Underdrain Detail

Limestone AASHTO
#10 sand mixed
in profile

AASHTO

Glstche 4" plastic

perforated pipe
with filter sock

Class 2-A
geo-textile

Figure 6.3 Limestone underdrain
Cross section detail.
Taken from PSU
Center for Dirt and

Gravel Road Studies report.
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AASHTO #1 Ditch With Underdl’ain apssyribol Crab She" & Sandstone map symbol
: Underdrain Detail ‘
Sandstone AASHTO

#10 sand and
crab shell mixed

in profile
Sandstone 18” 4,
, €= Underdrain
See underdrain
detail to right
Clean
Ditch Specifications: Sandstone Class 2-A
- Sandstone AASHTO # 1 stone AASHTO geo-textile
- 6 inch depth; 18 inch width at base #1stone
- Ditch side slope: 2/1 .
Figure 6.4 Crab shell ditch andnderdrain Figure 6.5.Crab Shell underdrain cross
Crosssection. Taken from section. Taken from PSU
PSU Center for Dirt and Gravel Center for Dirt and Gravel
Road Studies report. Road Studies report.

Table 6.1.Active treatment ditch dimensions for field study.

. Total

Treatment L(?Qg:)h (Yr\]/('itg 3 Sub?itr:i:]eegepth Depth
(feet)

Crab Shell 700 | Ditch 12 - 0.5
Underdrain 18 6 1.5

Limestone 1878 | Ditch 12 2 B
Underdrain 18 4 1.5

The control site (site 4.1) hddft wide ditches only(no underdrainsijlled with a 6-in layer
of #1 sandston@ll ditches were sloped 2/The ditches and underdrains were constructed to
filter water from road rwoff into the ditches and down through the substfilesl underdrains.
After making contact with the substrate, the treataterrunsthroughthe underdrairpipe ands

carrieddowngradientto a culvert wheré thenentersthe tributary waters.
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Site 1

Stream

1" =50 Feet

(I

1.006 miles from FR 150 1

8:27 |

Culvert 1-1 i

12475
1.072 miles from FR 150

End DSA placement. 8° uncompacted

depth X 12’ width

Q
Center line of FR 270 at existing culvert (LQ
B

THE

0.087 mies from FR 150
Center line of FR 270 at
existing cubvert

T+11 8415
Crab Shell Underdrain
with AASHTO #1
Ditch-Right Side: outlet
to culvert

4460 - THIS

with AASHTO #

to culve

Crab Shell Underdrain

Ditch-Right Side: outiet

Site 1-1 Totals:
— 45T E 127:5_. ??A_ _5:‘ l;ln.cgr!w.p_ac[ad depth X 12" width
{ E:’::';ae::l::gfu}:n;f;glil‘] .." 604 Crab Shell Underdrain with 884" AASHTO #1 Ditch

existing culvert

3#90 - 4+54

1445 - 3480
Crab Shell Underdrain with
AASHTO #1 Ditch-Right
Side: cutlet to ditch

0+00
0.834 miles from FR 150
Cenfer line of FR 270 at
existing culvert
Begin DSA placement. 6
uncompacted depth X 12°
width

A

Figure 6.6. Detal of crab shell treatment sites. Site2was used fopresentatiomf field data(indicated by circle)Top arrows
indicate ditches with crab shell underdrasid verticallines indicateculverts, andthe solid thick line is FR 279.
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Figure 6.7. Detail of limestone treatmesite used foanalysis ofield data, site 2. Middle arrowis limestone ditch next to
wetland areaArrows at either endre limestone ditchesplid verticallines indicateculverts The solidthick line is FR 279.
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6.3. FIELD DATA
6.3.1. MATERIALS AND METHOD S
Pretreatment monitoring begam April 1%, 2009 and continued until June 62009. Post

treatment monitoring occurred from August"12009 through November 1% 2009.pH data
was collected more frequentyd for a longer duratiofrom April 11 2008, through July
2010.

pH was measured withMyron Ultrameter Il Model 6fn the field Alkalinity was
determinedaccording to Standard Method320B and metals were determined according to
Standard Metha200.8.Analysisof metals and alkalinityvas done by Analytical Systeninc.

Laboratories (ASI)n Brookville Pa.

6.3.2. FIELD WATER QUALITY RESULTS

For the field study, the different treatment areas were not receiving thdleamtherefore

sites from each treatment were chosen for fieir similarities For the crab shelteatment, site

1.2 was chosen, and for limestps#e2.2 due to their similar proximity to wetland areas, thus
keeping the substrates under relatively uniform moisture conditions. The average of sites 3.1,
3.2, and 3.3 were used for DSA comparisond,sate 4.1 was used for the control dMalues

for the pretreatmentvater quality datareaveragegor thattreatment site over a 3 monthripel

from April 2009 June 2009 Table 62) and postreatment data was collected for 3 months after
ditch instdlation (Table 63). pH data was collected for approximately one yéaygarbefore
treatment and yearafter treatment)After treatment was initiated, the crab shell ditches showed
the greatest increase in pH and then maintained consistently pigivatuesduringtreatment
monitoring (Figure 6.8 Measurements for each analyte were taken at the point where the treated

water exited the piping in the culverts, before the treated water entered the stream.
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Table 6.2 Pretreatment water quality at the field sitesedfor the different substrates.

Sites used were Control (4.1), Crab Shell Treatment (1.2), Limestone Treatment

(2.1), and DSA only (3-B.3).

Analyte Control Crab Shell | Limestone DSA
pH 5.04 +0.27 5.39+1.45 | 5.22 +0.48 4.82
Alkalinity
(mg/L as CaCQy) 0.00 2.53 £3.5 0.200 +0.45 0.07+0.27
Aluminum (mg/L) 0.31+0.22 0.92+0.39 0.25+0.18 0.32+0.20
Calcium (mg/L) 1.10 +0.13 1.76 +0.18 | 1.43+0.34| 1.19+0.68
Iron (mg/L) 0.06 12.4 £16.9 | 0.24+0.29 0.15+0.48
Sodium (mg/L) 0.25 1.95 0.230 0.56+0.21
Manganese (mg/L) | 0.04+0.10 0.26+0.01 0.12+0.05 0.17+0.10
TAN (mg/L) N/A 0.090 N/A N/A
9 _
—@— Tributary 1.2 (Crab Shell}
8 1 —B&—Tributary 2.2 (Limestone)
- Tributaries 3.13.3 (DSA)
. —¥—Tributary 4.1 (Control)
R H
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Figure 6.8 pH measuremenits tributaries to Kinzua Creek treated with different acid
neutralization technique€rab shell, limestone, and control data are singlet
measurements, DSA is triplicate averages; error bars represent one standard
deviation.Dashedrrow indicates préreatment measurements wisielid arrow
indicates pastreatment measurements. Solid watiline indicates time of
treatmeninstallation.
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Figure 6.9. Alkalinity measurements tributaries to Kinzua Creek treated with different
acid-neutralization techniqueBata points are singlet measuremeb&ashed
arrow indicates préreatment measurements wislelid arrow indicates pos
treatment measurements. Solid vertical line indicates tinreaimeninstallation.
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Figure 6.10. Aluminum concentrations in tributaries to Kinzua Creek treated with
different acidneutralization techniques. DSA site values are triplicate
averages with error bars representing one standard deviation. All other data
points are singlet measurememashedarrow indicates préreatment
measurements wigilsolid arrow indicatesg®-treatment measurements.

Solid vertical line indicates time of treatment installation.

After installation of the ditches, crahell showedncreasesver the 3 or 8nonth monitoring
periodin: pH to a value of 6.66 +0.28lkalinity to a value of 115 £104 mg/L as Cag @nd
aluminum removabf 0.293 mgL (down from a starting value 6924 +0.39ng/L) (Table 6.3.
Limestone ditchewere less effective, with an average annual valie®f +0.37 for pH, 7.00
+4.24 mg/L as CaCgor alkalinity, and aluminum concentration of 0.225 +0.09 mg/L (down
from 0.250 +0.45 mg/L) Aluminum concentrations in the field seem to track with pH, with
lower pH values corresponding to higher aluminum concentrations, as would be expected due to

enhancedlissolution under acidic conditions.
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Table 6.3 Posttreatmentvater qualityvaluesin tributaries to Kinzua Creefbor the

differentacid-neutralization techniqued/alues are averag&é®m 3 months after treatment

with one standard deviation

Analyte Control Crab Shell | Limestone DSA
pH 5.11+0.12 6.66+0.23 | 5.94+0.37 4.85
Alkalinity
(mg/L as CaCQy) 067+0.58 115+144 7.00+4.24 0.42+0.79
Aluminum (mg/L) 0.14+0.13 0.29+0.17 | 0.23+0.09 0.32+0.89
Calcium (mg/L) 1.17+0.12 40.1+34.2 | 3.43%1.29 1.00+0.22
Iron (mg/L) 0.33+0.36 4.54+2.28 | 0.43%0.26 0.16+0.19
Sodium (mg/L) 0.25+0.01 0.97+0.40 | 0.28+0.04 0.51+0.30
Manganese (mg/L) 0.10+0.04 1.44+1.60 | 0.12+0.04 0.18+0.08
TAN (mg/L) 0.240 0.09 0.41 0.11+0.03

It is to be noted, however, that the conantl DSA sitesilso had an increasi alkalinity.
The alkalinity value for the control site before installation of the ditches was 0.00 mg/L as
CaCQ and after treatment that value increased to 0.667 +0l6follows that the control site
also had a decrease in aluminum (fro:805 +0.2Zown t00.141+0.13mg/L, Figure 65). Yet,
the DSA site saw a sligimcrease irmluminum from0.318 +£0.2G0 0.324+0.89mg/L despite an
increase in alkalinity fron®.071+0.27t0 0.417+0.79mg/L as CaC@ Even withthe
generation of alkalinity at the control and DSA sisdaminum removal wastill less than the

crab shell and limestone sit@sgure 610).

The net change of analytes in presented in TallelBe net change was determined by
subtracting the value after treatment, with respect to the control value, from the value after
treatment, withrespecto the control valu¢Eqn 61).

Net Change of Analyte = ((Analytegsier — Controlgsier ) —
(Analyteperore — Controlyesore)) (Egn 61.)
Crab shells were able to remomxe average dd.466 +0.13 mg/L of aluminum, adeh average of

112 £100 mg/L as CaCfalkalinity, and raise the pH kaverage ofl.19 +1.02. Limestone did
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not successfully remove aluminum (there was aluminum removal at the contrbigite 610),
only brought the pH up bgn average .64, and could only adsh average 06.13 £3.22 mg/L
as CaCQalkalinity.

Table 6.4. Net change of analytes for each treatment in the field study from

the values before treatment to after treatment.

Analyte Crab Shell Limestone DSA
pH 1.19+1.02 0.64 -0.04 +0.15
Alkalinity
(Mg/L as CaCQy) 112+100 6.13+3.22 -0.321+0.05
Aluminum (mg/L) | -0.466+0.13 0.140 0.170+0.02
Calcium (mg/L) 38.3+34.0 1.94+0.96 -0.251+0.45
Iron (mg/L) -8.15+£15.0 | -0.083+0.40 | -0.263%0.65
Sodium (mg/L) -0.985+0.39 | 0.045+0.02 | -0.052+0.07
Manganese (mg/L)| 1.12+1.57 -0.055+0.03 | -0.048+0.05
TAN (mg/L) N/A N/A N/A

TAN was not measured before installation of the ditches, but was measured after. The value
for TAN at the crab shell site was of most concern, but was not a significant value compared to
the limestone site, which produced m@®N. More investigation is needed to explain why this
was the case. Since the TAN value was lower after treatment for the crab shell ditches,
eutrophication due to crab shell fermentation does not appear to be a concern at site 1.2.
Furthermore, based onecdotal evidence from the Fish and Boat Commission, no algal blooms
were seen at any of the treatment sites.

A drop in idation/ReductiorPotential (ORP) wasbservedafter installation of the
treatmentgFigure 6.1), indicating the possibility of an{3ag at the confluence of the treated
water and the stream waters. Apsag could create an oxygen limited system which may have
difficulty supporting aerobic aquatic life. Due to dilution of the treated water by the stream
water, however, the effects thfis ORP decrease would be lessened. Furthermore, complete

mixing of the combined waters may occur far enough downstream so that the drop in ORP is not
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only lessened, but moot by the time the waters reach brook trout populations. Measurements of

the downsream waters would be needed to determine the point of complete mixing.
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Figure 6.11.0xidation/Reduction potentials (ORP) in tributaries to Kinzua Creek treated with
different acidneutralization techniques. DSA site values are triplicate averages
with error bars representing one standard deviation. All other data points are
singlet measurement®ashedarrow indicates prreatment measurements while
solid arrow indicates pog$reatment measurements. Solid vertical line indicates
time oftreatmeninstallation.

Actual costs for the field studyan be found in Appendix-8.
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6.3.3. BROOK TROUT RECRUITM ENT RESULTS
The PA Fish and Boat Commission used EPA Method EPAB393-002 to evaluate habitat

conditions which would be favorable for brook trout. Based on a scale of 125 as a minimum
(least favorable conditionghd 200 as a maximum (most favorable conditions)) sde used in
the field studyscored betweeh60-180. Therefore, brook trout recruitment based on favorable
habitat conditions iapproximateljthe same for each site and water quaktguldthen play the
most important role in recruitment.

The controlsite had 15 brook trodtefore the study was initiatelolut saw a decrease over
the monitoring period to liddividualswith no early stage trout. The crab shell site had adult
brook trout before treatment and also saw recruitment approximately 1000vgettceam of
site 1.3 with aradditional 2earlylife stage individuals. Also, 2 new species were seen (creek
chub and black nostace) in the same areB00 feet downstream of treatment site N8ne of
the other sites had any species of fish presdotder after treatmenBiological assessment
continues at the sites by Clarion Universitycallaborationwith the PA Fish ad Boat

Commission.
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7.

CONCLUSIONS, ENGINEERING SIGNIF ICANCE, AND FUTURE WORK

7.1. CONCLUSIONS

Based on the results of bateticrocosmsand continuouglow columnexperiments€omparing

crabshell to limestone rock for the passive treatment of water impacted by acid precipitegion

following conclusions can be made:

X

Although both crab shell and limestone were found to beteféefor increasing pH to
circumneutral values, crab shefisovided much more buffering capacity (several hundreds
of mg/L as CaCg).

Fermentation of crabhelk released low levels of ammonium (Minto the water (48

mg/L as N) which may be helpfubr restoring biological diversity in nutriewteficient
watersheds.

Addition of TAN to stream waters due to fermentation of crab stieks not appear fmose

a significant threat foanthropogenieutrophication.

Low levels of aluminum (0.6 mg/L) wereasily removed from solution by crsitell, but

broke through in columns containing limestone, eventually reaching influent concentrations
within 55 days.

Based upon excess generation of alkalinity of the microcaperenent,aloading equation

for theminimum amount of crab shell substrate needed to treat influent waters was

established
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7.2. ENGINEERING SIGNIFIC ANCE
x Useof crab shells as a substrate for treating -atidacted waterg a passive treatment

system would be preferential over limestone due to the excess alkalinity generated.

o As shown, the excess alkalinity generated by the crab shells would add more
buffering capacity to downstream waterger the alkalinity generated by

limestone.

x In terms of cost, @b shellsare more expensive than limestphat may last longer in

passive treatment systerf@ppendix A5 and Table A3.1).

x Field testing is necessary before implementation of a passategrt system due to the
variability in not only water quality, but in treatment success based upon stream flow and

ditch dimension.

x Use of crab shells will continually remove aluminum as long as the substrate is

generating alkalinity

o0 Replacing the substte may be necessary if alkalinity generatbecomes

exhausted.
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7.3. FUTURE WORK
Further researcivhich would be useful foevaluating and optimizingassive treatment systeios

the remediation of acid depositiosing crab shell as a substrateude
x Usingepisodicflow rateswhichreflect those seen in the fiel@ihiscould provide a better
estimate fothe minimum loading of crab shell ammyerallcosts
x Plant uptake of nutrientgleased from crab shegdluch as nitrogemnwhich coulddetermine
whetherbrook trout recruitment would be relatedtbhe enhancement of habitéor
example, Nuptake by aquatic grasses)
x Microbial communityanalysisto determinghe keymicroorganismsvhich could possibly

add to eutrophication
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APPENDIX A

A-1 MINIMUM CRAB SHELL L OADING DATA
MICROCOSM EXPERIMENT

The following figure (A1. 1) was devel oped from the results o

alkalinity. Excess alkalinity can be calculated from equatidn(below and in text).

Alkalinity, ., + Acidity,, .o
ACiditX:ontrqt

Alkalinity, .., = (Egn. 51)

Table A-1.1. Minimum loading equation table. Values were used to develop
loading equation AL.1.

Microcosm Treatment
Time Overtreatment Minimum L oading
(days) (excess alkalinity) | (1 g/overtreatment)
6 hours 2.16 0.46
12 hours 2.52 0.40
1 day 3.36 0.30
4 days 6.73 0.15
10 days 7.84 0.13
Averages 3.53 0.41
0.7
!
2 06 -
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o 05
o
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5 0.4
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Figure A-1.1. Equation for loading capacity of crab shell based on contact time of water with
the crab shell. Based on values from Tabi2.A
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A-2. MINIMUM CRAB SHELL L OADING EQUATION S
MICROCOSM EXPERIMENT

A regression analysis was performed with the data to determine a predictive empirical equation for

this relationship:
Minimum crab shell loadig (g/L) =-0.10 In(HRT(days)) + 0.321 (Egn. A-2.1)

This logarithmic loading equation could be used to develop a preliminary design for the mass of
crab shell required in a PTS, given a specified HRT and pore voluareex&mple, in a PTS ditch
line similar to site 1.2 in the field studyjth underdrairdimensions7f006 0%6x 156 wi t h an
effective porosity, n, of 0.33, and a discharge, @,.bt/s (0.8 ft*/s, which is midrange forthis
site, measured in the field during a month with average flow, Agi# following calculations
apply:
Effectivepore volume of ditch, Y= (7000 Ox %1866 ) x (@TB25%3) =

HRT = V,/Q = (173.25ft%)/(0.088 ft*/s) =4559.21s =1.27hr = 0. days
Minimum cra shell loading (g/L) =-0.10In(0.05 days)}+ 0.321= 0.78 g/L

Assuming continuous flow for 1 yeaieyds a total acid rain volume of:

110 y 3600s y 36
yr d yr

x 1yr = 1,445400L

The minimum crab shell required to treat this volume of water is:

0.78g cratxs.hell>< kg % 1,445400=1127Kgx 2.2b
L 1000g kg

=2479b
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We routinely recommend that crahell chitin be mixed uniformly with #10 sand on a 1:4 ratio
by mass to ensure sufficient hydraulic conductivity. In this example then,

24791b x 4 =99161b sand would also be required.

It should be noted, however, thhts is the minimum mass required to neutralize the acidity,
and would theoretically provide no additional buffering capacity for downstream waters. For
additional alkalinity production, a greater loading of crab shell should be considered. However,
these calculations also assume continuous flow conditions year round, which is unlikely to occur in
ephemeral ditch lines; therefore, this design would be expected to impart excess alkalinity to
downstream waters during periods of flow, as well as last cenadity longer than 1 year. Finally,
it should be noted that equatiorlAL was developed based on the acidity of the water at this
particular site (27 mg/L as CaGQietermined from initial raw water analysisSites with different
acidities may have dérent treatment requirements; therefore, treatability testing is recommended

prior to developing a design.
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A-3. COST ANALYSIS FOR CRAB SHELL USEIN ROAD-SIDE DITCH
UNDERDRAINS
Based on the minimum loading equatitime cost associated with using crab shells as a subistrate
roadside ditch underdrainsan be determined as follows:
For a ditch line similar to site 1.2 in the field studyth underdrairdimensions’006 0X6x 1.56

and the minimum loading value associated with those dimensions adlis4f@rab shell

(Appendix A2),

2,479 Ibs of crab shell x 0.60 $/Ib = $1487.40

However, teatment capacitiggalculated from the continuodil®w column experiment}an be
establified to provide a cost analysis based on substrate treatment. These capabiissdana
the amount oKinzua Creek raw watdreated by a given mass of substrate before breakthrough of
a certain analyte~or all substrategluminum is used to normalizlee treatment capacity
calculations Based on cost estimates of $0.60/Ibd@b shelland $0.006/Ib for limestone,
breakthrough oéluminumfor the 100% limestone column occurred at day 25 and, after 55 days of
treatment, the crab shell only column diat see breakthrough afuminum The mass of substrate
in each colummran be found in Table-B, the cost to treat a given volumeKihzua Creek raw
water iscalculatedn Table A2.1. The grade of crab shell used in this study produces a price of
$3.55Ib. There is a grade a crab shell that has not been processed to remove the associated water.

That value is reflected in Tablee21.

Table A-2.1. Substrate treatment capacity and associatecoasstd on laboratory
column studies

Treatment Capacity
Substrate (L Kinzua Creek water treated
per kg substrate)
100% Limestone 0.56
100% Crab Shell >1.18
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Figure A-2.1. Total actualconstruction costs associated with the field study.
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APPENDIX B

B-1. INITIAL KINZUA CREEK RAW WAT ER RESULTS
Kinzua Creek raw water was delivered in 3 carboys and 2 jerricans to room 5A Sackett Buidling,

University Park, PAJanuary 11, 2009The results of initial pH, alkalinity/acidity, and

ammonium/amonia analysis can be found iafdle B1.1.

Table B-1.1.Initial analysis oKinzua Creek raw water

pH Alkalinity Acidity TAN
Sample ID

() (mg/L as CaCO3 | (mg/L as CaCO3 | (mg/lLas N
Carboy 1 5.32 14.0 11.3 0.00
Carboy 2 4.74 3.0 24.3 0.00
Carboy 3 4.47 0.00 42.2 0.00
Jerrican 1 4.32 0.00 30.2 0.00
Jerrican 2 10.3 235 -213 0.00
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B-2. SIX-HOUR MICROCOSM EXPER IMENT RESULTS
To better understand the chemical changes that were occurring upfront at early times in the 10 day

microcosm experiment, a shorter microcosm experiment was conducted under teersditicns
(1 g crab shell/L, shaken in the dat?2 = 2°Q, but with more frequent sampling points at 0, 0.25,
0.5,0.75,1, 1.25,1.5,1.75, 2, 2.5, 3, 3.5, 4, 5, and 6 hours. The results are discussed in Chapter 4

and presented below
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Figure B-2.1. pH measurements for theHour Microcosm Experimeriesting the
effectiveness of crab shell for the remediation of stream water impacted by
acid precipitationActives are duplicate average®ntrols are singlet; error
bars represent one standard deviation
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Figure B-2.2 Alkalinity and acidity measurements for thd6éur microcosm experiment testing the
effectiveness of crab shell for the remediation of stream water impacted by acid
precipitation Actives are duplicate average®ntrols are singlet; error bars represent
one standard deviation
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Figure B-2.3. Anion results for the ®iour microcosm experiment testing the effectiveness of

crab shell for the remediation of stream water impacted by acid precipitation
Valuesare duplicate averagesiror bars represent one standard deviation
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FigureB-2.4. Metals Analysis of éhour microcosm experimetgsting the effectiveness of crab
shell for the remediation of stream water impacted by acid precipitstadnesare
duplicate averagesgrror bars represent one standard deviation

74






