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Preface 

This investigation uas bqm in July 1988 by the U.S. Amy Waterway 
F-t Stafion(WES),Vi&burg,MS. TbeNottbemDidion,Philadel- ,. 
phis, PA, and Soutbem Division, tZha&sm SC, Naval Facilities Enginmimg 
colomm&providedoversight~managerornt for the Dqmmrnt of tbe Navy. 
Theworkwasp&medundcxautboritypmvkkdbysevaalNAVCOMPT 
docmmms,fdingma&availabletbmghtheNavy’sJmtal&mRe&mion 
lvo@al%DefwseEll . tiRestoratkmAccowt@ERA). 

Mostofthegeologicfiddmrkindud@mappjngaudsubslrrEtceexplo- 
rationbycorelogging,wasperformdbyMr.RichardW.fhmfgaologist,ofthe . . 

-) OeolomB-@ON, GeotcrbmicalLaboratocy(GL),~. 
Mr.WilliamL.MutphyofGLprodedprojectmanaganeat adwlchofthe 
dataaual@s. Drill@aewswaemderthesqmvisionofMr.MarkViii, 
Chief, lo Situ Ewluatim Brad, m. Additional surface geologic mapping 
was&zfo$md~by Mr. Eric KvaIe oftbe Itdiana GedoSical Smey, Jndiaua Uni- 

vided&Z 
IN. Mr.MarkBamhiU,IudiauaGeolo@calSuwey,pro- 

“on0faaesam&,kkd6a&mofmatiftraubic 

Gm&dwamq&itysamplinSanddstava&&we&domdb&doy 
w*Eo . alLabormy@L),wEs. chwlicalwal~oftkssmp~ 
waspeaformedbytbeAdyticalLabGroup,EL,mdertbedice&onofMs.Am 
Stron8. ThisreportwaswrincobyMt.~hy,Mr.WadeandMr.BamhiU. 
Mr. Thomas Brat of Naval Surface Warfare Cum Ccaae (NSWCC), Judda, 
En’ l dRotectlonDep~pmvldedlogisticalalhi- 
assi&mx Mr.JamesHmsickmwasMaqer, . I 
J3epmbmt,Ctax Messrs.JdreyCixco,BywB~andB~ 
fommly of Nor&m Division, aud Ms. Adrimne Town&Wti of Southern 
Division,providcdovexsi&ofaUcorrcctiveActionworkfortbeNavy. 

Dr.W%iamF.MamsonIUmsDireuor,GLandDr.JolmHanisonwas 
-,EL. Dr.RobutW.WbalinwasTedmicalDirecmrofWF.S. 

ThisfqxJltlssnbmlttedin aLYmdmewiththeRFlphaseluRelease 
ChammdionWorkPlanforGnnmdwatm,, TherepQtam@es~ 
USEPAportionoftbeRcRAPamitforComeuiveActim~ 
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hvingthepublicationofthisreporsDr.RobertW.whalinwasTechnical 
Dii of WES. COL Robin R. Cababa, EN, was Commander. 
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Executive Summary 

-npQt dOCUW.StllOResormrccswnationdRecwayAU~CRA) 
FacilityJnvestigation(RFI),PbasclURclmse~ . ‘. for(jrmmdwatea, 
Solid Waste Maqemat Unit (SWMU) lo/15 Rcckeye Facility, at the NSWCC. 
The in%wigation was L?oducd in the paiod July, 1988 to September,l993. 
Datafcomearlierinvestigationswasincorporated 

Thepmposc0ftheRFJwastodetemdthepnxK!eorabsence,the~ 
therateandcxtattof~~audulc %nsof-amstlhlents 
tbatmayhaveb&?atreleasediutothcgrormdwaterfium alwbieaattheRockeye 
Facility. TheRFIfdfiUsConedvcAaiozircq~forU.eSWMU 
cstablishcdiUtheRCRAhazardorrs wasteDmnag~pamitisstIcdtothe 
NSWCCbyRqicmVoftkU.S.Emri -1Rotecti00Agmcyin 
Decemk, 1989. 

TkNSWCCprov&smataid,tdmicalandlo@sticsupporttotheNavyfor 
aplipmaweaponssystutLsatldcadnaoQ. Nswcclslocatedinsoutb~t 
Indianaapproxiuwcly75milessouth~tofIndianapolisamt~ 
appKewdy1004uaremiLzs. ItbasbemiuopemtioIlsince1941. certain 
hility~vitk%iududiqtheRockeyeFacility,~~~~ve~prirapily 
frompastopuations,fcrreleasingarntannnant 

TheRocktqeFacilityoaxpksapproximately4Oaarsatoparidgeintbe 
xutheastempdcalofrbeNSwccadjacattoc.rane~y45. Tilefaciliq 
hasbeenusedinthekJadiQgaudfiuQofprojeailesaIKl~bombsaIKl 
basgaIatcdwas-from- and moltaudpouropemtions. past 
opcxarimhavcdischargede.xpbJsi~-ontamiaatedteatothegnnald~ 
audintodmhgewaysflowiogawaykomthe.fkility. 

Mceito@ofthe.grormdwataforchemidcoostituentsbcgauinNo~, 
1981 withtheinstalhtionof .. . gwellsatthesites. Twenty-fourwells 
wercinstalledbetween1981and1983fora~~s~,amlan~~ 
83weilswexeinstakdbe@ni.qin1988. Subsdace geologicalinbmalion 
extradedhUlogsOftheC?lEandothesb&lgsampL%waSU&todeUpthe 
hydqwllogyofthesite. Monitor&wellsanuistedofPVCslottedsaeuwsex 
atdepthsvaryingfiom23to288f~ Wellswa-esampklbyNSWCC- 
forsekued ’ . + priorto1989andbyWESbe@mingin1989formost 
Appenrlix lx cons- and explosives. 
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SevealaqnifaxorwatccbeariaS~araexrdtozdintheR~stiy 
area. l%eBeedCked~aMi.ssjssippiauformstiondipphoggentlyto 
the southwest smI wbicb ocaxs autsistmtlybeneath mods of NSWCC, amI other 
Mhidppiiaquiferswcremonitondbyfivewells. AUotbermonitoringweUs 
saxaxdszdstollessn!3axiL3ofPemlsyhauin age undeslyimg the Rodreye 
Facil@qandthesunmmd@ridgetops. 

~~~intheIowaofthepamSylMnianaq~~isrartiallyaway 
ftwnagmwhakrhighinthesoutheastcomerof~facility. Themiddleaud 
oppaz4Qtlmsmageiuthenortkanbalfoftbefacility. FIowintbemIddIeaud 
uppaC%pifCSiSptiIMd~tOthe-t,Wltb componentsOfflOWl.adiaUy 
awayfiumhighsinthescuthwestandsoutkastcomns. Surface tlow away hm 
tbeopemtbmareaistothemttheastandsoukas~ TheupperandmiddIe 
a@fasareintaq&lbythesmfacedraiqewaysbelowtheddgetothe 
InJnkastand-t 

operakmatRockeyebave . tedtbesbauowaqlliferbeoeatbtbe 
fadityandtbesucfacedraioagewaytothe~L tzombms 
primaaytbeexplosivesmmpoondsRDxHMxamlTNT. DetedZof 
e@osivesIntbegrormdwatawacbelow1.Om@L Metdswcrepresentinthe 
~but,withthepossibleexczpticmofbsrimn,aredqrexedtobe 
nabmIeonsti~oftheroek. Tbe-~ofsomcmaalswae 
exacabatedbytmnsuaUylowpHprc&cedintbe~yl~depositional 

.it SonxmHalswaedeteuedatlevelsaboveMChfordriddg 
water. 

potmtialrccep~of~ Gfiginatingatthe~Facilityinclude 
Sulpbm,TuckeyandF%rstQeekstothendxas~somhwcstandwest, 
nspectively,andLah:- whidlisfedbyFbstca-e& Aqulfes 
eqosedintLEvaueyofsulphufCreekaudits~tantributsry~of 
~anpotcntialreccptorsof . 
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I Introduction 

Purpose 

Tllisrepor&docllmm field and laboratory work conducted for the 
Resowce Conservation and Rewmy Act (RCRA) Facility Jnvestigation (RF& 
Phase lIl Release Chamctetization for Groundwater, of the Solid Waste Man- 
agernent Unit (SWh4U) Rockeye Facilit=v, SWMU 10115, Naval Smface War- 
fare Center, Crane Division, Crane, h&ma (NSWCC). 

TlEputposeof&eRFIwastodeterminethepmseIb% or absence, name., 
andtherateandextentofmigrationandrheconcmtmfions,ofhazardou5 
wastesorbardousconstihlentsrehasediutothegroundwa&. ThePhaselII 
RFI&~tbeextentofthereleasetogroundwater~thehorizon*il 
vertical disnibLltion of &n&m&l@. 

Background 

The NSWCC is hated in sontbwest Indiana spproximately 75 miles son&- 
west of Mianapolis and 71 miles northwest of Lnniwik, ICentncky (Fig- 
ure 1). The NSWCC occupies 62,463 acres (approximately 100 square miles) 
of the northern portion of Mar& Comtty and smsll portions of neighboring 
Greene, Daviess, and Lawrence Conmies. The NSWCC provides material, 
technical, and logistic support to the Navy for equipment, weapons systems, 
arid expendable and non-eapendable ordnance itetm. The facility was opened 
in 1941 as the U.S. Naval Ammtmidon Depot., Bums City, Indiana and 
renamed The U.S. Naval hummiLon Depot Crane, Rums City, bdiana in 
1943. Its mission was to serve as an inland mm&ion production and storage 
centerforalltypesof ammunition, inchIding pyrotechnics and illuminating pro- 
jectiles. As the complexity of weapons increased, the facility became more 
involved in tie technical aspects of weaponry thmugh the development of test 
methods, procedums, and equip- while the facility’s basic mission 
reminedthesame. ‘lbef@%tynamewaschangedtotheNavalWeapons 
Support~C~in1975aodagainchangedtotheNavalSuIfaceWarfare 
Center, Crane Division in 1991. The Dqartment of Defense (DOD) 
appointed the U.S. Army as the shgle Manager for coIlvelnional Ammunition 
iti 1977. The Army has awnned otdnarbx production, storage, and related 
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0 
respon&llides under this single service management directive. All envlron- 
mental activlb on the installation, inbdlng permitting activities, remain the 
reqmGbll of the Navy. 

A seqwnce of remedial investigations and rem#lial actions has been per- 
formed at the NSWCC. Investigations began after the initial discovery in early 
1981 of a potential bazardoos substance release from the imtallation. The 
investlgadons have pmceeded siuce 1981 and conthme at the time of this writ- 
ing. In April, 1981, the U.S. Navy mlemented the Navy Assessment and 
Contml of Mtalladon Pollutants (NACIP), now known as the Installation 
Restodon Program (RF), to identify and control envhxmmcntal comamina- 
tionfrompastuseanddispossJof hszahussubstancesattbeNSWCCmd 
otherNavalfacilities. TheJRPprogramisdesignedtownformtothescope 
andpmposesoftheNationalOilaudHazardousMscmces contingency Plan 
(NC?) establishedbytheComp&ekveEn’ 1 Response, cornpen- 
sation, aud Liability Act (CERCLA) of 1980, and amended by the Superfund 
Amendments and Reauf&orlmion Act (SARA) of 1986. The IRP consists of 
four major steps; (1) Prelhninaq Assessment (formerly IAS), (2) site Jnspec- 
tion (formerly confirmation Study), (3) Remedia Investigation/Feasibility 
study (RIBS), and (4) Remedial Desim Action (RD/RA). 

AnInitialAssessnentstudy(IAs)fortheNswCCbeganinApril1981and 
wascompletedinMay1983bytheNavalBnergyandEwinrmnentalsupport 
Agency(NEESA). Assiiwasprovidedbythe Ordmnce and Environ- 
mental Support Agency and the U.S. Army Corps of Engineers Waterways 
Experbllent station (WES). The IAS raommended SikhSptXliOIlSkper- 

formed at 14 sites: 9 ordnauce sites and 5 non-ordnance sites. The JAS identi- 
lied UE Rockeye Facility as resuirioa; &utherinve&ationbecaussofthe 

0 

On 19 May 1980, the United States Emriromnenta Protecdon Agency 
(USEPA)fim&edPbaseIoftheRCMhaza&os wme regulatory program, 
which became effective 19 November 1980. By this date the NSWCC had to 
comply with the cod&d regolatory sectiom of the RCRA. In October 1980 
the NSWCC tiled a RCRA Section 3010 notbication and a Part A permit 
appl+at@ntooperateasaueatmem, storage or dispod (T3D) facility. The 
NSl%T&was qdlfled for and obta&d Part A ‘interhn status,” which allowed 
the fihlity to legally operate as though it had a permit. The Rockeye Facility 
thenbecamesubjectto4OCFRPart265(b&xhnstams standards). Part265 
luLdpartS26othrough28Oaredividedintosubpartswhichaddressthegeneral 
operatiugrequirementsforhazan%uwastemaMgementfMitiessndthe 
technical srandards applicable to specific units. 

A groondwater monitor@ program (uxU%madon study) began at Rockeye 
in1981. ThroughaMilitaryInterservce~Request,theNavycon- 
U-acted the WE3 to c4mdoct hydrogeologic hlve&gatioru at ten sites, eight 
khtifiedintheL4S,andtwonewsites. Theworkwasperformedmuier 
authority provided by NAVCOMPT Document Number NoO164-IMP-04575, 
dated June 1981 and amended October 1981. The WES installed two 
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groundwater monitor& wells in November, 1981 at the Rockeye Facility 
(LocationsonPlate1,Wells”1M)l0and”10M”)andprovideda~~in 
April, 1982 @unbar 1982). The report was not pnblished, but the text of the 
report per@ng to the Rockeye Facility, the accompanying welI logs and the 
wellinstallaaond@amsarehtckuledasAppendixAofthisreport. Anaddi- 
tional24 grotiwamr monitoring wells &xadons on Plate 1, Wells ‘10-03” 
through ‘10-22”) were installed by the WE3 from July m September, 1983. 
Resultrofthe1983workwerereportwlbyr)unbar~l984),alsoasan 
unpublished report. Pertinent portions of Donbar’s 1984 report are inch&d in 
this report as Appendix B. A RFI Phase II Soils Investigation at the Rockeye 
FacilitywaSUXldU&d by the U.S. &my Corps of Engineers in September and 
Ocmberof1990. AreportoftherestdtswaspreparedbytheWESandcur- 
rently exists in draft form (USAEWES 1991). 

The&ZXdoUsandsolidWaste~ (HSWA) of RCRA estab- 
lishedcorrectiveactionsptogrsms(cAp).secrion3004,atTsDfacilitie. The 
provision quired the NSWCC m address past releases of hazardous waste or 

wnstimematswMusandregulamdunits. lllefhxtstepofthe 
CAPre@redtheNSWCCmsubmita&mrdous WasteManag~Report 
&nownastheSWMUreport)mfheUSEPA. TheSWMUreportlistedallof 
theiAs-identifiedhazardouswastesitesasswMus,andwassubmittedmthe 
USEX’A in January 1985. The next s$ep of the CAP, a RCRA Facility 
-WA),-- by A. T. Keamey, an USEPA contracmr. 
The-wnducmd afilesearchofthefacili~andasitevisit&mand 
prepared a report in 1987 which characmrized possible releases from 
100 SWMUs. On 22 June 1987 the USEPA promulgated amendmenrs m allow 
the hlf0MUtiOn related to detailed ulrrective action planning m be developed 
by USEPA Regional A- after the issuance of a RCRA permit 
&roughtheuseofc4nnpliancesched&sincb&dinthepe.rmit(seePara- 
graph 10 for a description of the NSWCC permit). 

TheWESGeo@&icaILabommq(GL)begantheRFIPhaseIIIGround- 
water lnvesti@ion at tbe Rocke-ye Facility in July, 1988 by the drilliq of two 
borings and the drillbg and ins&&don of eighty-three (83) additional ground- 
wamr monitor& wells @cations on Plate 2, “lOC23” through “lOC61”). 
Chstex wells are located at well sites lOC23 through lOC53 and at lOC55 (See 
Plate 2). These cluster well sites have from two m four wells at each location. 
Comre sampling at the deep well boring at each cluster provided sub- 
anface data for a hydrologic assessmem ofthearea. Wellsamplingandanal- 
ysis for water quality began in 1983. From 1983 through 1989, water quality 
was amlyzed mainly for explosives and some general water quality parameters. 
Water quaI@ analysis on samples retrieved in March, 1991, June, 1991, and 
January, 1992 included most Appendix IX compounds and explosives. 

A joint RCRA hazardous wastemanagementpermitwasissuedmthe 
U.S.NavybytheUSEPAandtheSrateofIraihmaon20 December 1989. The 
Federal portion of the RCRA Permit established tbe Hazardous and Solid 
Waste Corrective Action v and compliance Schedules (RCRA 
Section 3004). The mmpb schedoles obligated the NSWCC m perform 
RcRAFacilityImrestigation~oat3os,andif~~~were 
found, m conduct Corrective Measures Studies (CMS) and implement 
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CorrectiveMeasures ifneeded. TheSiateofIudianaobtainedpre-HSWA . . a#hommmaudissuedtbesrateportimoftbepelmitwbichautbolizedthe 
NSWCCtooperatetheCentralIiaimhs Waste Storage Facility, Building 
No. 2993. The Permit established a cm@iame schedule under which tbe RPI 
Phase II Soil aud phase III Groundwater work plam/repom for the Rockeye 
Facilitywouldbesubtn&dtotheEPA. 

The RCRA Sectim 3004 Corrective Action Requirements of the Permit 
baveincmporatedtbeIRP. RCRAwillbetbeprimaryvehicletofurtber 
investigate and provide mnediadon of tbe lRP sites. 

T&informationanddiscussioninthisreportpertaimtothefaciiknown 
as the Rockeye Facility (SWMU 10/15), of tbe NSWCC. Field data aquisi- 
tion metho& disamed are applicable to other military f’aciies quiring simi- 
b3revaluationandassessrnent,witbmodificato~tomeetspecifcsiteand 
reguIatoIyreqmmemasneeded. IAbomnychemicalanalysismethodsdis- 
cussedhlthisreportgenerauyfollowedtheunitedstaaesEmriromnentalPro- 
t&ion Agency (USEPA) protocol for RCRA FaciIity Investigations aud are 
applicable to other RCRA facility investigations witb mod&&on for site- 
speciiic~. 

Operational History and Description of the Rockeye 
Facility 

Rockeyeisa40-9cretractlocatedinthenorthcwtralpoaionofthe 
NSWCCintbeSE1/4ofSection5,T5N,R3W(seeFigure2). l-beareais 
lccated on Highway 45, approximately two miles south of North Gate #I. It is 
sitmtedonafMtenedridgecrestwhichseparamtheheadwaterdrainagesof 
Sdphnr Creek, First Creek, and Turkey Creek (see Plate 1). Drainage to the 
~andeastnowsimo~hurCreek,drainagetothesonthnowsimo~- 
keyCreek,anddrainagetothewestflowsimoFirstCreekandthenceinto 
Lake Greenwood. Figure 3A is a high-altitude color inframi aerial photograph 
(reproduced in rnonwhnnne) showing the Rockeye Facility and surrounding 
srea. The photograph was taken in May of 1988. Figure 3B is an oblique 
aerial view of .$he facii taken in April of 1981, looking north-northwest. 

The Rocksye Facility began operation in the mid-1950’s as a press loading 
operation for 3-inch projwtiks using Composition A-3 explosive (RDX and 
w-ax). In 1967-68, the Rockeye Facility was converted to a case-tilling 
aperationinordertoproduEe~MK2Oseriesanti-tankRodreyeclusterbomb. 
The eqlosive ma&al in Rockeye bombs is Octal Compound B (RDX, HMX, 
TNT, and wax) high explosive. As part of the loading operation, do system 
gemrates a large volume of wastewater, primat@ from bomblet and tray 



washdownand~meltandpouroperationsinBuildings2731and2734 
(Plate 2). The wasmater was collected in four sumps which were periodically 
pumped. Afterpnmpiug, theremain@ residue was sent to the iunmunition 
Burning Grounds for disposal. Prior to 1978, explosive-comam&ted wa~rs 
were discharged, from full soaps, dhctly into local surface drainage path- 
ways. Red-c&red “pink water- from wasbdown operations was observed in 
drainageway surface waters in 1977, prior to insUation of a treatment facility. 
On tbe north side of the facility, the waters were released to a headwater 
branch of SuIphur Creek. On the south side, the waters were released to a 
headwater branch of Turkey Creek (See Plate 2, &face Drainage ‘North” and 
‘South”). DischargcswidTNTcoxentmtionsaahigbss5Oppmhavebeen 
deteaed at these disclwge points. In tbe Spring of 1978, an activated carbon 
water treamem facility, located in building 3044 (See Plate 2), was brought 
iutooperahmtoptrifythe wastewater for recycled usage. In addition to a 
water treatment system, a scrubber system to remove comamioa~ particles in 
thesteam-fedtnywashareawasdesignedandinstalled. Inthetraywash 
ma, explosive comaminated trays are steam cleaned. Before the scrubber was 
installed, emissions were dischuged directly to the atmosphere. Witb the 
lIlsmadon of the poIbltion abatenmt eqdpnmt, the release of explosive 
contammatedwatershasdee~. 

Gromdwam ccmtahdon (explosives) was derected at the Rockeye Facil- 
itythrough~~ qualitymonitoringdtuingtbe1983gromniwatersam- 
pIi+! program (HMTC ‘98.5): S&sequent monitoring has revealed variou 
levels of groundwater conrammaton in tbe area. 
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2 Action Levels 

Background 

The USEPA’s goal in RCRA umwtive action is to elh&ate sig&icant 
rekasesfromswMustbatposethreatstohumanhealtbaudtheemironment, 
andtockanup . timediatoalevelconsistentwitbreasombly 
expected and ament uses. Section’264.521 of the Code of Federal Regula- 
tions, Title4OwaspmposedintheFederaIRegister, July27, B9Otoestablish 
the general principles by which action levels would be demmiaed for each 
medinm (Federal Register 1990). Where contamination is idendfkd duringthe 
facility inv~on, EPA or an authorized State will have to make a decision 
onwhetherfurtheranalysisisappropriareor~~r~contaminaticmisatan 
insignificant level. The pmposed rule incorporates the concept of “action 
levels” 7 levels of contamination that will typically trigger a CMS. The discus- 
sion in Part II of this report is an excerpt from tbe prcposed Section 264.521 
with particular emphasii on its application to groundwater. 

Use of Action Levels 

Action levels are health and ’ I-bawd levels of wntakwion 
determioedbytheUSEpAtobe~forprorectonofhuman~~and 
the envhwnent. The USJZPA proposes action levels for hazardous constim- 
ents,asubsetofhaz&ous wastes. Whereappropri2&,actionlevelsarebased 
on promulgated @ublished) standa& (e.g. maxlmmn co- level MCL] 
establi.shedundertheSafeLkkldngWaterAct). Inothercases,actionlevels 
are established by the Regional Adminisaator on the basis of general criteria. 
Table 1 provides examples of concentwions derived by EPA according to 
tbesecriteriaforsomeAppendixVJlIarniMcon&wms. Table2presents 
current and proposed MCLs as of April, 1992. 

The USEPA is pmposingthewofactionlwelsbecauseacdveremediation 
maynotbe ~atallfaCilitiesmquiredtoperformarem&alhwestiga- 
tlon. Forhxtance,ammedialiuvestigationmayir&atethata~ 
releaseidentifiedintheRFAhad,infact,notoccurred,ormayindicatethat 
levelsofcontamioation~~apastreleaseareunlilcelvtopresentathreatto 
hmnanhealthandtheenvironmem. Therefore, the USEPA believes it should 
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Adeterminationmatactionlwelshavebeenexceededmayoccuratany 
poimduring~RFI,ormay~tbecomewidemumiltheRFIis~leted. 
In either case, when such data become available, the permit schedule of com- 
pliance wlIl provlde for notification of the permlttee that the action levels 
spdtied in the schedule have been exceeded. The notification would specify 
which hazardous constituents exceed action levels, for which media, and when 
inldati~ofaCMSisreqdred. ItistheUSEPA’sintentlontbattheaction 
level ‘Qigger” approach serve to identify the need for irdtiadng a CMS early in 
the process. Such studies should typically not be delayed until the completion 
of l&e remedial Investigation. In many instances it will be appropriate to con- 

’ dnct the faclllty RFI and CMS shmlltaneotlsly. 

Actionlevelsshouldbedistinguishedfromcleatmpsta&uds, which are 
determined later in the 0xrecdve action prccess. Comamkdon exceed& 
actionlevelsind&esapotez&lthreattohumanhe&hortheenvlromnent 
which may require futther smdy. Action levels also inform the permltree of 
the levels below which the. USEPA is unlikely to require active remedhion of 
releases, and provide a point of reference for suggesting and support@ alter- 
native raedial levels. In some cases, the permittee may rebut the presumption 
that a CMS is requimd when action levels are exceeded. For example, the 
pem@emayestablishthatthecomamk&onisnotduetoreleasesfrom 
SWMUsatthefaciliy. Inotherinstaaces,tbepennitteemaydemonstratetha,t 
aCMSiswtrequirediftbereleaseisconfineda,aCiassmaquifer(anaqui- 
fernotconsideredapotentialsouneofdrinkingwater)ortogrormdwaterother 
thanCiass~forwhich~usesdonot~t~raction. The“rebuttal”of 
the~foraCMSwouldgenerallybemade~theprocessfor&~- 
nationofnofor&eractIon. Convexsely,thefkcttbatnocontatkm8are 
fouud to exceed action levels does not prechuie the Regional Adtkistmtor 
fromrequi&gaCMS. ACMScouldbequlredlf concP.ntTations below 
action levels may pose a threat to human health or the environment due to site- 
specific exgosum conditions. 

Criteria for Determining Action Levels 

In several cases, tbe USEPA has promulgated health-based standa& appro- 
priate for action levels for specific media. Where these standards are avail- 
able, the US@A intends to use them as action levels. The mOSt obvicus of 
these are MCLs. The USEPA will use these standards to set action levels for 
groundwater, and, in some cases, for surface water. Usually, however, pro- 
mulgated .s%mdad will not he available. Nevertheless, health-based levels that 
have undergone extensive sciendflc review, but which have not been formally 
promulgated, are available for many chemkals. Section 264.521 proposes 
crheria which enable the Regional Admiaistraror to use such non-promulgated 
health-based levels to derive action levels. 

Chapter2 ActbnLevols 7 
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Guidamelevelsbasedon cabgenicity and systemic toxicity are available 
forloanychemicalsaspresemdinTable1. ClassesA,B,andCofTable1 
represent carcinogens (caocercausing substanws); class D represents systemic 
toxicants (toxic chetnicals that cause effects other than cancer or mutati@. 
JZPAestablishcdthese~byanassesmm process which evaluated 
the quality and weight-of+videncc of supporting toxicological, epidcmiologi- 
d,andCliUiWll. 

Action Levels in Groundwater 

Section 264.521 establishes action levels for groundwater in aquifers. By 
specifyingtheterm”aquifer”inthiscomext,theUsEpAinrendstobroadly 
definctbeqpeofgmmdwam . ‘onsituatiomtbatmayrequirca 
CMS, However, the intemion is to %igger” such studies only in situations 
Whereactual gmmdwam ckamp is a reasonable mnediaI approach. The 
USEPA considered using the term ‘uppermost aquifer” but decided that the w 
oftbetemnwculdlimititsflexiiityinaddrcssing tioninloweraqui- 
ferS that are not hydraulically connected with the uppermost aquifer. Thcre- 
fore,~wordingof~proposedruiewillalso~owtheUSEpAtoaddress 
any dances where SWMUs have wmaminated groundwater that is not in an 
‘upperrnost~ aquifer. 

TbcMCL.sareamongtbemost@ortantoftbestanda&audcr&iaprc+ 
mulgated by the USEPA for protection of emirmrmental media (Table 2). 
WhereanMCL+isavailableforapard4arcominmtfomdingroundwater 
notcurrermybeingusedfora~water~~,and~~tobeusedas 
a~waterslrpplyinmefuture,theMnwillstilloIclinarilybeusedas 
an action level. However, cleanup to the MCL might not be required. In 
cases Where groundwater is comaminated at a level above tbe action level, 
fintherstudylsnecessq totmkesllrethat sources of rekases are comolled. 

Where MCL.s have not bee-n promulgated for lmmdous wnstlm, the 
USEPA would develop levels according to criteria described above (Table 1). 
TheUSEpAwoulduse~standardexposureasslmrpfionsoftwolitersperday 
for a 70 kilogram (154 lb) adult over a 70 year Hetimc, assumptions that are 
used extensively tbrougbout the USEPA and other agencies. 

0 



3 Investigation Methods 
and Rationale 

Exploratory Drilling and Well Installation Methods 

Monitoring wella lmtalled 1988 and 1989 

The locations of the 31 mn&oring well clusters and the 6 single monitoring 
wells(totalof83monitoringwells)installadasa~of~RFIPhasem 
Release Won for Groundwater for the Rockeye Facility are shown 
onPlateslad2. Tbewellrmmbersaredesignatedby’lo”followedby’C” 
todishg&hthemihmthecodmdonwellsitsdledpriorto1988. The 
deepestwell(deepwtimakescreenplacement)ofac~risdesignatedwitha 
‘C” followed by the duster mxmbex (for example “lOC25”). Progressively 
sbsllower wells of each cluster are designated by a ‘WC” followed by the well 
number “P2” or ‘P3” or ‘P4.” Tlte bigher digit after the “P” is the upper- 
most (shallow) well of each cluster (for example ‘lOC41P3”). Because of the 
pmximity of weUs in a cluster, only the deep well is shown on the location 
maps- 

sevemeenoftheclustersconsistofpairedwells,onedeepandoneshallow 
well. Thirtea are three-well cheaters, one is a four-well cluster, aed there are 
six single wells. The fmt and deepest well at each drill site or chter site was 
logged by a geologist on-site by the examhation of umtdous rock cores 
reqieved ~5th a mtaq wirelime core barrel. The overburden soil was logged 
by the examimtion of cuthgs hm a Bight auger. The well locations were 
surveyed via Global Positioning System (GPS) opemted by the Survey Branch 
of the U.S. Army ?%gineer District, Louidle. The X, Y (Easing, Nortbing, 
resp.) CoordiMtes, in feet, were reported ill Indiana state Plane coordinates, 
North Ameikxn Datum (NAD) 1927, which allowed plotting the locadom on 
.%mdardUSGSmpographicquadrangemaps. Elevationsofthetopofcasing 
(TOQ of each well, inchding all wells of a cluster, were surveyed to bun- 
dredths of a foot NGVD (National Geodetic Vertical Datum). Table 3 lists 
avallabie well data for all Rockeye Facility wells, including the pm-1988 wells. 
Table 4 lists the sutvey data for all Rockeye Facility wells. 

Monitoring well locations were se1ected to pmvide sufficient areal coverage 
toCharacterizethe~hydrogeolO~atandaramdthesiteandWere 
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cornpleredatasufficientdepthtodetennine~verticalextpntofporentialcon- 
tammation. Wellsatthesitewereplac#latasufficientdensitytoprovidean 
adequateamamtofdatafor~needsofaPhaseIIIgroundwatercharacteriza- 
tion of the site (gee Plate 2). Four monitoring wells aud two borings without 
wells (lOC58 ami lOC59) were placed at locations east of the Rockeye Facility, 
alongoradjacenttoheadwater tribumies of Sdphor Creek, the primary sur- 
face water recipient of runoff from tbe Rockeye operations area (See Plate 1). 

0 

The general stradgqhy and hydrologic characteristics of the geologic for- 
mations at the site were known from prc-1988 investigations. The positions of 
water-bearing strata (aqifers) at the Rockeye Facility were fmtber defined by 
wntinuously logging the lint deep well at each cluster and other individual 
deep monitoring wells. Decisions on the positioning of well screens for moni- 
toringpqoseswezebasedondatare&evedduriagtbedriUiugoftheftrstwell 
boring and relined with umsideration of tbe data retrimed from subseqent 
borings. 

Drilling and sampling of rock and soil 

WeUboringsweredriUedwithaFailinglMOrotarydrilling~g. Inthe 
ftrSsnddeepestboringofeacbcluster,andatotberSividulmonitoring 
wells/borings, soil overburden was peneaated and sampled to refusal depth 
(topofrock)usingalO-in.flightauger. RockwasthendtiUedandsampkxj 
usluganHQwirelinecorebarre1. Jfthedepthtoaugerrefusalwaslessthsn 
10.5 ft (the depth needed to insert the HQ barrel), a roller-rock bit was used to 
advance the boring to the requimd 10.5-ft depth as the geologist logged the 
subsurface materials encamtered. The HQ wireline core barrel rettieves a 
2-112 in. diaumer core am3 produces a 3-25/32 in. d&meter borehole. S&se- 
quent well borings of a monitoring well chtster were drilled wit& a 4-in. O.D. 
roller rock bii with no samples retrieved (i.e., they were onlogged). The core 
sampies were placed, in order of removal, into plywood boxes for future refer- 
ence, and detailed geologic logs were prepared. Copies of the field boring logs 
srcpxsentedasApper&xC. 

hiortothestanofdrillingandbetweenset-upsateachoftheboringsites 
thereaM, the drill rig and ddling tools were steam-cleaned to prevent cross- 
cmtam&don of monitor& wells. DriUing was umdncted witb clean water 
obtainedfromtbewater treatmat plant at NSWCC. No other driUing fhdds or 
additives were introduced into the borings. The drill cuttings were removed by 
circulatbogcleanwarerinastael~pansealedarolmdtheboringtop. Dur- 
ingdrilliagoper;bionsme~panwasc~andrefilledwi~~wwater 
whenever wnditions became necessary. In most borings, the drilkg water 
waslostinthemoreporonssndjointedaquiferzones. whenwaterloss 
ocunred,tbemudpanwas&@ni&edwitha comirmous flow of clean water. 

W&eremorethanoncaqniferzoncwaspenetratedinapa&nlarboring,the 
upper zone or zone-s were sealed off from lower zones to prevent potential 
crossWon of the separate aqdfers. when this occur& PVC casing 
wasgroutedadistanceofZto5ftintoareiativelyimperviousbedthat 
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underlay each aquifex and the groat allowed to set overnight. When drilling 
intoaloweraquifer,tbeprocedmcusedto’seaIoff thchigheraquiferwasto 
seta6in.or4in.diamPVCcasingtbroughan8in.PVCcasing(usedtoseal 
off surface soils) hm the relatively lmpvious bed just beneath the upper 
aquifer zone. The casing isolated the upper aquifer from any lower aquifers 
encotmtered. If more than one additional aquifer was enumntxed beneath the 
upperaquifer,a4in.diamPVCcasingwassetthroughthe6in.diamcaa~g 
into the rehtiveiy impervlow bed just beneath the middle aquifer zone. The 
lower aquifer was then screened within the open borehoie, isolated from the 
othcrtwoaquifersbyttte6iu.and4in.diamcasings. Fachcasiugwas 
grouted up through tbe bigher, previously set casing. In all borings where 
drillingwaterhadbeenl~in~aquifer~,~ewatercirculationreturned 
after the casing was set. In most of the borings the circulation was again lost 
in the next lower aquifer zone. 

Figure4iUustmtestbetypicalpro&ures used for progressive casing and 
sealing of deep borings that penetrated mote than two aquifen. Monitoring 
wellcluster1OC37isusedtoUustmtcthisprocedme. Aftercoringtoadepti 
of36ftandpe~tat&theqpexmo~water~ingzone,theboriugwas 
reamed out. Twenty-five gallons (a depth of approximately 6 ft) of cement- 
bentonitegroutweretbenuemiedbttotheholetbrougbthedrillrods. &S-in. 
diamPVCcasingwasthensetin~holeto36~boaomingin~grout. 
Anomer25galofgrour~pouredimo~holeintheanrmlusaroundthe 
casingandallowedtosetfor24hr. GroutingwsscomplctedbyfiUingthc 
remain&armuluswltbgromtothesurface. DtiUingtothenextaquifcrtbcn 
commex&throughthegroutwithinthecasing. 

After the completion of each boring, a bailer was attached to tbe drill cable 
hoistandthedrilling~werebailedoutuntilthe~becamerelatively 
dear. ~bailingoperationusuallylastedlto2hrusinga2-1/2-in.diam, 
lOftlongstaiuksssteclbailer. Inmost&ingsthewatcrflowintotbeboring 
wasadequatetomabUinaregulatedstcadypaceofbailing. Inafewborings, 
theaquiferwastighteraod~wereslightdelaysinbailingoperationsm 
aIlow the inflow of additional watex. After the bailing operations, monitoring 
weliscreensandriserpipeswerebMalledincacbboring. 

Monhlng well installation procedures 

Two-inch diameter PVC pipe was used for the screens andrisersofthe 
monitoring wells. The PVC screens have three vertical colmtms of horizontal 
slots .020-ht. wide and spaced approximately a quarter of au inch apart. The 
riser pipe extends upward to approximately 2.5 ft above tbe ground surtke. 
Theboaamsofthewellscreenswereterminatedwi~athreadedPVCplug. 
ThetopofeachwellhasaventedPVCcap. Theriserpipeisprotectedatthe 
surfaceby3in.diametersteelp~sfiaedwithl~capsandgroured 
3-l/2 ft inside the d-m., 6-h and S-in. diam FVC surface casings. Well 
imtahtlom for the cluster NC37 iMttate the installation procedures for the 
Rockeye Facility (see Figure 4). 
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OIIWtlWpipeSYStWlwaShEtdkdintbebOIhIg,tbeSCIeenedSWtiWand 
tbeentireaquiferzonewerepackedwitbasiEceoussandfiltermaterialpor- 
chasedblprepackagedbags. TlIefiltermaterialwaspomedblfromrhetop 
slowlybyhandandcheckedfordepthperiodicallywithatapemeasure. The 
filrerpackwasbroughtuptomenexr~rshaleumeinordertoobtaina 
gocd seal above the aquifer and to prevent cloggiug of the aquifer by anmda~ 
grout. A3to5ftthiclmessofbentonitepelletswaspouredinfromthetopto 
seweasealabovetbeNterpackineachwell.Thebentonitewasallowedto 
set3Ominto1hrforswellingtime,andthewellwasgroutedtothesurface 
abovethebentonite.~groutwnsistedofacement-bentonitemixtureand 
waspumpedinfmmthebottomthrougba3/4-in.diameterpipe. Well- 
&talladondiagmmsareinclodedattbebackofea&wellloginAppsiixC. 

Well development 

The procedure for developing the weUs con&ted of be&g well water, 
alternated with pe-riod.5 of surging. The surge tool consisted of an l&in.-long, 
I-l/4-&diem staiuless steel rod witb rubber washers anached at each end. 
The washers were cut slightly smaller luau tbe inside diameter of the well pipe. 
The surge tool was lowered iuto the well with l/&in.diam stainless steel cable 
andpulledbrisLlyupaed&~inthesloaed~torreateapumping/pushing 
action. Thep~wasrepeatedforseveralhoursineachwellor~~ 
waterforwdoutattbetopbecamerelativelyclear. Thessmestsirdesssteel 
cable used for surging was used to lower and raise a I-IB-in. diameter, 5 ft 
longstainlesssieelbailer. Tobzrease speedandeiKciencyoftbebailing 
operat&aframewasconsrmfted onasmalllniIerinco#m&onwitha 
portablewirelinewinchtonm~e~isinamloutof~wells. Thewells 
werebaileduntiltbewaterbecameclear. Thedevelopingtoolswerefhwhed 
witbcleanwaterbetweeneacbwellsemp. 

Water level measurements 

ThedepthtogmmdwaterinaUmonitoredweUswasmeamred by the sam- 
pliqcrewdmingeachsamplingevent. M easnementofdeptbwasmadeby 
lowering a stainless steel electrical probe atta&ed to a plastic cable marked in 
imreme& of feet, tenths and twc&mdtedtbs of a foot. Meesuremena were 
madefromthelipofthePVCwellcasing,from~samepositiononthelipat 
each muwrement period. Water surface elevations were then computed by 
snbtmdg the depth to watex from the surveyed top-of-casing (TOC) eieva- 
tion. The water level in the well casing represented the piezomesic surface of 
tkWateriQtheaquifer. 

Water levels in the Rockeye stody area wells were recorded dming July 
1989, March 1991, Jmx 1991, Jatmary 1992, and May 1992. All the squired 
water level dats for these wells is presented in Table 5. Water level measure- 
ments were wed to construct groundwater smface cmtmr maps, which are 
disusedlaterinthisreport. 
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Monitoring Well Sampling and Analysis for 
Groundwater Contamination 

Selection of background wells 

Backgmd wells for the sc%istU analysis of metals were selected by 
studyingthecontour mapsofmeanlevelsofme*llsinwellsintbeupperand 
lower aquifers and the tabulared mean levels of metals for each well @resenred 
in a later section). Well clusters lOC42/lOC42FQ, lOC43/1OC43P2, and 
lOC52/10-03 were selected as background wells. AU of the background wells 
were located south of the Rcckeye facility, outside the bolmdary fence (see 
Plate 2). the wells also are generally in areas of groondwatex highs, i.e., 
upgradknt, as shown on the water level contour maps in a later section. The 
six wells selected bad low mean levels of metals, relative to other wells. WelI 
cluster lOC37/1OC37P2, located off-site to the southwest, was considered, but 
the upper well of the cluster was relatively high in several metals, jn&ding 
barium, beryllium, capper, lead, manganese and zinc, and h cluster was 
dismissed eom consideration as lmkgomd. 

Selection of groundwater contamination parameters 

An extensive list of co*amination paranaeters was developed for the RFI 
work at the Rcckeye Facility from tbe Appendix IX groundwater monitoting 
list suggested for RFI cmrecdve Action mtder Section 40 Code of Federal 
Reguladotts (ax), Part 264, stand&s for Owuers and Operators of Hazard- 
ousWar.teTrearment, Storage and Dii Facilities (Federal Register 1990). 
The parameter list was amended to in&de explosives compounds. Five 
rounds Of samplhq were origiaally scheduled. After three rotmds it was 
apparenttbatffirtaingroupsofparameterswerenotpresentatquantifiable 
levels. Roomi four was sobsequendy reduced in scope through a leaer request 
from Northern Divisiin, NAVFAC to RCRA Permiaiag Branch, EPA 
Region V Chicago dated 12 March, 1992 and letter reply dated 27 March, 
1992. The fourth rotmd of sampling was lhoited to metals, nitrogen com- 
pognds, cyanide~sulflde and explosives. 

AlistofthemodifiedAppendixMgrotmdwa&rc@ityparametersmoni- 
tored at Rockeye and detection limits is provided in Table 6. 

Sampling procedures 

Overview. Thegoaloftbegrotmdwatersamplingprogramwastoobtain 
sanrpies rep resemadve of the sample matrix. The locations and number of 
samples were selected to optimize the idemification of sources of contaminants 
and pathways of contamhu~ migration. The possibility of extemai sources of 
wntaminatonto~~l~waseliminatedthroughtheuseofgood~~ 
techniquea. 
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The following sections desctil the field sampling prominm followed for 
gromdwater sampling at Rockeye. 0 

Gr~nudwater -l&g. AU groundwafer santphg oxurred no eartier 
than 14 days after newly cmsmmed wells were developed. This procedure 
allowed the mtnral gronndwater system to retmn to its pre-drUUug cmiitkm. 

Field mea6orements @or to pnrghg. prior to purging a weU, organic 
vaPormeasurememoftbeweUheadqcewaschc&edllsinganHNubrand 
phOtOiOIIiZ%tiion organic vapor meter. The well h&apace was checked to 
~~safetyof~e~lingpersoIlnetandtoindicarethepresence0fUght 
~l~naque~u~ phase liquid (LNAPL) witbin tbe weU casing. The weU was 
~~~~weUCapwaSliftedhighenoughfor~meter’sprobetobe 
hw2ted into the well casing. Upon indication that organic vapor levels were in 
the permissible range, the well cap was removed. The photoionization xmter 
~~volatilesi0tbeweUheadqmeofanyoftbesampledRockeye 
WdS. 

TzLewaterleveland~weUdepmofeacbweUweretakennsing~ 
M-Scope brand water level indicator incrememed inlnmdredtbsofafoot(see 
AppendixDforfieldmeamemm of well parameters). The water level 
measurementswerefalrenbyloweringthestainless-steel~obeuntiltheunit 
indicatedcontactwitbtbewatersurface. Thewelldeptbmeammmmwere 
~bylowering~probe~Otheof~weU,measuring ffom the weU 
bottomtothetopofweUcasing. ThedifferencebetwemtheweUtotaldeptb 
am-l water level m was used to detemine the volume of water purged. AU 
depthmeasurementsweremeanrredfrcrmthetopof~weUcasing,notthe 
protective casing. Depth data were recmded in a field sanqling log book. 

Pargingofgmmdwatmwells. Aprimaryumsidexationinobtaininga 
rep-e gmmdwamsamplewastoprevent~inclusioniathesample 
ofstagmntwaterinthewellcasiag. Sincet&reisUtdeornomixingofthe 
v&me of water above the meened internal, stradfication can occor. To 
enswe represenmke sampling of the aquifer, parameters such as elect&al 
conductivity, pH, and temperature must be stable. However, stable measure- 
ments0ftheseparameteIsmaybediffmltaudtime~duetothe 
variety of corm&am present. Therefore, purging of three well volumes Was 
recmmiknded. The purged volume of water was determined by calwlating 
tbree volumes of water in the well (see Appem%x D). The equations used for 
calculating pnrged vohnnes of water in a Z-in. diameter well are as follows: 

A (co fi) = O.&d*-h 
B (gals) = A-7.48 gal/ff 
3 vohmm (gab) = 3-B 

where 

A =vohttmofwaterinwe.U,cuft 
B =volumeofwaterinwell,gals 



d=dkm.oftbewell,ft 
h = height of water in well, ft 

After the volume of water to be purged was determined, the water was 
removed by pumping or bailing depending on the welI information obtained 
from well development or prior sampling activity. If the well recharged 
rapidly and/or had 24I gal or more of water to be purged, the well water was 
purgedwithapump. Ifthewellbadaslowre&argeand/orhadiesstban 
20 gal of water to be purged, the well water was bailed with a Teflon bailer. 

If~wellwentdryduriaggrnnpingorbailing,removalofallwaterthat 
badprolonged~ttwiththeweUcasingorairwasassured. Ifthewell 
rewwry rate wa3 rapid, the well was allowed to recover to its original level 
andpurgedasecondtimabaforessmpling. Iftberecoveryrat~wssslow 
(e.g., more than 2 hr), samples were obtained as soon as sufficient water 
became available. 

sampi@ofllumitoringwelLF. Thesamplewasobtabledimmed&elyafter 
the well was purged. For a slaw-recover& well, the sample was collected 
immediately after a sufficient volume became available. Sampling was accom- 
plished by filling a Teflon bailer, which was lowerad into the well with a spool 
of Teflon coated cable, or by immersing a 2411. submersible pump with flow 
adjustmnt. The primp had effectively obtained samples from wells at other 
NSWCC SWMUs. The 2411. submersible pmnp exterior was made of stainless 
steel with interior components of Teflon and stainless steal. 

Clean plastic sheeting spread around each well helped prevent ground- 
smfaw commbtion of the sample. Sampliag equipment was never placed on 
tbebaregroundoranyobjecttbatmightwntributetoground-surkse 
colmmmion. 

Before sampkg of groundwater wells begs+, e@pment &sates were wl- 
lected to be analyzed for the monitored cxmtamman& Rinsates permitted ana- 
lytiC4KSUltstobeLJ&fkdaSsuspectif qipment &ate levels were 
compamble to groundwater contaminanf levels. A minimumofonerinsatewas 
wllected for each parameter of interest in the field on each day of sampling. 
The eqdpment rlnsate was obtained by pouring double distilled deionized 
(DDI) water through the Teflon baikx. For metals anakysis, which required 
filterhg, the &sate was poured into the f&zing apparatns from the Teflon 
bailer. 

Volatile samples were collected first. Extra care was exercised to prevent 
analyte loss by volatkatim. Precamkmq meamres inclnded avoiding aer- 
ationoragitationof~~le,takingcarethatnoairbubbleswereaappedin 
thevialbytappingrheviallightlyinthepalmofthehand,andneverallowing 
the volatile sample to freeze. If the submersible pump wss used, volatile sam- 
ples were wllected at a flow rate of 100 mikniu. Extra care was exercised 
when pumping to prevem anaiyte loss by voladlization. 
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Samplesformetals~werefilterrdinthefieldusinga0.45micron 
l3terunderpositivepressue. Themezalsamp~ewaspouredintothefilte&g 
z from the Teflon bailer. Samples for organ&s analysis were not 

After obtaining samples for ana@sis, a sample was colkcted for immediate 
temperamrc,~ty,andpHmeasuremems. Thesclneasurementswere 
meamredandrecordedintbefield(AppendixD). 

Theappropriatepreservativewasaddedm~ecollecred~leandthecon- 
taiuer cap was securely fasmned. Samples were Iabekd by facWiy (SWMU), 
well nnmber and date of sampling. The sample bottles were placed in an ice 
chestillmdamlyaftersalnplinganddeheredmthelaboratolyassoonas 
possible so that spe-ciiied holding limes were not exceeded. 

Equipment decontamination 

AU e@pment used to meawe, purge, filter, and sample groondwater wells 
(e.g., bailers, submexsiile pomp, and water level indicator) were ckaned m 
preVem fX0ss-confamination between wells. The water level indkxtor was 
rinsed thoronghIy with distilled water. E@pment used for purging aud sam- 
pliog wells (e.g., the Teflon bailer and/or mbmersiile pump) was decontami- 
natedbyrbingthoroughlywitbdistiUedwater. Sarnplingandp 
eq@mcntwasscrubbed,ifnecessary, mremovesedimentadherkgmitaftcr 
withdrawal from the well. Filtering equipment was deco- and 
0.45 ItlkXOn filters Were cleaned witi a nitric acid dution and rinsed thor- 
oughIyseveraItbneswitbcopiousamounts of distilled water. 

Water used for rinsing field equipment was distilled water from NSWCC or 
retail merchants. At least one iield blank, a sample of the water used for . . de-w- wasaubmhmlmtheIaboratqandanaIyzedforaUanaiytcs 
of Merest per sampling event. 

semple preservation 

l3epurposeofsamplepreservationwasmprexntorretardthe 
degradationImodScation of chemicals in samples dnring transit and storage. 
Effo~mpreservetheintegrityofmesarnpleswereinifiatedatthetimeof 
sampling and continned mfil analyses were performed. lksematives and 
holding times.for the mommred parameters are pmxnted in Table 7a. All 
water samples were kept cool at 4oC. 

Quality control procedures 

Field chain-of-a&ody. A chain-of&y procedure was used m main- 
tain the btegrhy of tbe sample after cokction. The samples were locked up 
when Imattended. When the samples were being shipped by parcel delivexy 
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@ederalExpress),asignedcLuin+f+4EIodysbeettuldsealwereplacedinside 
andontheshippiicmuainer,respeukly. oltcedlesampksreacbedthe 
analytical Momtory, the samples were signed over to tbe lab recipient for 
analysis. 

a. Itwasintheperson’sacnlal~on. 

b. It was in the person’s view, imm&ately after beii in dle person’s 
possession. 

Examples of cbain+fw forms and tags are shown in Figures 5 aud 6, 
Deb. 

SampIe containers. The ample conthem were compatible with the 
analp of imere+& The foknving umtkerswereosedforallsample 
mmxes except where noted: 

a. septum-sealed glass vials for volatiles. 

b. Amber glass bottles with Teflon-lined lids for Target Compound List 
(TCL) organics other than volatiks. 

c. Poiyethykne bottles for Target Aoalyte List (TAL) metals and other 
iilOQXliCS. 

Toensuretheintegrityofme~l~,stepsweretakentominimizecon- 
tammationfromthec4mtems inwhichtheywerestored. Ifthezmalyk(s) 
were organic, the container was an amber glass bottle. If the analyte(s) were 
inorganic, the wntsiner was a polyexbylene bottle. Since organic and inorganic 
substances were expected to be present, sepamte samples were taken. Reuse of 
sample containers was prohibited. Commercially certified cleaned umtainetx 
were wed. 

Documemationfromthecontainermamkxmvrcon&edoftheresokof 
bottle blank analysis. Quality Control results from the supplier of commer- 
cislly cleaned c~ntakrs demonstmted that the bottles were ‘clean.” Valida- 
tion was provided for each batch or ‘lot” of bottles ckaned. 

FieId quality a&r01 samples. Altitongh the mmbex of Quality Control 
(QC) samples varied for each sampliug event, the types of field QC (e.g., trip 
blank, equipment riosate, field blank, field dopkates, and referee duplicates) 
remahedthesame. 
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Tripblanksweresau@esthator@atedfromana@e-freewatertakenfrom 
thelaboratorytothe~~SiteandreMnedtomelaboratorywiththeVOla- 
tile organic analytes (VOA) samples. One set of trip blsnks accompanied each 
cooler contain@ VOAs. Trip blanks were snalyzed only for VOAs. 

Equipmentrimstesweretbewaterrinseshmeq@mentcleaoiugcollected 
dailydminga~lingevent. Asampliugeventwasconsideredtobefrom 
thetimethesamplingpersonnelarrivedat~esiteuntiltheyleftformorethan 
oneday. Theresultsfromtheblankswereusedto~orassessthelevelsof 
malytesinthesample-s. The comparison of levels in blanks to levels io sam- 
pleswasmadeduringdatavalidation. Therhsateswereanal~forthesame 
parameters as the ssmples cokcted fkom the wells. 

Fieldblaoksconsistedofthesourcewaterusedindecontamination. Ata 
minirmrm,onefieldblankfromeacheventandeach~ofwaterwascol- 
ktedsndsnalyzedforthessmeparametersasti3ewellsamples. 

Field duplicates were collected simol~tiy with the water samples at a 
fquencyofoneduplicatepertensampkspermatrix.’ Alltheduplicates 
were sent to the primary laboratory responsible for analysis. Samples used as 
~ldGuplicawweresplitbythelaboratoryandusedas~laboratory~~- 
cateormatrixspike. Thus,fortheduplicatesample,therewereanalysesof 
the normd sample, the field duplicate, and the laboratory matrix spike/ 
duplicate. 

Blindsamplesarerew~simultaneousiywiththewarer~Ieatafre- 
que-tqofonebIind samplepertenssmpkspermatrix,ssappropriate. The 
blindsaqleswereusedtochecktbeauaIyticallaboratoryaccuraq. The 
anslyticaI laboratory had no knowkdge of the identity of the blind samples. 
Table7blistswellmrmbefifromwhichblindsampleswerecollectedforthe 
four sampling rounds. Well munbers assigned to blind samples were fictitious 
(e.g., Blind Sample well aumber lOC2SP4 of Round 1, Table 7b, did not 
exist). 

SampIeeoorci’ *- , PIi~tOanddUliJlgSX+@iUgi3dVitiies,thereWaS 

cooaation~eentllessmplerandtlleamilyticallaboratory. Thelaboratory 

provided the ssmpler Mxmation on the qosndty of ssmple to collect, preser- 
vatives to he used, chain-of- sheets and seals, sample containers, and 
ice chests. The laboratory informed the sampler whether any sample umtain- 
ers comaidg samples were broken in transit. The sampk ioformed the labo- 
ratory when to expect a shipment, whether any empty glass umtainers were 
brokenin~~aedany~irregulareventsthatoccurred(e.g.,limited. 
sample dkction, etc.). 



4 Hydrogeology of the 
Rockeye Facility 

Technical Approach 

The e~alnation of the hydrogeology @be surface and sobsmface geology and 
its associated groudwater hydrology) was accomplished primarily by aoalyz- 
ingdarafromthe83RFIaodthe24w~onboringsamlwe~emplaced 
in the Rockeye smdy area. TIE litbology, stratigraphy and geologic stmcmre 
of~~areawere~~~theextensiveaodcontinuousrockcore 
recoveredinthedeepwe~ofeachRFIwellclusterandfromcorerecoveredin 
a few Of the co&mation borings, and from well logs of cuttings where core 
Was n0t taken. Geologic cr0-s sections and Contour maps of selected geologic 
.sm%ces (strncture maps) were cotmwed from boring data. Grotmdwater 
piexometric smface contour maps were wnstructed from water level measure- 
ments taken in the nbmitoring wells. An additional geologic interpretation of 
the pemmsyhgnian section at Rockeye was provided by the Indiaoa Geological 
surVey(~suTvey)thmughderailedanalysisofthecorerecoveredintheRFI 
boring program. The system of closely spaced horeholes and extensive coring 
attheRockeyeFacilityprovidedaiargedatabasefordetailedfllbsurfaceanal- 
ysis of the suatigraphy, sedimento~ogy, and cbara&r&cs of potential reser- 
voir rocks (aquifers) beneath the site. The Srvey has extensive knowledge of 
and experience in the Pemqlvanian section of Indiana and provided invalm&le 
assistanceiatheioterp~tationoftbeRockeyeFacilityaodsmnnmd&area. 
TheSurveyaLsotxmducM aquifer tests and geophysical sorveyiag of Rockeye 
wells and desaibed the relationship between the bydrogeologic properties and 
the saiimentaty facies present. 

The codmation work performed in 1981 through 1984 emplaced relatively 
Shallowboringsamlwells~anddownslopeoftheRockeyeFaciiity. 
Contirmationboringswereless~SOftdeepaodwere~~ounideof 
tbebour&rykncesurroundiogtbeqerationsareaofRockeye. TbeRFI 
expanded on the earlier effort by emplacing borings and wells on a rough grid 
pat&n in and around the operations area, including twelve well chsters inside 
theRockeyebom&qfence. RFIboringswereasdeepas288ft,butmost 
often 100 * or less in depth. The pmpose of the gridde& relatively dense 
pattemofwellclusterswasm~~~~thelaterallyandvenically 
variable, strati-y complex Peoosyivaoiao sequences beneath the 
Rockeye Facility. The approximately 400 ft spacing between wells was 
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wdderedmiuimaltoszBcbdy-thesnbsurfaw. Twoborings 
Were-hUOtheMiSSiSSipp~rmitsbemaththeSiretipermitdetermi- 
nation of stmcmml ttends across NSWCC by correlating identifiable and 
persistent geologic uni!s (like the Beech Creek limestone) from site to site. 
Well clusters commonly consisted of three wells per cluster screened in upper- 
most, middle, and lower groundwater zones. Wii the exception of deep 
weU10C40,thedeepestzonemeenedwasa~~underlainbyalaterally 
pexsistentanduniformlytbickshale. Theshalewasshownbytbetwodeq 
boringsatRockeyetobeapproximatey10ftthickaodwasadoptedasthebase 
of investigatiot~ for gxnmdwater &aracterization of tbe site. The lateral aud 
vertical variability in iithobgy and stradgqhy of the Pennsylvanian units at 
Rockeye made delheatiq aquifers diffiadt. Nevertheless, each well screen 
emplawment was assigned to a lower, middle or upper aquifer, prima&y on 
thebasisoftbepiezotne&c1evelwitbineacbwell. Eachaquifer, inturn, was 
correiatedasmuchaspossible~~~cunifs&~bythesWeyin 
their wre analysis. 

Probable flow ptbs of groudwater beneath the Rockeye f&cility were inter- 
pretedfNJIllWtltOlU mapsofpiezome&levelsineacbwellrecordedduriug 
groundwater sampling events Average tlow gmdiems were also calculated 
from the piezometric contour maps. 

Regional Geology and Hydrogeology 

The physiographic divisions of the state of Indiana, the limits of Pleistocem 
g~~and~locationoftheN~CCareshowninFigure7. l-be 
NSWCC lies in au nngiaciated area of the Crawford Upland, a rugged dis- 
sec&dplateaubo~ontheeastby~heMitchellPlainandonthewestbythe 
Wabasb Lowland. The h&hell Plain is a low dissected limestone plateau 
chamcterizedbysinkholetopogmphysndotherkarstfeatums. Theboundary 
between the Crawford Upland and the Mitchell Plain is called the Chester 
Escarpmem,ahighlyirte@areast-facingcnesraescarpment. Theescarpment 
trends notiwest-southeast and passes jut east of the NSWCC. Numerous 
~~s,cavernpassages,andcavesoccuralongthechesterEscarpmentandin 
the eastern part of the Crawford Upland. Some of these solution features are 
found in the eastern portion of the NSWCC. The Crawford Upland grades into 
the Wabash Lowland mar the western NSWCC boundaq. Elevations on the 
Crawford Upland at the NSWCC range t?om leas than 500 ft mean sea level 
(M.S.L.) to greater than 850 ft M&L. Relief on the upland varies ftom about 
100Ato350ft,wimhigherelevationsandgreaterreliefgenerallyoccurringin 
theeastempartoftbeNSWCC. Surfacedraiuageiutbeuplandistothesoutb 
and sonthwest. 

Thesnrfacedrainagealongmajorstreams inIndianaisshowninFigure8. 
Withtheexceptionofthee~northeastcomerofImliana,~thesurface 
drainageistothesouthwestataisouth. Approxituatelytwc&irdsoftbestate 
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drainsintotheWabashRiverwhichinturnenrptiesintotheOhioRiver. Sur- 
face drainage at the NSWCC evenmaIly ilows into the White River and thence 
to the Wabash to the southwest. The major draiuage at the NSWCC is divided 
into five basii as shown in Figure 9. The Rockeye facility is located on the 
drainage divide between Basins lII and IV, at the headwaters of Sulphur, First, 
and Turkey Creeks. 

Gnxmdwater in the unglaciated southwest portion of Jndiana is, in general, 
containedinjointopeningsof~~andsandstoneaquifers.Intheareaof 
the Crawford Upland (Figure 7), aquifers are essendally isolate&from each 
other vertically by interlayered shale m&s which act as aquicludes. Ground- 
WateremerSme~e~throughoutcropsandnowsbygraviridown~dip 
of the strata or locally in directions controlled by the piezometic gradient. 
Because the regional dip of the strata is to the soumwest, the regional flow pat- 
temofgnnmdwaterineachaquiferisalsotothesouthwest. 

Regional geokgic structure 

ThestateofIndianaand~NsWCC~in~e~w~~regionofthe 
United States where w within the earth’s crust have been relativeiy mild 
dxoqhoutgeologictime. Thecmstaldeformationthathasoccurmdhaspro- 
ducedsmlcmmlarchesandbasinsofregionalpropor&ionswherethesedimen- 
taryrocksaregeatlytikedandfadtinghasbeenminimal. Themajorsmxtual 
provincesofthe~~onareshowninrelatiolltothe~ofIndianainFig- 
we 10. The Ibkakee and Cincinnati archesjom and extend diagonaily across 
Indlanafromthehet0thenorthwest. Thecombinedarchesforma 
-diVidefromWhiCllsedimentaryIOCkSdipllOItheaSthltOtlleMiChigall 
BasinandsouthwestintothelllinoisBasm. Thesedimentaryroc~were 
deposiMincyclicseasandcoastalpiaiusthat&luatedacrosstheregion 
between 280 and 500 minion years ago. 

Geologic time periods exmding from the F%msyh&an through the Cam- 
b;rian(~lYallOfthe~~~Era)arerepresentedinme~~ 
seqmce underlying the region. Total accmm&don of the sedimentary reek 
rangesfrom3,50Oftttdckacrosstbe Ka&akeeandCincinmtiarchestoover 
13,ooO ft thick near the canter of the Illinois Basin. Smface rocks are older 
rmd thinner across the arches and become progressively thicker and deeper in 
thesu~asthesfratadiphttothebasins. Comeqnendy,fhemrface 
rocks become progressively younger in a direction outward from the arches 
towardthebasins. InJndiana,theyoungestsed ~rodGsaSSOCiatedWith 
the regional geologic stmcmml fatores are Permsylvauim in age. The 
NsWCCison~eastemflankoftheIllinoisBasmwheretheunderlyingsedi- 
mentary reeks dip west-southwest at approximately 50 ft/mile. 

RecentmappingoftbebaseoftheBeechCreeklhmstominMartinCo~ 
by the Survey (1980, revised 1991) produced a stmcmml contour map of the 
area. Figure11isarenditionofthenorthemhalfoftheSurvey’smap,which 
inchtdes the NSWCC. The stmctm umtours represent the elevation of the 
baseoftheBeechCreeklimestone. TheRockeyesiteislccatedatthenorth- 
emmost cbster of borings northeast of Greenwood Lake. Local structural 
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anomakexlstwifJhtheNSWCC,ltuttheRockeyeareaisdmaeridhy 
only a regular, west-southw& dip of appmximately 35 ft/mile. 

Two faults or proposed faults have been mapped in the NSWCC general 
area. The closest mapped major fault, known as the Mt. Csnnel fault, trends 
NW-SE and passes qproximately 20 miles east of the NSWCC. A possible 
faulttreodingapproximaCelyNShasbeenmappedina~cuton 
NSWCC properq iu Set 31, T5N, R3W (A& etal. 1985). The NSWCC fault 
is inferred from an apparent 304 dispmnt of Mississippim Glen Dean 
Li . above strata of the stmdgraphically higher Penmylvanian Mansfield 
Formation. The i&r& fault is approxjmately six miles SSW of the Rockeye 
Facility. TheSurveyrecentlyinves@atedthere-portedpresenceofthefault 
during geologic mapping at NSWCC (Kale 1992). Kvale reported that the 
sreaofthefaulthasbeencmeredbymasswasting. Geologicunitsprojected 
toward the qorted position of the fault conceivably could have been displaced 
atleast10ftbyfaultiag. Nootherevidenceofthefaultwasfound. 

Stratigraphy and environments of deposition 

The surface rock mderlying the NSWCC were deposited in the Lower 
PemqbaniauandQperMissi&Ppbngeologictime-periods. Agenembed 
stratigraphlc column at the NSWCC is presen@d in Figure 12. Mississippii 
rocksofthechesteIseriaareexrensivelyexposedin~valleywallsand 
hollows along the eastern portbns of the NSWCC and in the lower zones of 
deeper valleys toward the west. Pemsylvauiau rocks of the Pottsville Series 
capmastofthehillsandridgesalongtheessremsjdeofrheN~CCand 
becomethepredombmsurfacercckstowardthewestbamdary. Thestrati- 
graphic units in the PottsviUe Series consist of inte&ngered sandstones, shales, 
claystones and clastlc siltGones wim ocxasional, relatively thin iumbeds of 
coalthatweredepositedincyclicseas,coa5alplains,am,iswamps. The 
stratigqhic\miaintheChesterSsriescons&ofal~sndrepetitive 
seqmms of I&stones, shales, aud sandstones that were de-posited in shallow 
seas. Several hundred feet of comimms limestone, middle Missiiippii in 
age,underlietiChesterrocksbutremsiniatbe snhadce at the NSWCC. 
The contact heaveen the Mississippian and the Pennsylvardsn rocks is an 
uncouformity where erosional p rocessesoperat&overalongpericdoftime 
removed-upper portions of the Chester Series prior to Pottsvilie deposition. 
Localreliefalong~unconionnitymaybeas~aslH)ftinsomeareas. 

Hydrogeoldgy of the Study Area 

Local physiography 

The study area for the Rockeye faciliry gmmdwater investigation is approx- 
imatelyasdepictedonPlate1. Primarysurfacedraimgeis2bngtheephem- 
eraIstreamdminingtothenortbstandeastiutothenorthwesttributaryof 
Sulphur Creek. The faciity sits astride a major north-south drainage divide 
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de6nedapproximatelybyHigbway161(seePlate1andF&ure9). Drainage 
eastof~divideisto~~crrekaodthencesouth,passingoffthereserva- 
tion hmdaly approximately four m&s dowmtream Drainagewcstoftbe 
divideisimotheheadwatersofTurkeyCreektomesouthwestortoFint 
Creek to the west, through L&c Grecmvood. Turkey Creek fIows tbrougb the 
middle of the NSWCC and leaves the Center approximately ten miles south of 
the Rockeye facii. 

Ground surface elevations in the area range Tom 570 ft NGVD in the valley 
0fSulphurCreekinmesoutheastcormrofP~ltoapproximately860ft 
NGVJJ along the divide immdately son& of the facility. The topography sur- 
romding the facility is rugged and the terrah~ heavily vegetated. The Rockeye 
site was modified by the process of cut-and-fill in tbc early fifties to prepare 
the site for umstluction. Plates3alld4displaytheorighIalandpost- 
umsrmction tcpogmphy, mspectively, of the facility sire. Protiles of the origi- 
nalandmodified(present)surfacesare~shownongeologiccrosssections 
aI%4~tirepolt. s1opessurroMdingtbefaciareassteepasabout 
45percemontheeast,witblocal maximumreliefofabout2oOftfromthe 
kcuity to the posifion of monitoring wells 10-01 aod 10-02 along Highway 16.5 
northeast of the facility. Present elevations within the Rockeye facility range 
~omaboutglOftu,827ftNGVD(elevationsashikhas842ftexiston~ 
lEiIl-~bermssurrolmdingsOmeOfthebuildings). 

Geologic units exposed in the study area 

Thesurfaceexposwes(withsoiloverburden disregarded) of mappable geo- 
logicuni6attheNSWCCwasprovid&ioamapumsau&d by Brik Kvale of 
the Survey (Kvale 1992). The map was constructed from field recormaissance 
ofoutEmpswithinNs7KCC,wfiichiacluded~Rockeyeshldy~. That 
portion of the geologic map encoilqas&g thesaldyareaisrepIortucedas 
Figure 13, showing only group contacts. The Pennsylvanian aged Raccoon 
Creek @robably Mansfield Formation), represemed by the symbol B, occupies 
all of the study area above approximately 680 ft elevation, it&ding all of the 
ridge on which the Rockeye facility is situated. SeveraI Mississippian-aged 
unitsareexposedintheaibutluyandmainvalleysofsulphurCreektotheeast 
andinthe~w~~ofFirstandTurkeyCreeksto~westofthefacility. 
mu-appeariog on the map of Figure 13 include, from youngest to 
oldest, the Quaternary and recent alluvium of Sulphur Creek (stippled pattern), 
the Mississippian formations of tbc Stephensport Group, consistiog of the Glen 
J&an Limestone, the Hardinsborg shale, the Gokonda/H~ Limestone, tbe 
Indian Sprhgs Shale Member, the Big Clifty &&stone, andtbeE@echCrcek 
Lhestow (Stephensport Gronp of Pigure 13). and the Elm Shale, the 
ReelsviUeLimesrone audtbeupperpanofthcSampleFormation(We~Baden 
Group of Figure 13): Plate 5 illostmtes the subsurface geology of the Rockeye 
stody area interpreted from well borings as a vertical cross section extendiq 
east-so&east from boring lOC40, located immediately northwest of Rcckeye, ~. 
down the no&east drainage way to the tributary of Sulphur Creek to bor- 
ing 10C59 (inset map of Plate 5). Boring MC59 penetrated the Beaver Bend 
Limestone,tbedecpestandoldestmlit encountered. The cross section iI&- 
tram the westward component of dip of the Mississippii units aod shows the 
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approximatepositionsoftbeinsSqWlofthelmitwntactswiththegromld 
surface. Notethatthezisa10:1(vedcalzhorizontal)eduememintbe 
profile. The Pennsylvanian section oca@s all of the upper elevation above 
boring lOC58. Selected Petmsyhdan units depicted in the profile, sandstones 
“A” and ‘B” and the “basal shale,” are elaborated in the discussion below. 

The majority of borings emplaced for tbe Rockeye study penetrated only 
Pennsylvauiaa aged rock units. Only seven of tbe 107 borings -red 
Mississippian units. Most of tbe discussion in the following sections concerns 
Permsyh%nialllmi&eXWlted fromthegronndsnrfacctothe”bssalsha3e” 
of Plate 5. 

Geology of the Rockeye Fad&y 

Invest@th methcds for the pennsghgniaa sequence. The geologic 
units and potential qroundwater squifem beneath R&ye were sampled exten- 
sivelybythemorethan2,800ftofdiamonddrillw~recoveredintheboring 
program. The geology at the Rockeye site was tewgnized early in the prog- 
ram as very complex both tadigqhically ad sedimentologically. Litbologic 
uniStendtobe~andlaterallydiswnthons. Thedensecoringpattemat 
the site, however, provided a detailed picture of the rock unit9 beneath the site. 
The Survey, which has extensive experience in h&rpretatlon and analysis of 
the PemSylvaIlian sequences insoutbwestIndiana,studiedtbecoreatthesite 
and in the laboratory. The Survey provided a much needed intetpretation of 
not only the sedimmlog, lithology and sh-afigraphy of tbe rock units, but 
alsothesize,shapeandgrcundwaterparaIWersofpotentialaquiferbodies. 
An undemanding of the deposiional system and fades’ of each depositional 
environmentaUowedamoreaccmate predictiontobemadeoftbegeomeq 
ark-l extent of reservoirs (aqifers) aud cdining units (aquicludes) beneath 
Rockeye. Rock core from the Rockeye Facility were also correlated to Petm- 
sylvanian core recovered at other sites within NSWCC to provide a regional 
setting for the Penmylvaniau sequence. The Survey produced a report in June 
of1992onthe . . t logy of the Pennsylvanian rocks witbin the NSWCC 
@amhill 1992). Much of tbe discussion in this report concerning &imentol- 
ogy, stdgraphy and description of core is excerpted t?om tbe Survey’s report. 
Tbe Survey published a report of the hydrogeologic properties in February of 
1996 (Fisher 19%). 

The relatively dense grid panem of well clusters at Rcdceye is evident in 
Plate 2. Borings were placed on approximately 400-ft centers to obtain the 
subsurface data needed for hydrogeologic interpretations. Table 8 lists tbe total 
de@ and amount of Pemuylvanian m recovered in the 35 Rockeye well 
borings iuvmated by the Survey. 

Reservoir (aquifer) characterization of the Pennsylvanian core included 
detailed facies descriptions, which were used to generate vertical columnar 
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profiles and geologic cross sections. Repmenmive core samples from poten- 
tial aquifer f&&s were analyzed for resfmoir quality at Reservoir, Inc., Hous- 
ton, Texas. Porosity and permeability measmmentsweremadeofeachoftbe 
major sandstone tiies. The Survey collaborated witb the U.S. GeologicaI 
Survey in Denver, Colorado to obtain seaming electron microscopy of core 
samples to deteimine the amount and lmation of clay minerals within the pore 
network, and thin section petrography to determine the degree of primsry and 
secondary Porosity witbin potential reservoir bodies. The Survey analysis was 
cOnSned with observations and analysis by WES geologists to produce a 
detailed, fbeedhkonal interpretation of the geology and groundwater 
hydrology at the Rockeye Facility. Field slug tests of Rockeye weils protided 
additiond hydrogeologic data. 

Faciesidm@fdiathePermsylvanians&immtsatNSWCCandRo&- 
eye. The Survey ideatiM ten dapositionaWthologic facies in the corexcuv- 
ered at NSWCC. Au of tbe facies were represented in the Rockeye core. 
Figure 14 shows the relative percent of OccurTern of the tell facies &scribed 
intltecmeobtshiedatNSWCC. l’Bedem@tkmamiirmpretationoftbe 
dq0d0rd envdmm& associated with each facies are presented below, 
beghingwiththefhqaimdfacies. Adarkgrayshaleistbedmninant 
fades. Figures 15 through 17 are photographs of ssmpies of the facies 
desclii below. 

Darkgray&ale.facies&arel5). Darkgrayshalecomprisesapproxi- 
mately 40 percent of the total Pemsylvauisn section described at NSWCC. It 
is a stmtureiess, waxy, platy, some&m silty, micacmu, sparsely fomilifer- 
ousshaIeoftencmtaSngfineplautfmgmentsalortgpsrdngplmes. Theshale 
hasbeeninteqreedasan esluarbfiuupto6oftthi&depositednearfhe 
mouthofatide-dominatedestuary;asaregionalmarLerbedupto35fttfiick 
representingaaansgressivemarineunitdepositedduringariseinsealevel; 
audasathin,discontimmsunitcappingfhdng-upward,estua&eortidal 
ChaImel sandsIones. 

IR .* * shakfacieS@ignre15). Thelenticularsbalefacieswmprises 
onlyabout8percemofthedescn’bedcoreatN~CCandconsistsofdark 
gray, silty, micaceous, carbonaceousshaleinbedsabout2cmtbickandthin 
(lesstbanone centimeter) leases of very fiue grsiued quartz-rich sandstone. 
Le&cldarbedding isacommonfeatureintidallyh&encedewiromnenrs, 
reflectiogthesystematically~flowcoaditionsoftidalflatsettings. 

Rooted mu&tone, silt&me and sand&me facies (Figure 15). Rcoted 
facies comprise about 15 percent of the descrii core. Rooting is present 
ptiLW@iU sdstones but also in &stones and muds-s. Rooted sand- 
stones are typicaJy light gray, clayey, silty, and very fine grsined. Rooting 
hasdisruptiprimarybeddingfeaturesmakingthemdiffia&toobserve. 
Many of the rooted mudstones a3ld siltstoEs appear to be underclays; that is, 
theydirectlyimderlietheC0alsand~upwardintoeitheracoalora 
subaerial e.qomre surface. Rooting is indicative of a shallow water deposi- 
tiond setting typical of intertidal to squat&l (above high tide) environments. 
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Wavy-bedded -faeicsand~-beddedmudstonefacies 
(Figme16).Theselsvofackarf+simiIarinappesraoce and &positional 
seaiLtg. wavy-bedded sandstone BccoIlllts foraboutl5percentandtlaser- 
beddedsandstom:about2percentofthedescnbedwreatNsWCC. Wavy- 
bedded and flaser-bedded fades cm&t of light gray, well-sorted, subangdar 
to subrounded, qoarcz-rich very Cne grained sadsame lnter~ with 
gray, A shale. The two fades are often interbedded. The shale 
drapesinwavy-beddedunitsexteodoverthetroughsandcrestsof~saml 
ripples. In flaser-bedded lmits, anrents have removed shale from the crests, 
leavingitodyintbetrougbs. Thesefkiiareinterpretedtobetbeproductof 
intedhl to shallow subtids3 s&flat deposition. 

R@pka&usahI~faeirs(Figure16).Theripple-beddedsand- 
stanefacies~~gban8percemofthecEescribedcoreatNswCC. It 
cmsistsofveryfmetofble,wellsorted,micaceous, quartz-rich ssmlstone. 
RippmJedded saIdone is commonlyassociatedwiththeflaser-beddedand 
cross-bedded ficies. At the Rodye site, ripple-bedded sadtone is associ- 
atedWithfbliIlgUpWd,tidd~itlfbSd,flwialpillthars. 

-beddedand- sandstonefacies~17). 
h4assive-andcross-beddedsandstonesoccurinterbeddedwitheachotherand 
wmpriseabout7percentoftbe&scriimre. Thekieswnsistoflight 
graytotaqvery6netoke,wellsorted,rnicmms, quartz-richsand. At 
Rocken the massive- and cros5W sandstones form the active channel-fill 
~~infhawd,flnvialpohubarssimilartotberipple-bedded 

Rh~beddedsilktonefadg(Figare17).Rhymmicallybedded 
.silmmecomprisesonlyabout1percentoftbedescnbedwre. Itumsistsof 
thin couplets of light gray &stone and medium to dark gray, silty mudstone 
that form well developed nesp-spring-map (14 day) tidal cycles (rhytidtes). 
RbythmitesareconqeUingevidenceoftidaliafluence. 

Disrarbed-beddedsandstowaudshalefacies~17).ThedisturW- 
beddedfaciismnIprisesabout1-l/2percentoftbedescribedcore. Thewn- 
tolted bedding, load-tasted ripples and microfaIllting associated with the fads 
were fomled co memporaneously with deposhiori, typically along chard mar- 
gins where steep dips resulted in gravity-flow deposition and the development 
ofdisruptedbedding. 

caalfacies@.iglm?17).coalsarecmImlon in PexmsyMiuiau rocks and 
wmpriseabout2percentofthedemibedwreatNSWCC. Tbecoals,of 
bituminous~rangein~~sfromafewinchesto5ftandaregenerally 
only wrrelatable over short distmws. Most of the cc& show welkkveloped 
cleating (jointing), and py~& often lines the cleats. Coals are produced in 
peat-forming, low-elmgy eIlviroanents. 

Reservoireharactesizatinofpotentialaqnif~fromiaLloratorydata. 
The massive- and cross-bedded smdskme, therippk-beddedsandstone,the 
flaser- ad wavy-bedded sandstone, and the rooted sandstone were wnsidered 
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powtialregervoirfacies. Labommy-deemidporoshyand~i(to 
gas) B were made on repmentadve samples of tbeae facies. 
Porosidcs were tmifolmly high, ranging from 12.6 peltxnt to 30.2 percent and 
averaging 21 percent. Pemmbilities to gas were bigb but showed much more 
variation than porosities. The massive md cross-bedded sadstone showed the 
highest pelmeabuity, followed by ripple-bedded sandsme, wavy- and fIaser- 
bedded sandstone, and 6naUy rooted sat&tone. On a relative permeability 
scalewiththepermeabilityofthemassiveandcross-beddedfaciesequalto 
100, rippIe-bedded saudstone was 26, wavy- and -r-bedded were 12, aud 
rootcdsandsmmwas6. 

Themassiveandcross-bsddedsandstone fakes is dearly the best reservoir, 
or aquifer, fades on the basis of the laboratory tests. Photomicrograpbs of thin 
sections of the sandstone revcaied tile clean, quartz-rich, clay-free tmlre of the 
fads. The fads exhibit$ a well developed eKcctive primary intergranular 
porosity. Theripplc-beddedsandstoneis2Jsocomideredtobe,agoodreser- 
voir~k,butischaracr+rizedinthiasectionashavinglocalzonesofpoor 
resfmoir quality. Quartz overgrowths and days coat quartz grains in the 
lippIe-beddfxi-, reducing gxrmeabiIifie3. 

The massive, cross-bedded and rippIe-bedded sandstone h5es dominated 
the three cbamel sand&ones, “A”, ~B”and’C,“mappedindX?subsurfaceat 
the Rockeye Facility as potentially excellent aquifers by tbc Survey. Geologic 
unitsidend6edbytbeWESgeologistdur@coringoperationscorre&cdto 
vatiable extent with tbe channel sandsmm (notethatsands“B”and”C” 
appear on fbe study area profile of Plate 5, above). Furtber discussion of aqui- 
fersamltheircharacteristicsatRockeyearediscussedlaterinthisreponinthe 
section on groundwater hydrology. The survey calculated equivalent hydraulic 
co nctunivities for the laboratory-meastmd gaspermeabuitIes. Theirdataare 
pmentedinTable9. Individualtestrestdtsareshowareshownattbeappro- 
priateboringdepthsonthegeologicnosssectionspresentedasPlates7 
through 15, below. 

Aqnifer -II from BeId tests. The Survey condued 145 slug 
tests in 76 Rockeye weUs in January duough July of 1995 (P&z 1996). A 
four- or six-foot long slug of l-in. O.D. PVC tubing was rapidly lowered into 
the weU to displaoe the water. Downhole pressure -rsandanamo- 
mated data logger rcwrded tbc timed recovery of the water level. The stora- 
tivity (S), transmissivity 0, and bulk hydraulic conductivity (IQ were 
calculated using the curve fitting method of Cooper, etal. (1967). Slug test 
data for Rockeye wells are pmentcd in Table 10. 

sllbanfaee geology at Rackeye. Viiy alI of the Petmsyhmian facies 
deacrihed above were observed in rock mdcrlying the Rockeye site. The 
Survey constructed eight vertical geologic profiles, or cross sections, using the 
coredataobtainedfromthewellboringsinand~theRockeyeoicility. 
GfMogic units displayed in the cross sections were &uneated and described in 
term of tbe facies discus& earlier. A supplemental cross section ws subsc- 
quendy added by WES to provide additional subsurface information in a criti- 
cal portion of the Rockeye facility. Geologic units displayed in the 
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sllpplemmalcrosSSWtiWwCre-and-instandardIithOlOgiC 
termsderivedfromtheo@naliieidcoringlogs. 

Plate 6 shows the kations of the nine geologic cross sections. The cross 
sectionserep~inPlates7through15(~osssectionsAA~o~II). 
The cross seaions were produced by projecting the boring logs snd topo- 
graphic wntonrs into cross section lines oriented parallel to either the east-we= 
cadmate or the north-%mth coordinate. Figure 18 shows how borings and 
contomswereprojectedhttofhecrosssectionline. Thecrosssedot~~arethus 
compressediJllengthonPlates7-1s. sectionsAAtbroughEEarealigned 
from west-northwest to east-a sections FF through II are aligned from 
s0uth-southwest to north-no-t. There is approximately a 5 to 1 vertical 
enhancememinthecrosssections. Thesubsurfacegeologyisbestdiscussed 
by referring to the geologic cross section% 

Several featom are shown on the geologic cross sections. For example, in 
SectionBBofPlate8,tbesolidlineatthetopoftheprofile~the 
presentgromldsmfacedeJivedikomtbemapofPlate4atxitbedashcdlinetbe 
pnzmmu&onsurfacefromPlate3. Thecross-hatchedareasatthesurface 
represent topographic lows filled to prepare the wnstmcdonsmfaw. Adashed 
ground--lineappearing aboveasolidlineindicatesanareaofcut(soil 
removal) dmiug site construction. The verdcally oriented rectangles adjacent 
totbewelllogsshowthcposirionsofwellxreens wldhtheborhtgs. The 
short-and-long dashed lines represent the piexmetrk surfkcss, designated 
UPPBR, MIDDLE, aud LOWER, mapped finm water levels in the well 
screens. Thecirclesattheendsofsomeofthepiezcnnetricsurface~show 
approximatelywherethepaaicularaquifer~~s,orceasestobemea- 
suredinadjacentwellscreea. The SpbdS P,, P2, etc. designate dE iower- 
~nexthigher,andsoo4ofweilscreensandpiezometriclevels~ 
withinthewells. Thebasalshalethatdefkdthebottomdeptbofmostoftbe 
borings is shown by a horinmtal-line pattern. The charmel sandstoaes defined 
by the Survey are labeled “A,” ‘B,” or ‘C” aud are shown by a stipple 
paWm. The widtb of the facies within the vertical well logs reflects tbe grain 
sizeof~facies,frommedirrmgrained(M)toveryfinegrained(vf)toclay 
or shale size (Cl). 

Thepod-likegeometrysndextent0fthechalme1 saawmesisevidentin 
isocfrore (drilled thickness) maps construcred for sandstones “A,” “B,” and 
‘C,” Figores 19,20, aud 21, respectively. Fining upward grain size trends 
wmbined,withthepod-likeshapes,suggestthatthesesandstanebodiesrue 
pointbardepositsformedbythelatcrslaccretionofmeaxMngchsfmeIs. The 
~pfwavybedding,lendadarbeddingandheningbooccro~ 
.Qraeamcappingsomelmitssoggeststhatthesechannelsweretidally 
illfluenced (Bamhlu 1992, p.60). In plan view, sand&me ‘A” ouxpies the 
easterntwo-thirds, sandstone ‘B” the nortbd two-thirds, and ssndstone 
‘C” the southeast comer of the Rockeye site (see Figures 19,20, and 21). 

crosSsectionsBBandCC~~8and9)illustratethegeometryand 
.sha@aphic relationships of the three channel sandstones, “A,” “B,” and ‘C.” 
CbatmelsandsunesgradeWerallyiutolenti~-beddedsbaleand 
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wavy-bedded, 5aser-bdde.d or ripple-W sandstones htterpreed to be the 
~;c&imertidalmudflatandsandflat~on. Forexaqle,incross 

, sat&tom ‘A” grades laterally from cross-bedded sandstone of the 
active channel fill to flaser-bedded sandstone typical of the intertidal sandflat 
emiromnent between wells 1OC34 aud lOC35. Similarly, sandstone “B” 
grades latemlly from the massive and cross-bedded sandstone in well KM234 to 
the ripple-bedded, wavy-bedded and lemicolar-bedded f&es of wells 10~23.5 
sod lK39. Fluids in the cross-bedded channel sandstones would be expected 
to migrate laterally iuto the tidal flat facies (the wavy-bedded and flaser-bedded 
sandstones) because the latter have locally good reservoir chamcteristics. 

FiLliUgUpWardpoitltbar seqwmes often are capped by rooted horizons fol- 
lowed by a coal (see, for example, sadtone ‘A” in cross section CC 
(Plate 9)). coal forming emironments associared with the point bar deposits 
are interpreted to be stpddal (above high tide level) backswamp marshes. 
Coals associated with the charmel deposits of Rockeye show welldcveloped 
cleating and are therefore likely condo& for fluid flow. However, most coals 
areoverlahlby impermeable dark gray shale and pin&out over short lateral 
distaum (usually within 1,COO ft), and would not have txdmted fluids over 
long distances except where cc& grade laterally into other reservoir &cies. 

Ooeto15ftofthedarkgrayand/orlenficularsbalefaciesseparatwindivid- 
ualchatme1- bodiesinmostcore. Darkgrayshaleseparatessand- 
stone ‘A” from sandstones ‘B”and’C”incrosssectionCC. Thedarkgray 
shalefaciessepaMngsaudmw packageshtheRockeyeareaisthinand . . e (in a regional sense), aud is interpreted to bc a bay-till shale 
restdthlgfrom- of the active charW and resulting local 
sum. 

The depositional ewironment preaenf dmiug deposiiion of the Pemtsylvan- 
ian&imentsatRockeyecon&predormnantlyoftidaUyitd&nc&,tbinand 
laterally diwmfhmous deposi6 of a prograd&,’ tide-N dcltaic 

Envvomnents include tidaUy ittfle point bar deposits, imertidal 
~sandflatF,andmixedmudandaaudflats,supratidalbacrswamppeat- 
formiugmarshesorraisedmotmds,supratidalmarshesandswamps,dis- 
ttibutaIy channel Iill deposits, and bay-till u. Thedepositional 
envimmnentstbatproducedthe&ciideacriiattheRockeyesitedmiug 
deposition of channel sandstones “A” and ‘B” a?e reconsrmcred in Figure 22. 
The upper diagram of Fii 23 depii the depxitional enviromnt5 present 
duringmaximumlatctaIaccretionofsa&tonc ‘A.” To the west of tbc active 
channel, on the cutbank side, were depo& of the intertidal mudflat, mixed 
~~mUdtbttatdflatettvironments. Imm&atelysouthoftheinter- 
tidal&its,asupmMalmarsbwaspresetttandisindicaMontbeblockdiagram 
by vegetation symbols. The accrfhg bank was domhed by well-sorted 
sandsoftllcpointbar. BehiRddtepoilltbar(totherigJlt)wastllecoal-forming 
peat swamp indicated by the heavy vegetation. 
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Thebot&mldiagTamofFigure23showSthefaciesdistrMionduling 
deposhion of sandstone ‘B,“whichoccmredsomedmcafterthedepositionof 
saudstone’A.- Tbea&anksideofsandstone”B’s”channelwasdominated 
by hW-rlidal sand&t, mixed flat and mudflat deposition. Cross-bedded and 
massive-bedded sandstone formed by lateral accretion to the north of the active 
channel. The supratidsl marsh and peat-forming enviromnents present during 
deposition of sandstone -A” were no longer active dming this thne. 

The’basalshale”referredtoearlierwase xounteredhlmostoftheborings 
1ocatedatoptheridgeonwhichRockeyeissltuated. Theshale,partofthe 
dark gray shale t%cies, was 2 to 12 fi thick beneath Rockeye, easily recognized 
in the core, and was a convenient ‘marker” unit. The shale was a reasonably 
persistent aquiclude, providing a logical base of hwestigation for groundwater 
monitoring. The shale was described in the core logs as a black to gray, hard, 
umsptily slicm shale that became slippery when wet. Where a 
boring dki not completely penetrate the shale, the position of the base of the 
shale was exfmpolated from adjacent borings. 

Borhlgs lOC23 and lOC40 penetrated the Penusylvanian-hIississippii 
oncmformity and botromed in the Beech Creek limestone. Cross section FF 
(Plate 12) includes the logs for those two borings. Well lOC40 was screened 
in fhe Beech Creek (screen PI of lOC40, Plate 11). The top of the Mississip- 
pianisabout~~deepat10CU,or1Mftbelow~baseof~”basal 
sbale,“andaboutux)ftdeepat1oC4o,or97ftbelow~baseofthe”basal 
shale.” 

Groundwater hydrology of the Rockeye Facilii 

Aquifers monitored for the Rockeye inve&gatkm. Three discrete aqui- 
fers were delimated and monitored at and immed&iy adjacent to the Rockeye 
facll. These were desll the ripper, middle and lower aquifers, all 
within the PenmyMnian aged rock. Wells also screened four other, deeper 
geologic units withi~~ the Mississippian aged rock southeast and topographicaUY 
below the Rcckeye faciity. The Mississiiian aged units screened were the 
Sample(?) Formation, the Beech Creek Lhnesmne, the Big Clifty Sandstone, 
andtheGolconda/HaneyLimestone TheMississippiilmitsaredescribed 
below hl ascdhlg order (oldest unis i&St). 

Sample(?) Formdon. Well lOC61, located off Highway 165 near the 
westnibmarytoSulphurCreek@eePlates 1 and5)xreenedtheSample(?) 
Formation(Platesland5). TbewellscreenforlOC61wassetatadepthof 
17to27ftbelowgroundinagray,massive,fine~fihalvsandstone 
mtatively asigned to the Sample Formation, which lies hmnediately below the 
Blwren Shale. The Sample(?) Formation sand comprises the uppermost aquifer 
hlthisportionofthestudyarea. Grolmdwater presumably flows toward the 
pemment stream, Sulplmr Creek. The static water level was 593.0 ft NGVD 
(5.3 ftbelow ground) on 11 March 1991. 



Bee& Creek L4fmstone. Well lOC40, locared immediately to the north- 
west of the Rockeye facility, west of Highway 45, screexd the Beech Creek 
hestone at a depth of 275 to 285 fi below ground (see Plate F for the graphic 
weII log). The Beech Creek is a gray, hard and dense, cry&I&, fossilifer- 
ous limesume with occasional joints. The geometry of groundwater flow 
within the Beech Creek beneath Rockeye cannot be determined from this one 
well. The static water level was 581.5 ft NGVD (248 ft below ground) in 
lOC4Oon 11 March 1991. 

Bii ciay -ne. confirmaiion weus 1041 and 1002, located off 
EJighway 161 where the northeast drainage from Rockeye intersects the road 
(plates 1 and 5) scree&d the lower portion of the Big Clifty sandstone at 
depths of 16 m 24 ft and I1 to 19 ft below ground, respectively. The Big 
CUfQ consists of a red-brown, finegrained, friable sandstone. l%e Big Clifty 
comprises the u.ppelmOSt aquifer at this location. The static watef levels for 
10-01 and 10-02 were 602.8 and 601.7 ft NGVD (19 aud 20.7 ft below 
ground), respectively, on 28 June 1991 (both wells were dry on 11 March of 
that year). Groundwater fIow Is presmdy toward the pmanent sueam, 
Mphur Creek. 

Gdamda/Eaney Limes&m Well lOC60, located southeast and down- 
slope of Rockeye, approximately half-way between the facility bout&q and 
Highway 161 (Plates 1 and S), screen& the GokxmdaIHaney Limestone at a 
depth of 25 to 35 ft below grotmd. The Gulconda/Haney, designated the 
Haneyinrecentliwature,isahard,darkgray,fossilifer~limestomtolimey 
shaleinwellboringlOC60. Thelimestonecmqisestheuppermostaquiferat 
this location. The static water level iu lOC60 was 643 ft NGVD (9 ft below 
gronrld) on 11 March 1991. 

Lmver aquifer. The lower aquifer beneath Rockeye consists of sammted, 
prhnarily massive, cross-bedded and wavy-kedded sandstones and occasional 
c&ted coals of the Pennsylvanisn squence. The lower aquifer is present iu 
~ofthegeologiccross~~ofPlates8~13. Theaquiferisabove 
thebasalsbale~~eariier,fromaboutelffation725fttoaboutnOft 
NGVD. During drUbg of each well, the geologist sited the well screens at a 
depth most likely to produce water at the well site. The high iatcral variability 
in lithology and aquifer propel% balw%lMc of the many Peimsylvanian 
fads made selection of con&table aquifers from well to well very diffic&. 
Screems within the lower aquifer, primarily the P, screens, were not always 
placed at the same elevation in different wells. The pieimmetric surface repre- 
senting the groundwater within the lower aquifer, however, was relatively con- 
sistent in elevation across the site (see, for example, section DD, Plate 10 and 
FF, Plate 12). The sandstones dominating the lower aquifer were all classiiied 
as good reservoir reck in the Survey’s laboratory analysis. Additional short 
5zens bstakd in lower aquifer ccals in some of the wells produced piezo- 
~1evelsverynearthoseofdeeperscreensinthesamecluster,indicating 
that there is effective hydraulic comtecb in the entire vertical sequence com- 
prising the lower aquifer. For example, section DD, Plate 10, well lOC24, 
depicts a coal screened as Pz with a piezometric level very near the level of the 
P,screeninthesandatonesome25ftdeeper. Sbilaragreementisshownin 
welk lOC37 and lOC25 iu section DD. The position and extent of the lower 

chapter 4 31 



aquiferwasdetemhdmorebyfhepositionofthepiQomtricsurfacethsJlby 
the p~3~ition.s of well screens and cornqxm&g lithologic units. 

Thechatule1- “A”descriiintbisreportoccupiesapmtionof 
the lower aquifer as shown on geologic sections AA, BB, CC, DD, GG, HH, 
a&II. Manyofthewell screensplac&intheloweraquiferinterqtedSand- 
stone’A,“especiallyintheeasterntw~~ofthesite,wnfinning~ 
importance of the sandstone as a reservoir unit. other lower aquifer screens, 
for example to tbe west (see section BB), were in a portion of the aquifer not 
occupied by the chanuel sadtone, but produced eqivalent pieurmetric levels. 
Theconsistencyofpiezometrilevelsacnxsstratigraphicfaciibom&riesis 
another indication that the units are effectively hydraulically conuected. 

Well screens set at elevations above about 770 ft NGVD, an htterd domi- 
naredbythedarkgrayshale~i~inmanyborings,generallypIoducedpiezo- 
metric levels several feet higher than those of the lower aquifer. The shaly 
intervd, exemplified in wells IOCAS, lOC33,lOC29,1OC32, KJC28,1OC45 
andmanvotbers,is~~~enoughacrossthesitetohydraulic- 
dlysepamtetheupperandmiddleaqu&rsfromthelower. 

Theloweraquiferp&mleaic slnfaw probably httemepts the ground sur- 
faceinthedeepdrainagegullysoathofthe~~,showninsectionEE, 
Plate11,nearwelllOC44. Shnilarly,thepiezome&surfaeeprojectstothe 
groundinthe~~drainage,downslopeofmefacility,asshownon 
sectionHH,Plate14. lIepiezom&esurfaceoftheloweraquiferon 
11Msrch1991isshownbyelevationcontourshtFigure23. 

~oneofthewellssetintheloweraquiferwas’dry”on~fourmoni- 
toringdatesbetweenMarchof1991andMayof1992. Table5namesthe 
wells assigned to the lower aquifer (Lower Pe-nnsylvauisn in the table) and 
provides elevations of tbe p iemmenic surface on several monitorhlg dates. 

lti cm/set range (see Table 10 and Plates 7-15). 

Mlddkaqnifer. ThemiddleaquiferatRockeyewasrepresentedbywater- 
produce sandstones lying roughly between elevations 770 and 790 ft NGVD. 
Themiddleaquiferwaslimitedinlateralextent,confinedprimadytothe 
nosh-central portion of the site. The middle aquifer, as defined by the piew- 
metric snrface in monitorhtg wells @imarily the P2 screens), correspods very 
well to the reservoir sandstone ‘B” described by the Survey. Some wells 
placed at the general elevation of the middle aquifer proved to be dry (did not 
prcdueewater)whenmdtored. ThedryweUsfaUoutsidethemappedlhnits 
of mdstone ‘B,” as depicted on moss sectiom AA, welIs lOC40 and lOC51; 
and BB, well lOC50. other wells placed at the general elevation of the middle 
aquiferbutoutsideofthemappedlhuitsofsadtone ‘B” produced piezo- 
metric levels equivslent to the upper aquifer, and thus were not hydraulically 
equivaient to the middle aquifer. The latter phenomenon wss exhibited by 
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cross sections BB, well lOC39; section CC, wells lOC36,1OC30, and lOC32, 
section GG, wells 1OC45 and lOC25; and section II, wcU lOC32. 

~piaomearicelevationcontoufiforllMarch1991andthedashedline 
ofFigure24~~thelimitedextentofmemiddleaquiferandirshigh 
degree of correlation with sandstone ‘B” (see also Figure 20). Sandstone ‘B” 
tbinsnearitsbouMarktothewest,eastands4xuh. SomeweUsplacedwithin 
sand&m “B,” but near its bootxhy, were dry, indicating that the water- 
producingcapabilityofthesandislessnearitslimitbecauseofthioningofthe 
sandorthroughfacieschange. WeUscreenP,ofwell1OC31,sectionsCCaod 
GG,wasdryinthesoudtemIimitofsaudstone’B.” Anopencircleonthe 
dashed line representing the piezomettic surfacz on the cross sections repre- 
sentstlletemdnus of the middle aquifer (section GG, Plate 13). The terminus 
isan~i~pointbetweenproducinganddrywellsatwhichtheaquifer 
ceasestoproducegrouudwater. InthecaseoftbemiddIeaquiferandsand- 
stone ‘B,” the terminus coincides closely with the physical limits of sandstone 
“B.” Notethatwheresaodstone’B”wasnotpresenttherewas~)middle 
aquifer encountered. For example, in section FF (Plate 12) on the west side of 
Rockeye, only uppa and lower aquifer piezoroetric s&aces are present 
al-==== were avaihbIe at middle aquifer elevations. A similar situa- 
tionexistsinsectio~~DDandEEtothesouth. Tbeelevationofthcmiddle 
aquiferp~~liesbetweenaboutnSand787ffNGVD. The 
middleaquiferisprcjectedtohersect thegrouudsnrfaceonthesbpessor- 
rounding Rockeye, as i&tseaM by section HEI (Plate 14). 

TheSurvey(Fiir1996)conducM shg~inafewmiddleaquifer 
screens but prodwed queatitile results. There was poor correlation of field 
curveswiththetheomidcutves. Atotalofiivetestswereconductedin 
wells lOC47P2 and lOC29P2, which arc scm in sat&ox “B” of the 
middleaquifer(seePlates7imd8andTable1O),~questionableK,values. 
Laborarory values of hydraulic conducMv for two core samples hnn sand- 
stone ‘B” were about lo-’ and IUS cmkec. Hydrdk co&u&&y detcrmhed 
fromslugtestsof~screenedimervalwouldbeexpectedtobesomewbat 
higherbecauseiaLvJmtoryteatsmto accouatfortbeiuflucnceofopendiscon- 
huitiespresentintheinsiturcckmass. Hydraulic0mducdvitiesofsandsto~ 
‘B,” middle aquifer, are therefore probably similar to that of the lower 
asuifer. 

Upperaquifer. TheqperaquiferatRockeyeisrepzsentedbysaudstones 
atxisbonesatdepthsusuaUy2Oto25ftbelowgroundsnrface. Theupper 
aquifer piezometric surface is irqular in elevation because it generally par- 
aUekthegmnd(~c)surface. l%epkomenicsurfaccisc01~isteru 
across the ridge top on which Rockeye is situated except where intercepted by 
~~incisionandwhere~upperaquikrdrainstothemiddleaquifer. 
SectionsAAandEE,locatednearme~~mandsouthemedgesofmeridge 
top, respectively, show the upper piexmetric smface ‘daylighted” by ero- 
sionalguUiesontheridgeshpes. 

The drop in elevation of the upper piezome tticsurfkenearwelI lOC26 
(section DD, Plate 10) may indicatt that the gully fill represented by the 
diagonaI lines between lOC25 and 1005 provides au avenue of easier flow 
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sndthuschamlelwatertothesouth. sectionII(Plate15)alsosuggestsflow 
throughtheflll. 

Theupprrpiezometricsurfacefor11Maruh1991iscontouredinFig- 
ure 25. Elevations range from about 780 to 814 ft NGVD. The conspicuous 
“hole” or gap in the COrnOUrS inthenortheastportionofthesiterepresemsan 
importan charaneristic of the shallow groundwater at Rockeye. ‘Ike upper 
aquifer apparently is able to drain vertically into the middle aquifer, the dun- 
nel m&stone ‘B,” in that part of the site. The section below on groundwater 
flowdisausesthemergingofthetwoaquikrs. 

Thechannelsandstone’C”recognizedby~Survqrocarpiesaportionof 
the subsuhw that forms the upper aquifer (see especially sect&~ CC, DD 
and l3l-Q. SandstOne ‘C” C0lnCi&s with the positions of several upper aquifer 
well screens. However, most of the upper aquifer grouudwater at Rockeye. is 
tappedbywellsscreenedinrockoutsidethelimitof sadtone’c.” The 
presence of sandstone ‘C” has no apparem i&hence on grodwater produc- 
tion and flow at Rockeye. 

ValuesofK,dererminediromslugtests(Fisher19%)intheupperaquifer, 
which ilEluded sandstone ‘C,” were predoIninazdy in the 104 to l(rs cmkc 
range, or somewhat lower than those of the lower snd middle aquifers. 

Groun~flowatRoekeye. Tbedirectionsndrateofgromdwater 
flow through the monitored aquifers beneath Rockeye were determined from 
maps of comourd piezon~tric levels measmed in each aquifer’s assigned 
wells. Thegromhdzrr for 11 March 1991 (Table 5) were used 
to prepsre the maps. Many of the earlier (c~mirmation) wells instdled in 
l9%1-83Wereatdepmsthatmadeit~tttoassignaquifersfor~~~. 
Data from those wells were not used to construct the piezomeaic maps. There 
was sdicient coverage available in the newer RFI wells to portray the piezo- 
metricsm%cesforthethreeassignedaquifers. Datafromsomecohmation 
wells supplemented the maps. Gmundwater quality (&e-mid) monitoriug data 
from all wells were hduded in the mapping of ~comsmhsms, presemed later in 
this repor& Groundwater flow is dlswssd tirst for the lower aquifer. The 
middleandupperaquifersare~asaunitbecausetheirflowmergesto 
thenortbeast. 

Lower aquifer. Figure 23 presentd the piezometric surface for wells of 
the lower aquifer at a 24 elevation contour intervsl. The surface is one of 
irre~,radialdrainagecentedaboutahighinthesoutheastwmerofthe 
faciity. Thehighiselongatedasarid%etothenorthwestfo~~the 
generalaendofthedrainagedividedefinedbythe~~hyonplatel. 
Flowin~loweraquiferarosstheRockeyefacilityistothenorthwestand 
north on a gradient of about 0.006 or about 31 fthile (Figure 23). The gradi- 
em increases to about 0.012 or 62 B/mile on the somhem, souhamn, and 
northem flanks of the facility, obviously S&end by the high relief of the 
terrain. 
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Therewas10to2OAofpkimmric(head)~betweentbemiddle 
aodloweraquifers,and30to50Abetweentheupperandloweraquikrs(for 
example, see cross sections AA and DD). Flow in the lower aquifer appears to 
~independmt0f~inthemiddleandnpperaquifnsasshownbythediffer- 
ence in configuration of tbe pi- snrfamsandaspredictedbytbehead 
de.-. 

The~of~loweraquiferisdeep(abouLt5OO)beaeath~Rockeyefacil- 
itybutisprojectedtointerceptthegroundsurfaceingulliesdrainingthesiteto 
thenorWastandsouth. Theerosionalgullyonthesouthside, shownincross 
seuionEE,Plate11,isasdeqasthepiezome& surface of the lower aquifer 
in~crosssectionbutpro~lydoesnotdrain~eaquiferumiltheactual 
aqnifer sandstone is bmached some six to ten feet deeper, or downslope of Sec- 
tion m. %nihrly, the erosional drainage gully on the nordteast slope, shown 
in section HH, Plate 14, breaches the lower aquifer sandstone at abouteleva- 
tion 765 to 770 ft. No springs or seeps that would indicate drainage of the 
aqniferweremappedineitherthesonth0rrmthat dminagegullysnditis 
probable that mar-surface residual clay soils prevent groundwater from txm- 
tactingthefreesarfaceintheglllly~. 

MiddleandwneraanSers. TbemiddleandupperaquifersatRmkeyeare 
Pomayeaby~P~ tric elevation contonrs on Figures 24 through 27. 
Figure24showsthemiddleaquiferasadiscreetunitandthedashed~~of 
thegeologicMit,sandstone”B,“wirichwasdemibedearlierasw~the 
middleaquifer. Figure25showstheupperaquiferasadiscreetunit. Fig- 
ure26presentsthetwoaquifkmqmimpo&themiddleaquifershownby 
dasJledlines. rntheprevioWsection,thehvoaqGferswereshomtobe 
hydraulically-, i.e., to merge, in the ~rtheast portion of the site. 
TheflowintheupperaquiferacrossRockeyeisprimariyto~northeasS 
nltimately didmghg to the middle aqnifer and thence downslope to the north- 
east. BecausethetwoaquifeSIlltimatelyactasonewithrespecttogroutld- 
water flow snd potential co- migration,datafromwellsofbotb 
aquifers were combined and plotted as a unit (i.e., aJl piezometric elevations 
wereumsideredtabewithinthesameaquifer)~FFigure27. 

Gmmdwakrflowisdisamedwithreferencetothecombinedupperand 
middle aquifer regime, renamed the uppemmst aquifer for purposes of discus- 
sion. The piezomehic surface of the qpemostaquiferischammkdbytwo 
highsatthesouthwestandsouthemcmne.rs of the site with groundwater 
divides running wesnortbwest to east- aiongthesouthernbalfofthe 
site, and ronghly ~rth-south along the western side (Figure 27). Groundwater 
flow across the northern two-thirds of tie site, which includes the main opera- 
tions bnildings 2731 and 2734 near well clusters lOC30, -31 and -32 (see 
Plate2),isprim&lytowardtktmheastdrainageway. Anothercomponent 
offlowistothesMlthdrajnagewaynearwellclusters1oc25,-26and-44. 
The gradient of flow is about 0.O24 or 127 Wnile across the center of Rcck- 
eye.~gradiemsteepensslightytoO.o29or155~mileinthenoaheast .. 
drainagewaywherethenpperandmiddleaquifenmerge. Theheavydashed 
linesclippingthecontoursontheperiphery(Figure27)~~theintercepts 
of the ground surface with the piezometric level of the aquifers. 
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b 
Tbewest-eastmmectimBB(PlateS)exbib%stbeplmnnmonoftbe 

mergingoftheupperamimiddle@fers,wberetbehighestpiez.omctric 
surfaceinwellctuster1oc33is~ofthemiddleaquifer,butistheupper 
aquifer in adjacent well clusters. Upper aquifer water from the east and west 
merges with that of the middle aquifer near well lOC33P2. The steepe&g of 
the gradient between weUs lOC34P3,1OC33P2, and lOC29P2 in Figure 27 
further iIInstmtes the merging of flow. south-north section II similarly shows 
~mergingof~upperpiezonaeaicsllrfaceofwell1oc32withthemiddle 
surface of well lOC33. South-north section HII shows a similar merging 
behveenweus1oC29and1oC49. err . am-i- to operations at 
Rockeye, particularly the intro&&on of explmivcs coqamds to the groond 
surface near bnildhgs 2731 and 2734, were discbmged previoosiy withio the 
catchmentofthenow-filleddrainage~mat~thecentralpartofthe 
Rockeye site prior to site -on (mtes 2 and 3). comaminams inmrat- 
ingfhegroundsurfafetatheupperaquiferwouldbecanriedtothenortheast, 
intothewh&wcormectingthenpperandmIddIeaqnIfers,andth~tothe 
northeast and downsbpe. Groundwater monitoring and analysis umfmned that 
co- followed that flow path. A similar contaminant !mqxnt mecha- 
nismexistedtothesouthoftheoperationsbuildings. Conmmmminwellsto 
the south, however, were deteaed only early in the monitoring program 
(1981-83) and have not been deteued in recent monitoring. The predominant 
andmostiInpormtflowhlthe oppemmtaquiferistotbenortbeastdrainage 
my. 

36 

Potenmgropmdwaterrece~. Pomtialrecqmsofcontaminated 
groondwater originadng at Rockeye in&de the shallow aquifers of the Peam- 
syhnian system (the lower, middle, and upper aqnikrs descrhd above), the 
r Limesume aquifer, the Big Uifty Sandstone/Beech Creek 

aquifer,anddeeperaqldfenexposedinthestreamvaueyofSulphox 
CreekdowmIopetothenortbeastandeastofRo&.ye. Tbereisalsopotential 
flowofgroundwatertothesouthimoTurkeyCreekandtothenoahwestinto 
Fii Creek, which debouches iuto Lake Greenwood. Vertical infiltration of 
gromdwater of the Pennsylvanian aquifer to deeper a@fers is unlikely 
becauseof~thicksequenwofPennsylvanian~sabovetheMississippian 
asuifers (see deep boring logs of section PF, Plate 12). Migration of ground- 
water lateraliy is Rely because the Petmsyhmian aquife.rs are breached by the 
@lies and slopes snrrounding Rockeye. Moniming wells in the northeast 
drainage way had detectable levels of explosives wmpomds, the “indiator 
cc~mpounds” for Rockeye-attrii comamination, as fer downslope as 
wells 10-01 and 1042, at Highway 165 (see Plate 1). Big Solphur Creek rum 
southand southeafromtlleimersectionof~triiwitLltbenortheast 
drainagewayandp~NSWCC~approximately5milesfrom 
that point. However, e@osiies were not de&ted in well lOC61, which is 
located about 2,500 ft dowmtream of wells lo-01 and 10-02 near Sulphur 
Creek. 
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5 Validation of Analytical 
Data 

Background 

UsEpA~IIdatavaiidarionwasperformedon~ofthelaboratoryana- 
Iyticd resuIt.s and raw data. Data validation included a thorough review of 
chemicaldatafromthelaboratoryusiogasetofstandardrriteriainasystem- 
atic manner. The primary objective of data validation was to assess data quai- 
iiy with rev to pre-dete~ criteria. Type II data vaudation appued 
specificauy to contract Lab Program (CLP) data. Type II vaudatioJJ was 
umduued under tbe following protocol: 

a. CLPdatawerereviewedaccordingtotiaecriteriain~latwtversionsof 
the folIowing USEPA CLP doamen& “Laboratory Data Validation: 
Fundonsl Guidelines for Evahming Organic Analyses,” Pebmary 
1988; ‘Labomtory Data Validahm Rmctional Guide&es for Evaluat- 
ing hor@uic Anslyses,” July 198% and “National Punctim Guide- 
Iines for Organic Data Review: Multi-Media Concentration (OLMO1.0) 
and LOW ConCentraton Water (OLCOl.O),” Jme 1991 revision 

b. SummarytablesofdatathatmderwemMepen&mquali~assuraoce 
review were generated. Data points are “flagged” to convey @itative 
andcpdativeqnaIityassessments. 

“c. The data vaUdator it&iaUy screened data packages for completeness 
(e.g., freqmcy of quality control samples). 

The vaIidatIon ikdings for each analytical me&d are discussed iu the fol- 
Iowingsubsectiom. Tbetindingsofferedinthisreportarebaseduponagen- 
eraI review of all availabie data including the following: 

a. Holdiug times. 

b. GC/MStur+andcdhtiondata. 

c. ICP interference check sample. 

d. FumaceatomicabsorptionQC. 
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e. Lhnaoryandtieldblaukremlts. 

g. surrogate spike recoveries. 

h. Manix spikehatrlx spike duplicate resula. 

i. Intemalstandardsperf-. 

j. Fiild duplicate precision. 

1. Tentatively Idedfkl Compomd (TIC) evaluation 

Laboratory QA/QC data sheets for CLP mlidation we-re compkted by the 
analyticallaboratoxybutarenotinchtdedinfkisreport. Asummaty of analyti- 
calproceduresusedinthegroundwater~ispraentedinTabie11. The 
dam quaM%rs (“J,” ‘R,” etc.) described inthe following sections apply to the 
dCitZtbdidbllp-dthe accmqq& data valldafion tables pre- 
sentedinAppendixE. 

Organic Analytes 

Holding times 

The holding thne validation was bssed on the holding time of the sample 
from time of cdlection to time of analysis or sample preparation, as appropri- 
ate. ne unpreserved aromatic and non-aromatic volatiles must be anal@ 
wifhiu 14 days. Pesticides/XBs, explosives, herbicides, and BNA samples 
mustbeextractedwitW7daysadtfieextractmustbesnalyzedwithla 
40 days (see Table 7a for holdhg times). If holding times were exceeded, all 
positive results were flagged as estimaed Q. If holding times were grossly 
exceeded, professional judgeme-nt was used to determine the reliabii of the 
data and the effects of additional storage on the sample results. The non-detect 
data may be determined unusable (R). 

GCIMS Tuning 

m~performance criteria we-re established to ensure mass resolutkm, 
idmtification, and sen&vhy. The ion abundauce ctiteria of decatluorotri- 
phenylphosphine (DFTPP) and bromotiorobenzene (BPB) were used to evalu- 
atetheresults. Theionabwhce criteria were met. The mass calibration 
wes pedmned cmrectly. The samples were analyzed each 12-hour period. 
Neither tramcr@tion errors nor cddation errors were made by the laboratory. 
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Pesticides insbument petfomvrnce 

Thepestlcides’ mt perfotmance criteria were established to ensnre 
-adequatechromatograp hlcresohltionandinstnrment seusitivlty were 
achievedbythechmmatographimysml. 

Tberawdatawereevaluatedbyv~thatDDTretwtiontimewas 
greaterthan12mimltesmthesmdardchr~ andthdtheEWaSade- 

qnatereso~onbetweenpealrs. Iftheretemiontimewaslessthan12mimues, 
the chmmatography was ezomined closer for adequue separation of individual 
componems. l.fadequatesqwationwa.snotachieved,thecompounddatawere 
flagged oramble (R). The raw data were also checked to verify that the per- 
cent breakdown for edin ad 4,4-DDT or the combined percent breakdom 
didnotexceed2Opercent. IfDDTbreakdownwasgreaterthan2Opercent,ali . quam&veresdtsforDDTwereflaggedasedmated(J). IfDDTwasnot 
detectal,butDDDandDDEwerepositive,thequanritafionlimitwasflagged 
for DDT as unusable (R). DDD and DDE results were flagged as presump- 
tivelypresentatane&natedquantiq(NJ). 

Ifendiin-wasgreaterthan2opercent,allquantitativeresnl~ 
were flag@ as edmated (I). If endrh~ was not detected, but endrin aldehyde 
andendrinketoneweredetecred,thequantitationlimitwas~g~asurmsable 
(R). Theentirinketoneresultswereflaggedaspresumptivelypresentatan 
-quantity (NJ). 

Calibration 

-caliion ensuresthattdtmmentiscapableofproducing 
acceptableqmntbivedata. lnitialcallbration demonsnares that the instrument 
is capable of accqtable performance in the beginning. comhmhlg lAkatlon 
checksd ocument satisfactory maimenance andadjustmentoftheinsaumenton 
a day-today basis. All average relative respome factors @RF) for Target 
CompoundListCTCL)compoundsmustbegreaterthanorequalm0.05. All 
penentrelativestamlard&~~@ercentRsD)~belessthanorequalto 
3Opercent forinidalcalibrationarmdlessmanorequalto25percentforcon- 
tinuingcdkation. PesticidepercentRSDmustbelessthanorequalto 
10 percent for each 72-hour period for initial calibration and percent difference 
less than 15 percent for .xnth&g caliiration. 

All Target Compound List (TCL) organic wmpouds were checked and 
properly calqdated. Sii no calculation errors were detected, a more com- 
prehemiverecalculationwaseot.warmmed. 

For TCL orgaaic compounds with RRF less than or equal to 0.05 or per- 
cent RSD greater than or equal to 30 percent or 25 percent for initial caliira- 
tion and contiming calibration, respectively, positive resubs were flagged as 
edmated Q. Non-&e& were flagged as unusable (R). 

ForpesticidecompoundswithpercentRSDgrearerrhanorBqualtalOper- 
centforWdibrationandperCentdifferencegtxaterthanorequalto 
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15percemforcmmimhgcalibration,positiveresnltswereflaggedasesfimated 
(0. 

Reaul~ofblankanalyGdemnhedtheehtenceaudmagnitudeofpossi- 
ble co ’ “on problems. The crlaxia for evalaatlon of blanks applied to 
any blank associated with the samples. If problems with any blank existed, all 
associated data were carefully evahmed to &termine wbether or not there was 
aninherentvariabilityinthedata,oriftheproblemwasanisolated~e 
not affecting other data. No umtambion should be present in the blank(s). 
The results were not wrreued by subtrauing possible blank value. 

co- socb as metbylene chloride, acetone, toluene, 2-butanorkz, 
andcommonphthshteeSersarecommolllabcomaminams. Ifcozenlhon 
0f~oftbefivecompoundsdetectedin~samplewasgreaterthanlOtLnes 
theblankconcentration,whichwasalsodetectedinanyassociaredb~,the 
result was reported as cab&ted. If -on of other TCL organic and 
peAcidecpmpxmdsdetecMinthesamplewasgrcatcrthan5timestheblank 
~whichwasalsodekctedinauyassociatedblank,theresultwas 
reportedassubmiaed. Ifgrossconmni&onwas-,auwmpwad.s 
affeaedwereflaggedasnnnsable(R)dnetoirudemm,lnaIlapproprlate 
samples. 

LhoratoryperformanceoniDdividualsampleswasestablishedbyspiking 
the samples. All samples were spiked with surrogate compounds prior to sam- 
ple preparation. The evaluation of the results of these surrogate spikes was not 
necessarily stra@tkmvard. The sample may produce effects from such fac- 
torsasintelferellws andbighconWWiottsofaMlytes. 

Ifatleasttwosurrogatesinabaselneutraloracid~onoronesurrogate 
in the volatile fractkm were ant of specilication, but bad recovties greater 
thanlOpercent,de~forthatfractionwere~edasestimatedQ. Non- 
deti for that fraction were flagged witb the sample quanhtion limit as esti- 
mated( IfanysurrogateinafractionwaslessthanlOpeIcent,the&tects 
wereflaggedaseslhued(J). Tbenondetectswereflaggedasymsable(R). 
Noqualificationwithrape*~~surrogaterecoverywasplacedondara~~at 
least two sorrogtes were out of specikation in the basehutral or acid fiac- 
tion,oroneinthevolafilefracton,orunlessanysurrogatehadalastban 
10 percent recovery. 

If pestlclde snrrogate recoveries were 0dde of advisory windows, low 
recoveries of positive results and quantitation limits were flagged as e&natcd 
Q. If the surrogate was not preser& all negative results were flagged unusable 
w 
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Matrix spikehetrix spike duplicate 

- spike and matrix q&e ch#kate (MS/MSD) were gemated to deter- 
mine a.camcy of the analytical methods on various mauices and long-mm pre- 
cision. MUMSD data alone were not used to evaluate the precision aud 
accwacy of bxiividual samples. However, under professional judgement the 
MSIMSD data in conjunction with other quality umfml miteria were used. 

The MSAUSD results were iqected for recovery cutside quality control 
Emits. If IvlSlMsD re&s affected only the ssqle spiked, @ifkation was 
limitedtotbatsampie. TbeMS/MSDresultswerensedtodetermineifati 
washavingasystemadc problem iu the analysis of one or more analytes, which 
affects au associated samples. 

Internal standards performance 

ltmmalsmdardsperformancecriteriaensuredtbatGC/MSsensitivityand 
respome were stable duriug every MI. Internal sta&ard area counts must not 
varybymorethanafanoroftwo(-50to100percent)from~associated 
calibrationstaudard. TherekntiontitneoftheintermIstandardmustnotvary 
mcrcttlall*3osecffomtheasscc~caliion-. 

TherawdatawerecheckedtoveriQfherecoverlcsrepatedontheIntemaI 
stan&rdAreasumminy. There~orltimesaudImemal-areas 
wereve.rihble. Jftwoanalysesforapardcukftacdonwerenm,thebest 
data were reported. 

During the evahaafion, posit&e resubs for coqomds wlthintemaIstan- 
dardoutsidetbe-5Opercentor+1oOpercentlimirswereaaggedasesdmated 
(Jl for that sample ftaction. N-6 for compounds with intcrnai stat&a& 
outside the abate limits were flagged with the. sample quudtadon limit classi- 
fied as ednated (UJ) for that sampIe fraction. If au iutemal stmdard retention 
timevariExlbymorethan3osec,thecllr omamgmphic profiIe for that sample 
was examined to detemtine if any faIse positives or negatives existed. If. 
extremely low area counts were reported, or lfperf- exhiiited a major 
abrupt drop-off, then a severe loss of sensitivity was indimed. Non-detms 
were tlagged as fmusabIe (R). 

TCL compound identification 

TCL ccmpomd analysis for volatiles and semivolatiles was perfomed by 
GUMS, which rcsukd in a low incii of mis~cation. A misidentifi- 
cation may either be a false positive (reporting a mqomd present when it is 
not) or a false negative (not reporting a compomd when it is present). False 
positives are much easier to detect than fak negatives because more infoma- 
tlon is available due to the requirement of supporting data submittals. Nega- 
tivesortm4%xt&compolmdsrepresentan~ofdataaodarc, 
therefore, much more diffmlt to assess. 
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TkrelativcreSpomtime(RRT)ofreportedcompoundswaswithin 
O.o6RRTmitsoftbe&erencesm&rd. Thelaboramyscmdardspema 
weremmparedtothesamplecompomdspecuaforaroatch. Ifhxorrcct . . ldenexdons were made, all appropriate data were tlagged as noneted 
(U) or unusable (R). 

For pesticii compouuds, positive detects were cmfhmed using appropri- 
ateretentionthnesandretenfiontime-s. Thenon-detectedcompounds 
were.verified as correct. P&cidc/PCB coxentradons in the fhui sample 
extractwhi&exceeded1Omg/oL(nanogmm per microliter) were wnfhmed 
by GCIMS. If incorrect identhications were made because of interference, all 
appropriate data were flagged as the estimated quantitation limit (VI). 

Tentatively identified compounds 

Chromtographic peaks in volatile and semivolatile fracfion analyses that 
were not TCL analytes, sonqgtes, or intcr& standards were potential tenta- 
tively ides&% compounds (TIC). TICS were quaiitatively identS& by 
OqMs h%rary search. 

~CidentificationswerecondWedbythelaboratoryforeachsamp~eby 
usingamassspecWlsearchofthcNationalBuozauofStanda&(NBS,now 
~NationaIInsti~of&andan% and Technology, or NET) library and 
reporting the possible identity for the 10 largest VOA fraction peaks and the 
20 largest BNA fraction peak. These fraction Peale were not sorrogatc, 
hZemal stdard, or TCL compounds, but had area/height greater than 10 per- 
centofthesizeofthenearestinternatsmndard. 

All TIC results were flagged as mmtively identified with estimated concen- 
trations (JN). The tenmive idediaion of a non-TcL compound is not 
acceptable. Major ions in the reference spectrum should be presemed in the 
sample spectrnm. The relative htensities of the major ions should agree within 
2Opercentbetweenthesampleandthcreknxccspectra. Molecolarionspres- 
entintherefercncespeunnnshouldbepresentinthesamplespecm3m. Ions 
present in the sample spectra but not in the reference spectrum was reviewed 
for po$ble backgmd ~tio~jnterference,oradditionalTICcom- 
pounds. Any uncertain TIC -on was reported as nnknown. Idenfili- 
able TICS are in Table 12. 

Inorganic Analytes 

Holding times 

Theholdingtimev~~wasbasedon~holdingtimeofthesarople 
from time of collection to time of aualysii or sample preparation as appropri- 
ate. Allmet.alsexceptmerauymustteanalyzedwithin18Odaysandmercury 
nmstbeanalyzedwithi~128days. Cyanidesamplesmustbcanal~~ 
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14days. Table7ashowstkholdingtimforeachaualyte. Ifholdingthms 
wereexceeded,allposilive~wereflaggedasestimat#(Qforresults 
> IDLandasehnated(UJ)forresul~ c IDL. Ifholdingtimeswere 
grossiy exceeded, professional judge was used to determine tbe reliability 
Of the data and the effects of additional storage on the sample results. The 
non-detect data could be determined unusable (R) for results less than IDL. 

Calibration 

Instnumnt caliiration ensurestbatthehtmmentiscapableofproduciug 
acwptable quantitative data. hdfial caliiratlon demonstrates that the lnstrutnent 
is capahle of acceptable perfomlauce in the beginning. Comirming calibration 
Checl3donunentsadsfactorymainterunceaodadjusrmenoftieinstrumenton 
a day-today bask 

The lnidal caliion for an ihctively coupled plasma (ICP) analysis 
requiresablaukandatleastone&mdardtoestablishanaualyticalcurve. The 
atomicabsorption~~requiresablankandatleastthreestandards,oneof 
whichmustbeattbeconaactrequireddetectionlimit(CRDL),toestablishao 

~3nalytlcalcurve. Thecorrelationwcfficientmostbegreaterthanorcqualto 
0.995. Themercurysnalysisquiresablz&andatkastfourstanda&to 
estahlifhanadytidcnrve. Thecorrelationcoefficie3Smustbegreatert.bsn 
01eqnalto0.995. Theinitialcalihration qkemcntforcyanideanalysisarea 
blankandafkastthreesta&rdstoestablishauaualyiicalaxrve. Themid- 
rangemndardmustbedisfilled. ThecorMationc4&F&ntrmtstbegreater 
tbauorequsltoO.995forphotomeuic determination. 

Iftbemiuimumnumberofsrandards werenotusedforfbeahoveinifzialcali- 
b~~oriftheinsmnnentwasnotcalibiateddailyandeachtimetheinsau- 
mcntwassetup,thedatawerequaSedasunusable(R). Foracorrelation 
wefticient less than 0.995, the reds greater than IDL were as estimated (J) 
andlessthanIDLaseSimaWi(UI). Thercsultswerealsoas&mated(J)for 
midrange cyanide standards that were not distilled. 

For the initial and contimdng caMnation veri6catlon (XV, CCV), analysis 
results for metals (other than mercmy), mercury, and cyanide nmst fall wifhin 
the wnfrol lids of 9O-llO, SO-120, and 85-115 percent R, respectively. Posi- 
tive rem&s were qualified as unusable (R) lf ICV or CCV percent Recovery 
(R) was less dun 75 perce~& 70 percent, and 65 percent for metals (except 
mercmy), cyanide, and mercury, mpectively. If the ICV or CCV percent R 
was greater than 125 percent for metals except merwry, 130 percent for cya- 
nide, and 135 perwnt for mercury, results greater than IDL were unusable (R) 
but acceptable for results less than IDL. 

Blanks 

Blankaualys~rcsultsweretodeterm&theexistenceandmagnitudcof 
possible contamhadon problems. The criteria for evaluation of blanks applied 
to any blank associated with the samples. If problems with any blank existed, 
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sllassociateddatawerecarefully~todetprmimewhetberornotdlere 
wasanMerantvarMStyinthedata,oriftheproblemwasauisolatedoccur- 
rencenotaffectingotberdata. Nocmamimionsbouldbepresentintbe 
blank(s). The analytica results were not mmxted by subtract& possible 
blank value. 

Duplicate sample analysis 

Duplicatesamp~eswereusedashdicatorsofMmatorypre&ionbasedon 
eachsamplemauix. Theanalytedatawereevahmadbyverifyiqtbatdte 
results fell within the control limits of +2O percent for Relative Percent Differ- 
ence(RPD)whichshouidbeusedfar~levaiues~manfivetimes 
CRDL. The control limit of f CRDL for RPD was used for saqde values 
lessthan~etimescRDL,~~casewhereontyone~~~~le 
value was less thau tive times CRDL. If duplicate analysk results for a partic- 
lllaranalytehllontsidetbeappropriate contcollimits,theresultsforthatam- 
lyteiuauasmciatedsamplesofthesametnalIixwerequalicedasestimaM 
(J). The~~dataalsoverifiedthatthefieldblankwasnotusedfor~~- 
cate analysis. lf fBe field blauk was used for a duplicate analysis, all appropri- 
ateQcdarawerecheckedandprofessionaljlldgementwasexercisedwhen 
evaluadngtbedata. 

Matrix spike sample analyeis 

The matrix spike sample analysis provides iufotmatim about the effect of 
eacbssmplematrixonthedigestlonand measurementmedlodology. The 
resultswereverifiedbydemmi&gdlattheyfellwidlinthe~of75- 
125percentrecovery. Theselimitsdonotapplywlmsamplecmcentdon 
exceedsthespike cmcemhmbyafactorof4ormore.. Samplesusedfor 
spike recovery adysis were not idendfied as field blanks. 

Furnace atomic absorption QC 

TheobjectivesoftfLefurnaceatomicabsorptionQCweretochrplicateinjec- 
tions and fmace post digestion spikes establishing the precision atxi acauacy 
0ffheindivkManaIydcaldetemjnshns. TheFurnaceAArawdataveritied . . 
that the Furnace Atomic Absorption Scheme demibed iu the July 1987 State- 
ment Of Work of the Fumtional Guidelines was followed. The raw data were 
also checked to verify &at duplicate injections agreed witbh *20 perccnt RSD 
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for sampIe coocemcation greater than CRDL. If duplicate injections were out- 
si&theS2OpercentFSD,tbesamplewasremn. Iftbesamplewasnotrenm, 
thedata~@ifkdasdmated(J). Iftheremnsampleresul~mnained 
outsiderhe~2Operce~~RSD,thedatawexequaLSkdasesdmaM(I). Ifthe 
postdigestiollspikereccrveryweslessthan4opercentandgreaterthanIDL, 
the data were qualified as edmated Q. However, the data results less than 
IDL were @ifi& as estimated (UJ) for post digestion spike recovery greater 
tbanorequalto10pxcentbutkssthan4Opercent. Thepostdigestionspike 
recovery less than 10 percent and concentraron results less than IDL were 
qdlfied as unusable (R). 

ICP serial dilution 

The objective of the serial dihnion was to determine whether significant 
physical or chemical hzerferences existed due to sample matrix. The criterion 
ofmeserialdiluticmwasthe&~ionofwhethermeanalyteconcenaation 
was~yhi%h(concentrationintheoriginalsample~thanafactoT 
of5OabovetheIDL). Iftbeanalyteconcentcationishi&ansnalysisofa 
5-fold dilution must agrae within 10 percent difference @) of the original 
resulls. 

Therawdatawexeche&edand thepercentDwasperiodicallyrec&Wed 
tove~that~dilutionanalysis~~agreedwiththeabovecriteria. When 
crireriawerenotmpt,~associateddatawereestimated(~. Therawdata 
were checked for negative interference (result9 of the dibned sample sign& 
candy higher than the original sample). Professional judgment was used to 
qdifythisdara. 

Data Validation Results 

Thegroundwateranaiyticaldatawerereviewedandwerefoundtobe 
acceptable, witb the exception of those results qualified as unreliable (R). 
Tabulations of qualified (validated) data for Rounds 1 through 4 are presented 
inAppendixE(Vohnne3ofthisrqxn-t). QuaWednon&tect& =-we- 
arehk%xtedbya’U.” 

first round data 

8amples collected from wells lO-14B, 10C3OP2,1OC35P2,1087, snd 
lOC45P2 for VOAs had low tolue.ne D8 surrogate recoveries. These samples 
wererenmrepeatingtheoriginai~~,whichindicatedamatrixeffect 
affecting the toluene D8 surrogate recoveries. The data were qualified as 
llondeteCtab1e.S. 

Acetone, methylene chloride, and bis(2-ethylhexyl)phthalate were found in 
eoncemdons less than the detection limits in several wells and/or associated 
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bhksfromtheRcckeyeFaciUty. TbedatawerequaEedasBJforan 
esdmatefcundintbeblankartdthesample. 

Ssmpls cdlected from wells 10-19, 1OC30,1OC32,1OC32P2,10C32P3, 
1OC38,1OC39,1OC4OP2,1OC4OP4,1OC53,1OC55P2,1OC56P2, and lOC57 
for BNAs had low chryscne d12 and/or pe.ryhe d12 hternal standard areas. 
TllesampleSwererenmyieklingdlesamcresults. Thedatawereaccepted. 

Tbe BNA smmgate recovery for wells lOC31P3,1OC33,1OC33P2,1OC34, 
1OC3@2,1OC34P3,1OC39, and KKXOP2 were ootside the QC limits for 
terphenyll-dl4 since the acid was not recovered. The acid surrogates were not 
detectedwhenthepHwasadjusted. ThesorrogatesolutioIIwasremadecheck- 
ing for problems, yield&g a slightly high terphenyldl4 recovery with the other 
surrogateswitblnQclimits. Tbedatawereacceptable. 

Cbemid analysis for several well samples resulted in values less than the 
CRDL but greater thau the IDL andhr post-digestion spike for tie Furnace AA 
analysisoutsidethcontrollimits,whilesampleabsorbamxwaslessthau 
5opercentofsp~absorbsnce. ThesampleswerereruLl,yiekiiugthessDle 
results. ThedatawerequalifiedasBfordetectablesandUBfornondetecta- 
bles,withvalueslessthanthecRDLbutgieaterthantheIDLasWfordetect- 
abksanduWfor nodem%bles, witb postdigestion spike for the Furnace AA 
analysis outside rbe control limits, while sample absorbance was less than 
5OpercentofspikeabsohaE. 

TbefirstnnmdckmicalremksatRcckeye Micatedthatvohtileorgauics, 
pesticiis, BNAs, cyanide, and herbicides were not present in verifiable 
amotmts. Bxpbsives, metals and sulfides were detected at the Rockeye 
Facility. 

Second round data 

Samples collected from we& lO-20,10-21, lOC54, aud lOC55P2 for VOAs 
bad low tolucnc D8 surrogate recoveries. These samples were rerun repeat& 
theoriginalresultswhichindicatedamatrixeffectaffectingtheToleneD8 
-gate recoveries. The data were qdified as wndetectabies. 

Acetoneamlmethylenechioridewerefolmdin~ionsless~the 
detection limits in several wells and/or assaded blanks from Rockeye. The 
datawere~asBTforanestimatefoundintheblankaml~e~le. 

Samples &llected from weIls 10-04,10-16,10-19,1OC24P2,1OC30, 
1oc37P3,1OC43P3, 1OC44,1K45P2,1OC46,1OC48P2,1OC49,1OCs1, 
lOC55, and lOCSP2 for BNAs bad low &rysene d12 ad/or perylenedl2 
intemalsr&ardarcas. hattempttoclean-uptheextractwasmadebutwas 
not possible. However, tbe extract for other QC sample-s was verified. The 
soygate recovery for wells 10-16, 10-17, lOC24P2, lOC39, snd lOC46 and 
eqmpmem r&sate R6D were outside the QC limits for 2-fluorophenol. The 
-gate solution and the matrix spike sbtion were remade checking for any 
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problem, yielding none. The data were qualified as an estimate, J for detect- 
ables and UJ for nondetectables. 

The matrix spike and matrix spike duplicate BNA samples for wells IO-05 
and 10-07 had high recovery of 1+dichlorokemxme, 1,2,4, 
and acenaphthene. The recoveries were remade and monitored to see if a 
problem existed. The associated data were qualified as au estimate, J for 
detectables and UJ for nondetectables. 

Wells 10-05, 10-07, 10-18, lOC24P2, lOC26P3, lOC4OP4, lOC43P.2, and 
10050 had a low 2-fluorobiphenyl -very for BNA analysis. The recovery 
was monitored for any problem as the surrogate solution was remade. The 
surrogate was rerun yielding no detectable problem. The associated data were 
qualiied as au estimate, J for detectables and UJ for nondetectables. 

Chemical analysis for several well samples resulted in values less than the 
CRDL but greater than the IDL and/or post-digestion spike for the Furnace AA 
analysis outside the contcol limits, while sample absorbance was less than 
50 percent of spike absorbance. The samples were rerun, yielding the same 
results. The data were qualified as B for detectables and UB for nondetect- 
ables, with values less than the CRDL but greater thsn the IDL as W for 
detectables and UW for nondetectables, with post-digestion spike for the Fur- 
nace AA analysis outside the control limits, while sample absorbance was less 
than 50 percent of spike absorbance. 

The second round chemical results at R&ye indicated that volatile 
organics, pesticides/PCBs, BNAs, cyanide, and herbicides were not present in 
verifiable amounts. Explosives, metals and sulfides were detected at the Rock- 
eye Facility. 

Third round data 

Samples collected from wells 10-03, IO-l4B, lOC26, lOC26P2, lOC26P3, 
lOC27, lOC28, lOC30, lOC34, lOC36, lOC36P2, lOC36P3, lOC37, 
lOC37P2, loC37P3, loC38, 10C39, lOC4OP2, lOC4oP4, lOC41, loC41P3, 
laC45, lOC45P2, lOC46, loC46P2, loC46P3, lOC47, lOC47P2, lOC48, 
lOC55, and lOC55P2 and equipment rinsates R4F and R6F for BNAs had low 
perylene d12 internal standard areas. The sample was monitored for any prob- 
lems, yielding none. The associated data were qualified as an estimate, J for 
detectables snd UJ for nondetectables. 

The surrogate recovery for wells 10-01, 10-02,10-05,10-20, and lOC60 
was outside the QC lhnits for 2-fluorophenol and/or phenoM6. The surrogate 
solution and the matrix spike solution were remade checking for any problem, 
yielding none. The data were qualified as an estimate, J for detectables and UJ 
for nondetectables. 

Chapter 5 Validation of Analytical Data 

Acetone and methylene chloride were found in concentrations less than the 
detection limits in several wells and/or associated blanks from Rockeye. The 
data were qualified as BJ for au esthnate found in the blank and the sample. 
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The sulfide holding times were exceeded by 2 to 3 days for Rockeye 
wells 1OC26,1OC26P2,1OC26P3,1OC38,1OC41P3,1OC42,1OC4ZP2, 
lOC43, lOC43P2, lOC43P3, lOC44, lOWIP2,1OC45, lOC45P2, and lOC52. 
The data were q&lifted as h &mate, J for de&tables and UJ fir nondetect- 
ables. The pesticide&CBS holding times for wells at Rockeye were exceeded 
by 1 to 3 days for wells 10-03, 10-06, 10-09, 10-13, lO-14B, 10-15, lOC43P2, 
lOC43P3, lOC44P2, lOC52, aad lOC55P2; 6 to 8 days for wells lOC28P2, 
lOC3OP2, lOC31P3, lOC32, lOC32P2, lOC34, lOC34P2, lOC35P3, 
lOC39P2, lOC4OP4, lOC60, and lOC61; and 14 to 26 days for wells 10-01, 
10-02,10-04,10C23,1OC24,1OC24P3,1OC25,1OC25P2,1OC25P3,1OC27, 
lOC27P2, 1003, lOC29, lOC29P2, lOC30, lOC31, lOC34P3, lOC35P2, 
lOC36, lOC36P2, lOC36P3, lOC37, lOC37P2, lOC37P3, lOC39, lOC4OP2, 
lOC53, lOC53P2, and lOC54. The data were qualiied as an estimate, J, for 
detectables and UJ for nondetectables with holding time less thsn 3 days. The 
data were qualified as unreliable, R, for nondetectables and an estimate, J, for 
detectables with holding time greater thau 6 days. 

The third roond chemical results at the Rockeye Facility indicated that vola- 
tile organics, pesticides/PCBs, BNAs, cyanide, and herbicides were not present 
in verifiable amomm Explosives, metals and sulfides were detected at the 
Rockeye Facility. 

Fourth round data 

The groondwater aualytical data were reviewed and were found to be 
acceptable. Because organics other than explosives were not detected in signif- 
icant or verifiable amotmts in the first three ssmpling rounds, they were not 
monitored in the fourth round (see Part Ill). Explosives, metals, sulfides and 
nitrates and nihites were detected at the Rockeye Facility. 

Summary of Analytical results 

All compomals were successfully analyzed, with the exception of those 
results qualified as unreliable, (R). Some minor quality control deficiencies 
were observed during the validation process, but they dii not affect the overall 
qnality of the data (Appendix E) . 

The fmdings offered in this data vaUdation section were based upon sll 
available data h~cMing holding times, GC/MS toning and calibration data, ICP 
interference check sample, furnace atomic absorption QC, laboratory and field 
blank results, ICP serial dilution, surrogate spike recoveries, matrix spike/ 
matrix spike duplicate results, internal standards performance, field duplicate 
precision, compound identification and quantitation, and TIC evaluation. 

The quality of this data was assured, first through sample collection verified 
by nondetects in the field blanks, trip blanks, and equipment blanks, secondly 
through the comparison of three or four rounds of chemical data, and fmally 

48 Chapter 5 Validation of Analytical Data 



IN5 170 023 498 

through comparable rest&s of qoality assurance 
and blind sample results. 

and quality lzmtro1 samples 

Analysis of groundwater from tbree rounds of monitoring wells indicated no 
significant or verifiable amounts of organic snalytes other than explosives. 
Sulfide and metals were detected at significam levels in a few wells at both 
sites in four sampling roonds. Nitrates and nitrites were detected in several 
Rockeye wells io the fourth round. Explosives were detected in certain wells 
at the Rockcye Facility in all four rounds. 
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6 Nature and Distribution of 
Groundwater Contamination 

Detected Compounds 

Appendix E is a printout of sJl compounds detected at any quantity in four 
rounds of samplii of monitoring wells in the Rockeye study area. The tabu- 
lation also shows the amounts detected. Only those detected amounts above 
detection hit (no “J” values) are shown. The “VALUE_A” field is a data 
qualifier: A “B” for an organic compound indicates the analyte was found in 
the associated blank; a ‘B” for an inorganic compound iudicates the reported 
value is less than the contract required detection limit but greater than the 
mshument detection limit. Certain explosives compounds were detected con- 
sistently only in a narrowly distributed band of wells associated with a drainage 
way iu the northeast quadrant of Rockeye. In addition to explosives, only 
morganics (metals, cyanide/sulfide, nitrates, and nitrites) were detected in sig- 
nilicant and verifiable quantities. other organics including volatiles, semivola- 
tiles (BNAs), pesticides, herbicides and PCBs were not detected in significant 
and verifiable quantities. 

Statistical and Qualitative Data Evaluation 

Selection of methods 

Two methods were used to evaluate the presence aud distribution of ground- 
water contamimmts at Rockeye. Statistical analysis was performed only on 
metals because metals were detected in a large number of wells over four sam- 
pling events snd were susceptible to statistical evaluation. Other contaminants 
were evaluated using maps of contoured mean concentrations. 

Statistical analysis of metals concentrations reported for four rounds of sam- 
pling in Rockeye wells was conducted using the analysis of variance (ANOVA) 
statistical method suggested by USEPA. Guidance for selecting and applying 
the statistical analysis was provided in “Statistical Analysis of Groundwater 
Monitoring Data at RCRA Facilities, Interim Fhtal Guidance,” April, 1989 
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(USEPA 1989). The actual analysis aud reporting of resuits were performed 
on a personal computer using the Groundwater Information Tracking System/ 
Statistics (GRITS/STAT) software and manual developed for USEPA by Alli- 
ance Technologies Corporation (June 1992 version) and provided to the author 
by USEPA Region V (Chicago). 

The USEPA mxmme& the one-way parametric ANOVA statistical analy- 
sis method for detection and complii monitoring data for which more than 
50 percent of the vatues are above the detection limit (DL). The method com- 
pares data from detection or compliance (downgradient) wells to data from 
background (upgradient) wells. Compounds that commonly are present in 
background wells, for example naturally occuniq metals, are most appropri- 
ately evahmted using ANOVA. If contaminadon of the groundwater occurs 
from facility activities and if the monitoring wells are hydraulically upgradient 
and downgradient from the activity, then contamination is unlikely to change 
the levels of a constituent in ail wells by the same amount. Contamination 
from an activity can be seen as differences in average concentration among 
wells, and such dIfferems can be detected by analysis of variance. 

The ANOVA method checks the dishibution of the observed data for certain 
statistical characteristics (norm&y and equal variance). If the checks fail, an 
analysis of the log-transformed data is performed and checked. If the tests 
fail again, a non-parametric analysis of variance is perfornbsd to determine the 
IikelihoodofcontaminationoftheweIls. 

Statistical procedures 

ANOVA calculates the differences between the average (mean) comentra- 
tions in each well (xi) and the mean concentmtions in the background weIl 
(X& the means having been wmputed over the N number of sampling periods 
(in this case, N = 4). It then compares the differences to a statistical, tabu- 
lated value, Di. If the difference (xi - X& is greater than D,, the method con- 
cludes that the “1% well has significantly higher concermations than the 
average background well, and that therefore it is contaminated. The software 
GRITS/STAT performs all statistical analyses and data normality checks for 
each s&&d parameter and print a report of the analysis. A non-detect 
reported for a parameter for a sampling round is assigned a value of one-half 
the detection limit (not zero) by the software for statistical calculations. 

Appendix G is a reproduction of selected portions of tbe Guidance Manual 
explaining the method selection and analytical techniques for compliance moni- 
toring data. Appendix G also provides a step-by-step example of statistical 
analysis of a hypothetical group of weUs monitored for lead contamination. A 
typical computer-generated statistical analysis for monitoring wells for metals 
contami&on at the Rockeye proceeded as follows: 

a For log-transformed data, the logarithms of the values, rathex than the actual values 
of the data, are plotted. 
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a. A list of all wells of a selected aquifer, the concentrations of all metals 
reported for the wells in four romtds of samplhtg, and tbe ssmphng dates 
were tirst entered into the software’s database. 

b. Backgrotmd wells were selected for the aquifer. Compliance wells (the 
remaidg sampled wells ln the aquifer) were selected. 

c. A normality test of the original data was nm for each metal to determine 
tbat parametric analysis was appropriate. A parametric analysis of vari- 
ance determines whether differences in mean concentrations among wells 
are statistically significant. The software performed two tests on the data 
to determine whether the method was acceptable. The first test was the 
Shapiro-Frau& or the Shapiro-Wilks’ test on the pooled residuals (the 
residual was the difference between the actual observation and its pre- 
dicted value, which was the mean for four rounds). The first test deter- 
mined whether the values were normally diitributed. The second test 
was Levene’s test for variance. If either test failed, the one-way para- 
metric ANOVA test for original data was concluded to be inappropriate 
for the data. If both tests passed, a list of wells with significant evidence 
of contamination with the selected metal was produced. 

d. If either of the tests of original data failed, a parametric ANOVA of the 
log-transformed data was performed and tbc tests for normality and vari- 
ance were nm again. Log-transformed data somethnes coriform to a 
normal distribution when the original data do not. If both tests passed, a 
lit of probably contaminated wells was produced. If either test failed, 
the one-way paramctric ANOVA for log-transformed data was concluded 
to be inappropriate, and a non-parametric ANOVA was performed to 
estimate probability of contamination in the wells. 

e. The non-parametric ANOVA test procedure is also called the Kruskal- 
WalIis test. The procedure tests the hypothesis tbat all wells or groups 
of wells around a source area have the same median concentration of a 
given constituent. If the wells are found to diier, additional compari- 
sons arc made to determineif contannnation is lily to exist. Observa- 
tions in each well were ranked to compute the Kruskal-Wallis statistic, 
H, which then was compared to another tabulated value from the Chl- 
&pared (x’, distribution. If II > 2, the data were not normally 
distributed, the hypothesis that the wells have the same mediau 
concemratlon of the constituent was rejected, and another test was 
wnducted. The difference between the rank average of each well and 
the rauk average of the background well(s) was computed. If the wm- 
puted difference was greater than a ctiticsl difference calculated for the 
wells, there was considered to be. evidence of wmaminauon in the tested 
well. Statist&l anslyses were conducted for three Rcckeye Pemrsyl- 
vanian aquifers: the lower aquifer; the middle aquifer; and the upper 
aquifer. 
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f: Examples of statistical analyses of Rockeye wells for three metals are 
presented in Appendix H. 

Results of statisticsl analyses for metals 

Statistical ANOVA tests were performed for three aquifers and 19 heavy 
metals. Table 13 presents the metals and the corresponding detection limits 
used in ANOVA calculations% ANOVA was not performed for metals that 
were not detected in a psrtictdar aquifer. Silver was not detected in any of the 
three aquifers. Selenium and thaUiurn were not detected in the middle aquifer 
nor in the lower aquifer. Most of the statistical results, regarding which wells 
show evidence of tbe presence of metals at levels above background, i.e., are 
“statistically significant,” agree with the metals occurrences implied from 
contour maps of mean levels of metals presented in a later section of this report 
(Figures 47 through 95). The ANOVA comparisons of background snd 
detection well tneao levels generally show statistical significance only for con- 
sistently elevated levels, i.e., levels detected consistently in several rounds of 
sampliug. AuomalousIy high levels in one or two rounds that produce high 
standard deviations from mean levels often are not statistically significant. For 
that reason, some wells indicating high-level anomalies on the contour maps 
were not show-n to be statisticslly significant in tbe ANOVA tests. 

Uppermost aquifer. A total of 42 wells comprised the statisticaI population 
of detection wells in the uppermost aquifer (including wells not used in con- 
structing the piezometric maps and wells of the middle aquifer). Three wells, 
lOC42P2, lOC43P3, and 10-03, served as backgrotmd wells (refer to Plate 2 
for well locations). Table 14 lists the wells used in statistical analysis and the 
rounds for which data were available. Evidence was shown for the presence of 
13 of the 18 tested metals above background levels in one or more wells of the 
aquifer, as follows and in Table 15: 

Ahmhm 10 wells, arsenic: 3 wells, barium 2 wells, berylliunx 9 wells, 
cadmimn: 4 wells, chromium: 2 wells, cobalt: 5 wells, copper: 5 wells, lea& 
7 wells, manganese: 2 wells, nickel: 5 wells, selenium: 1 well, zinc: 5 wells. 
No wells had significant levels of antimony, mercmy, thalIium, tin, or 
l%tlXliUDl. 

Table 15, which indicates with an “X” s&st.icaUy significant metals for 
each well, shows that wells 10-16, lOC25P3, lOC29P2, lOC3OP2, lOC3lP3, 
1OC39P2,1OC4OP4,10-04 and perhaps lOC46P3 had statisticslly significant 
levels of several metals in the uppermost aquifer. Seven of these nine wells 
recorded low ( < 4.5) mean pH levels (discussed in a later section ). 

Middle aquifer. A total of 7 wells comprised the statistical population of 
detection wells in the middle aquifer. Background wells were those used as 
background for tbe uppermost aquifer (10-03, lOC42P2 and lOC43P3). 
Table 16 lists the wells used in statistical auslysis and the rounds for which 
data were available. Evidence was shown for the presence of 8 of the 16 tested 
metals above background levels in one or more welis of the aqoifer, as follows 
and in Table 17: 
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Al- 3 wells, arsenic: 1 well, beryllium: 2 wells, cobalt: 1 well, 
lead: 1 well, manganese, 1 well, nickel: 1 well, zinc: 1 well. No wells had 
significant levels of antimony, barium, cadmium, mercury, tin, or vanadium. 

Table 17 shows that well lOC46p2 had statistically significant levels of 
several metals in tbe middle aquifer. Well lOC46F2 is tbe one middle aquifer 
well with anomalously low pH (discussed in a later section). 

Lower aquifer. A total of 32 wells comprised the statistical population of 
detection wells in the lower aquifer. Rackgroond wells were lOC42, lOC43 
and lOC52. Table 18 lists the wells used in statistical analysis snd the rounds 
for which data were available. Evidence was shown for the presence of 9 of 
the 16 tested metals above background levels in one or more wells of the 
aquifer, as follows and in Table 19: 

Aluminum: 9 wells, arsenic: 6 wells, barium: 2 wells, beryllium: 6 wells, 
cobalt: 14 wells, lead: 2 wells, mmganese: 6 wells, nickel: 12 wells, zinc: 
11 wells. No wells had sign&ant levels of antimony, copper, mercury, tin, or 
Vanadium. 

Table 19 shows that wells lOC34, lOC35, lOC38, lOC46, lOC47, aud 
lOC50, and to a lesser extent wells 1OC41,lOCM and lOC56, had statistically 
significant levels of several metals in the lower aquifer when compared to the 
lower aquifer background wells. Four of the nine sign&am metals showed a 
preference for wells with low pH. 

Comparison of uppermost and lower aquifers. The mean values of the 
4-round means for each well for each statistically significant meti in the upper 
md lower aquifers (42 and 32 wells, respectively) were calculated to compare 
general levels of metals iu the two aquifers. The mean values are lii at the 
bottom of Tables 11 and 15 in the respective metals columns, Comparison of 
the means shows that, while the lower aquifer (Table 19) in some cases had a 
greater number of wells with statistically significant levels of metals than the 
uppermost, the uppermost aquifer had higher levels of the same metals, on 
average, and had more metals (13 metals) with statistically significant levels 
reported than the lower aquifer (with 9 metals). 

Distribution of Potential Contaminants 

The distribution of the potential contaminants at Rockeye was determine-d by 
constructing contoor maps of mean levels of contaminants computed over the 
four rounds of samp@ and, for metals, by analysis of the statistical test data 
discussed above. Ioorgauics (including metals) and explosives compounds 
were determined to be the only compounds with significant presence. 

I) 
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Explosives 

The explosives Compounds HhIX, RDX, and TNT were measmed at levels 
above detection level (DL) in certain wells regularly in the four rotmds of 
groundwater sampling. Table 20 Is a database printout showing Rockeye wells 
with detected amomtts of explosives in each sampling event and the amount 
detected (AMTDRT-A). Table 21 lists the mean amounts detected over four 
rounds for all wells at Rockye. Ten wells had mean amounts of at least one 
explosive above the DL of 0.02 mg/l. All of the wells with amounts above DL 
were in the drainage way northeast and downslope of Rockeye. Referring to 
Platel,thewellswithmeanamountsofHMX,RDX,andTNTaboveDL 
were 10-07 and 10-08, 10-17 aud N-18, 10-21 (RDX only), lOC55 and 
lOC55P2, all atop the ridge, and lOC60, lo-01 and 1042, downslope of 
Rockeye. Recall that moans were calculated using a value of l/2 the DL for 
rounds lu which an analyte was not detected. 

The compounds 2,4-DNT and TNEt were measured at levels above DL 
only iu weU 10-17. Well lOC33, a lower aquifer well immediately southeast of 
the operations buildings near the preconstruction drainageway (Plate 2) had a 
level of TNT of 0.027 mg/l in the first round but none detected in the last three 
rounds. Three other wells, lOC34, lOC35 and lOC37 reported TNT at “J” 
level (below DL) in only one sampling round each. Wells lOC35 and 10C37 
also reported a ‘J” level of RDX once. The other monitored explosives 
wmpounds DNR, Teuyl and 2,6-DNT were not detected. 

Well 10-17 had the highest number of detects (Table 20). Well l&l7 also 
had the highest individual and mean detected levels of HMX, RDX and TNT 
(Table 21). The highest individual (single round) detected level of HMX was 
0.518 mg/l, of RDX was 0.806 mg/l, aud of TNT was 0.379 mg/l, all in the 
first rouud, March of 1991. Well 10-17 had the highest level of TNB at 
0.034 mg/l. Well cluster lOC55/55P2, located approxhnately 80 ft upslope of 
10-17 very near the axis of the drainageway, had the second highest mean 
values of the explosives. 

Figures 28 through 35 are computer-generated contour maps of the four- 
round means of detected explosives in the combined upper and middle aquifers 
(the uppermost aquifer) and in the lower aquifer. Figures 36, 37 and 38 are 
maps showing the well numbers accompanying all of the contour maps for 
distribution of explosives and iuorganics. Figure 36 is a map of the wells of 
the combiid upper and middle (uppermost) aquifer. Figures 37 and 38 are 
maps of the wells of the lower and middle aquifers, respectively. The contour 
maps of Figures 28 through 35 llhrstrate the approximate dlstribmion of the 
detected explosives at Rockeye. The downslope wells 10-01, 10-02 and lOC60 
are not inch&d on the maps. The expIosives compomtds occurred iu wells of 
both the upper/middle (uppermost) and lower aquifers. The occurrence of 
explosives in the northeast quadrant and downslope within the drainageway is 
consistent with the direction of shallow groundwater flow and wltb early recon- 
naissance observatious of pink water in the drainageway leading from’the vlcln- 
ityoftheloadingaudwsshingbuildings,273land2734(seePartIand 
Plate 2). Rxplosivescontamin surface water has apparently S&rated 
through the drainage bed to the water table. Contamination in well lOC60, 
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approximately 600 ft downslope from the Rcckeye boudary in the drainage- 
way, and in wells IO-01 and lo-02 near Crane highway 165 (Plate 1) indicates 
that groundwater in the vicinity of those- wells is subject to titration of explo- 
sives contaminated leachates, probably from the sediments within the drainage- 
way. Wells 10-01 and 10-02 have been in service since November of 1981. 
Well lOC60 was installed in August of 1989. Explosives were not detected in 
well lOC61 approximately 2500 ft downstream of wells 10-01 and lo-02 in the 
tributary to Sulphor Creek (Plate 1). 

The computer-generated contour maps are mathematical interpretations and 
extrapolations of contamiuant distribution. They do not consider the effects of 
real physical features such as topography and drainage geometry. The contam- 
inant boundaries are likely limited to the immediate vicinity of the present and 
pre-constroction draioageway. Surface waters witbin the drainage have been 
observed to cease flow in dry seasons and to infiltrate the drainage bed 
upstream of wells 10-01 and 10-02. The highest detected values of HMX, 
RDX and TNT were in wells very close to the axis of the drainage (for 
example, well closter lOC55/55P2 and 10-17). 

An RFl for soils, Phase II, was conducted in the fall of 1990 (USAEWES 
1992). The report of RFI concluded that the surface soils within Rockeye and 
in the drainageways are contamioated with explosives compounds. Explosives 
were found in the soils around the operations buildings and in the drainageways 
from the vicinity of the buildings. The report conch&d that explosives in the 
soils of the wastewater sumps and in the discharge drahqeways appear to be 
sources. for explosives co . “on of the groondwater. 

Nitrogen compounds 

Nitrogen as nitrates and nitrites was monitored in the fomth round of sam- 
pling. Nitrates commonly xcor with explosives compounds as breakdown 
byproducts, and can serve as additional indicators of explosives contamination. 
For example, TNT reacts in the presence of oxygen (from ozone) and ultravio- 
let light to produce the following: C&NsO, + 18[0] -> 7C0, + H,O + 
3NO; + 3H+ (ICF Kaiser). 

Chapter 6 Nature and Distribution of Groundwater Contamination ‘j 

Table 22 lists amoon~ detected of nitrites and nitrates in Rockeye wells in 
the fomth round. The highest levels of nitrate detected iu the upper/middle 
aqoifer were 0.989 mg/l in lOC27P2 and 0.907 mg/l iu lOC53P2. The highest 
level detected in the lower aqoifer was 0.198 mg/l in well lOC23. Figures 39 
and 40 show the distribution of oitxates in the upper/middle and lower aquifers, 
respectively. Except for the peak at well lOC55P2 of 0.832 mg/l there is no 
apparent relationship between the occorrence of explosives and the occurrence 
of nitrates. The MCL for nitrates is 10 mgll, which is more thsn ten times the 
highest level detected at Rockeye. 

The highest level of nitrite detected in the upper/middle aqoifer was 
0.082 mgll in well lOC37P3. ‘There were no levels of nitrites higher than 
0.018 mgll iu the lower aqoifer. The MCL for nitrite. is 1 mg/l. Figures 41 



e 

IN5 170 023 498 

and 42 show the distriion of nitrites in the upper/middle and lower aquifers, 
respectively. There is no apparent correlation between nitrite occurrence and 
explosives occurrence in the grodwater. 

Metals 

A suite of 24 metals was monitored in four rounds of sampling of Rockeye 
wells. Detection limits varied in some romrds for some metals because of 
limitations on laboratory analytical equipmem. Aluminum DL varied from 
0.01 too.03 @g/l), bariumfromO.01 to0.02, berylliumfromO.001 toO.002, 
cadmium from 0.0002 in rounds 1 and 2 to 0.004 in rounds 3 and 4, cobalt 
from0.OO6iuroundsland2to0.0land0.02inrouuds3and4,tinfrom 
0.035 toO.050, vanadiumfr0m0.005 toO.10, andzinc fromO.006 toO.010. 
Data for 19 metals was analyzed statistically (see above) and with plots of 
mesn concentration comours. Data for the metals calcium, magnesium, iron, 
potassium and scdium was not plotted because of the generally wide distribu- 
tion of these secondary MCL metals in the subsurface. 

The statistical analyses of metals, presented earlier, discussed the general 
occurrence of the 19 metab in the three Rockeye aquifers. This section pre- 
sents contour maps of 4-round mean concentrations of the 19 metals. The 
field-measured parameter, pH, showed an apparent correspondence with anom- 
alously high wcmrenws of metals. Contour maps of mean pH readings over 
four rounds were also prepared for each aquifer for visual comparison with the 
met& distribution maps. 

Metals concentration contour maps of the upper aquifer incorporated data 
from more wells thau were used in construction of the upper aquifer ground- 
water level contour maps. The groundwater maps were drawn to show the 
approximate limits of the three discrete aquifers (upper, middle and lower), 
whereas the metals concentratlom and pH maps for me upper aquifer comb&d 
data from the upper aquifer wells and wells slightly downslope to the northeast 
that could be considered uppermost aquifer wells because of their proximity to 
the ground surface. Note that the uppermost aquifer maps for metals include 
those wells of the underlying middle aquifer that are hydraulically connected to 
the upper aquifer on the north and northeast side of Rockeye. Contour maps 
were also prepared for the discrete, areally hmitcd middle aquifer. 

Well location maps for the uppermost, lower and middle aquifers were pre- 
sented earlier BS Figures 36, 37 aud 38, respectively. Contour maps of mean 
pH levels are presented as Figures 43,44 and 45 (data for Figures 43.44, and 
45 are in AppcmIix D). The shaded areas in the pH plots indicate areas of 
anomalously low (acidic) pH ( c 4.8). with even lower values to the center of 
the areas. Contour maps of mean metals concentrations are presented as 
Figures 46 through 63 for the uppermost aquifer, Figures 64 through 78 for the 
middle aquifer, and Figures 79 through 94 for the lower aquifer. 

The following sections discuss the occmxnce and distribution of metals in 
each of the three aquifers. The discussions also address detected levels of 
metals that were above MCL. 
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Uppermust aquifer. Eighteen of the 19 analyred metals were detected in 
the uppermost aquifer. Two metals, antimony and barium, showed a distribu- 
tion similar to that of the explosives, i.e., with comparatively high levels in 
wells within the northeast drainage system (see Figures 47 and 49). All of the 
barium levels were well below its 2 mg/l MCL. The MCL for antimony, 
0.01 mg/l, was exceeded in several wells witbin the northeast drainage area of 
Rockeye. However, antimony was determined by statistical analysis not to be 
statistically significant (above background levels) in the uppermost aquifer. 
Antimony has commonly been above the current MCL in wells at other 
SWMUs at NSWCC, inchtding other background wells, and is possibly a natu- 
ral constituent of the rock and soil that form the subsurface at NSWCC. 

There were trends in the distribution of aluminum, beryllium, chromium, 
cobalt, lead, nickel, zinc, and possibly cadmium that psralleled the distribution 
of anomalously low pH (high acidity) indicated in Figure 43. A ridge of low 
pH @H ~4.8, as low as 3.5) is evident from well lOC25P3 to lOC3OP2 to 
lOC39P2 and lOC4OP4. Another low anomaly is at wells lo-16 and lOC29P2. 
Seven of the nine welts determined to have statistically significant levels of 
several metals in the uppermost aquifer recorded very low PH. The uppermost 
aquifer background wells lOC42P2, lOC43P3 and 10-03 did not record mean 
pH below 6.3. 

Beryllium was present in several upper aquifer wells at mean ieveis above 
its MCL of 0.001 mg/l. The peak values, however, are within tbe low-pH 
trend discussed above (see Figure 50). 

Cadmium was statistically significant in four wells and was at mean levels 
above its MCL of 0.005 mg/l in two of those four, lOC39P2 and lOC4OP4. 
Both of these wells exhibited low pH. 

Lead was above its MCL (at tap) of 0.015 in one of the statistically signifi- 
cant wells, lOC39P2. Peak lead values sre witbin the low-pH trend. 

Nickel was statistically signiiicant in five wells, all within the low pH trend. 
Mean levels of nickel were above its MCL of 0.1 mg/l in all five wells (see 
Figure 58). 

The occurrences of all of the statisticaUy sig@icant met& in the uppermost 
aquiifr corresponded strongly to the presence of very low pH in the ground- 
water. The Pennsylvanian sandstones, shales and coals that comprise the aqui- 
fer materials beneath Rockeye represent depositional environments such as 
backwater, mudflat, marsh and coal swamp conducive to creating reducing 
conditions with subsequent formation of sulfide miuerals. Pyrite (ion sulfide), 
limo&e (ferrous iron oxides) and abundant carbonaceous ma&al encotmtered 
in the borings for Rockeye wells were indicative of reducing conditions. 

The acidic (low pH) condition of the groundwater in certain wells may be 
caused by the production of acids, for example sulfuric acid, as a result of 
oxidation of sulfide minerals. Davis snd Dewiest (1966, p 76) report that very 
low (~4.0) values of pH can be associated with free acids in waters derived 

Chapter 6 Nature and Distribution of Gmtiwaer Contamination 

-, 

/:, 3 

) 

/;: 



IN5 170 023 498 

from oxidhiag sulfide minerals, usually pyrite. They provide @ 107) aa equa- 
tion for the formation of sullinic acid by the oxidation of sulfide minerals: 

Fe& + H,O + 70 * FeSO, + H#O,. 

Hem(1985,p111)statesthatoxidationofsulfi~mineralsincoalandmetal 
mines causes low pH and strongly acid water. Hem @ 64) reports pH values 
ranging from 2.69 to 4.98 ia runoff from an anthracite (hard cosl) a?&e in 
Pennsylvania. The Soil Survey of Martin County, Indiana (USDA 1988) 
mapped the soils in the Rockeye vicinity as Zsnesville and Wellstoa-Gilpin. 
The Soil Survey reported that both soils are strongly acidic. ZaaesviIIe has a 
reported range of pH of 4.0 to 5.5 snd Wellston-Gilpin of 3.5 to 5.5. 

The pH of water has a marked effect on the mobility of metallic elements, 
which are soluble as catioas in acid groundwater (Davis aad Dewiest 1985, 
p 88). Metals in the soil sad rock would then be more readily extracted aud 
placed in solution in the gronndwater, which would account for the metals con- 
centration peaks on the contour maps. The pattern of higher metals conceatra- 
tioas is not consistent with the location of potential contsminaat producing 
operations at R&eye, nor with the prevailing surface and groandwater flow 
pathways. For these reasons sll of the metals anomalies except perhaps bsrium 
have a high probability of being natural, not man-made, phenomena. 

Middle aqnifer. WelIs of the middle aquifer comprised much of the north- 
em part of the upperarost aquifer discussed above. However, becanse the 
middle aquifer was portrayed as a discrete aquifer in the earlier section on 
groundwater flow, its metals distribution is presented here. Well lOC46P2 of 
the addle aquifer had statistically signiiicaat levels of slumiaum, beryllium, 
cobak, lead, nickel sad zinc. The well also recorded a mean pH of below 4.2, 
as shown by the low-pH anomaly of Figure 44. Metals in the middle aquifer, 
iii those of the uppermost aquifer, are probably natural phenomena. The 
MCL for antimony was exceeded in two wells in the northeast draiaage way, 
but antimony was not a ststistically significant coatsminmt in the middle 
aquifer. The MCL for beryllium, 0.001 mgfi, was exceeded ia wells lOC46P2 
(mean value of 0.0055 mg/i) and lOC47P2 (arean vaiue of 0.0018 mg/I). The 
MCL for cadmium, 0.005 mgll, was exceeded in well lOC34P2 (mean value of 
0.0084 a@). The MCL for nickel, 0.1 mgll, was exceeded in wells 
lOC34P2, lOC46P2 sad lOC47p2 (mean values of 0.170,0.359, and 
0.145 mg/l, respectively). 

Lower aquifer. Nine of the 32 wells comprising the lower aquifer at 
Rockye were determined to have statistically significant levels of several 
metals. The metals distribution contour maps for the aquifer (Figures 79 
through 94) show that many of tbe met& identified as statistically sigaificaut, 
inchldiag allmliaum, arsenic, beryIlium, cobsit, lead and nickel occurred at 
higher mean levels in that area of the aquifer characterized by anomalously low 
pH (Figure 45), especially wells lOC34 sad lOC47. The MCL for antimony, 
0.01 mg/l, was exceeded by seversl wells in the southwest quarter of the site 
(see Figure 80) but antimony was not a statisticslly significant contaminant. 
The MCL for beryllium, 0.001, was exceeded by many wells in much of the 
lower aquifer (at levels as high as 0.009 mgll in two wells), sad beryllii was 
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statistically significant in six wells (Figure 83). The MCL for cadmium 
0.005 mg/l, was exceeded in five wells (lOC37, -39,4OP2, 47, and 48, with 
mean values as high as 0.008 mg/l (Figure 84) The MCL for nickel, 0.1, was 
exceeded in several wells (Figure 91). 

With the exception of the six metals that occmred in areas of anomalously 
low pH, metals in the lower aquifer show an irregular and inconsistent distibu- 
tion within the lower aquifer of Rockeye. Other metals showed no apparent 
preference for occurrence in particular areas within the aquifer, for example, 
areas that might be susceptible to b@rhrafion from surface comaminant sources. 

Other parameters 

Cyanide and sulfides were monitored in ah four rounds. Table 23 presents 
the means over four rounds for the two parameters for each well. The MCL 
for cyanide is 0.2 mg/l. The highest mean reported for cyanide in the nine 
wells in which it was detected was 0.008 mg/l. There is no MCL for sulfides. 
All but seven wells had detected amotmts of sulfides. The highest mean 
reported for sulfides was 0.328 mgll. 

The field parameter pH was dii earlier with respect to its effect on 
metals occurrence. A printout of all measurements taken in the field during 
sampling was presented earlier as Appendix D. 

Summary of contaminant distribution 

Explosives and nitrogen. The explosives HMX, RDX, and TNT occurred 
regularly in wells of the uppermost aquifer witbin the drainageway exiting the 
Rockeye Facility to tbe northeast. Ah detected levels of explosives were below 
1.0 mg/l. The compounds 2,4-DNT and TNB occurred at detected levels only 
in one well. Other monitored explosives were not detected. Well IO-17 had 
the highest levels and the high& number of detected levels of HMX, RDX, 
and TNT. Explosives in the groundwater of tbe Rockeye site are concluded to 
be a result of past releases of wastewater from the operations buildings 273 1 
and 2734. The presence and distribution of explosives in the groundwater is 
consistent with the results of the Phase II RFI for soils conducted earlier. 
Explosives contaminadon in the grotmdwater is limited to the vicinity of the 
northeast drainageway as far downslope (east) as Crane Highway 165. 
Nitrates and nitrites were detected in Rockeye wells but at levels many times 
lower than the MCLs. There was no apparent correlation between disttibution 
of nitrates and nitrites snd the distribution of explosives. 

Metals. Metals occmred in the groundwater of many wells in all three 
aquifers. Anomslously low pH in some wells or areas of the aquifers bid 
the level of several metals detected in those areas. Relatively high levels of the 
metals aluminum, beryllium, cobalt, lead, nickel, zinc, chromium and perhaps 
arsenic and cadmium cotresponded directly to low pH. Barium was the only 
statistically significant metal not affected by the low pH factor that showed a 
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distribution similar to that of explosives. All of the auomalously high metals 
occurrences except bariom were probably natural phenomena attributable to the 
low pH conditions produced by the Pennsylvanian facies comprising the 
aquifers. 

Other parameiers. Cyanides were detected in only a few wells and well 
below the MCL. Sulfides were detected in most wells. The field parameter 
pH was anomalously low (acidic) in certain wells of ail three aquifers as 
discussed above. Other organic compo~ including volatiles, semi-volatiies, 
pesticides and PCBs were determined not to be present in detectable amounts. 
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7 Conclusions and 
Recommendations 

Conclusions 

Hydrogeology 

Groundwater flow beneath the Rcckeye Facility is radially away from the 
site in three aquifers designated lower, middle and upper. The aquifers are 
Pennsylvanian sandstones and coals with variable flow characteristics. Flow 
within the lower aquifer is primarily to the north and northwest across the site. 
The middle and upper aqoifers merge in the northern portion of the Rockeye 
Facility to form the uppermost aquifer. Flow io the upper aquifer is primarily 
to the northeast across the site, ultimateiy discharging vertically to the middle 
aquifer. 

Surface flow off the site, especially from the vicinity of the operations 
buildings near the center of the site, is to the northeast and southeast. The 
northeast draioageway has tied con taminauts from the operations buildings 
across the site on the groond surface and probably introduced contaminants by 
i&&ration into the uppermost aquifer to the northeast. The projections of all 
three aquifers intercept the ground surface to the northwest, north, northeast, 
east and south on the slopes surrounding the Rockeye Facility. 

Potential receptors of groundwater and surface water flowing away from 
Rockeye include Lake Greenwood, Fii Creek and Turkey Creek to the west 
and Sulphur Creek to the east. Deepex (Mississippian aged) aquifers in the 
valleys below Rockeye are susceptible to infiltration of water leaving the site. 

Groundwater quality 

Sampling and chemical analysis of groundwater from Rockeye wells 
detected metals and other inorganics aud certain explosives compounds. 
Metals were detected in most wells in ail three of the aquifers beneath Rock- 
eye. Explosives were present in a smaU number of wells restricted to the 
northeast comer of the Rcckeye site and offsite within a drainageway. 
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StatlsticalIy significant metals present inchlded arsenic, barium, beryllii 
cadmium, chromium, cobalt, copper, lead, manganese, nickel, selenium and 
zinc. The uppermost aquifer (upper and middle aquifers combii) had higher 
- levels of metals and more statistically significant metals than the lower 
aquifer. 

All of the significant metals except perhaps barium were natural phenomena 
attributed to abnormally low pH produced by depositional conditions of the 
aquifer rock. The distribution of metals was not consistent with the locations 
of potential contaminant producing operations at Rockeye, nor with prevailing 
surface and groundwater flow paths. The distribution of barium iu the moni- 
toring wells was sin&r to that of explosives. Some metals were detected at 
levels at or above MCL. 

The explosives HMX, RDX and TNT occurmd regularly in wells of the 
uppermost aquifer within the drainageway in the northeast quadrant of the 
Rockeye Facility. All detected levels were below 1.0 mg/l. The compounds 
2.4DNT and TNB occmred at detected levels iu only one well. Well 10-17, 
located approximately 300 ft northeast of the Rockeye boundary fence, had the 
highest levels of explosives. 

The cccurrence of explosives in the groundwater of the Rockeye Facility is 
concluded to be the result of past releases of wastewater from the operations 
buildings near the center of the faciity. Explosives comammation is liited to 
the northeast drainageway as far downslope as Crane Highway 165. The pres- 
ence and distribution of explosives in the groundwater at Rockeye is consistent 
with the results of the Phase II RFI for soils conducted and reported earlier. 

Cyanides, sulfides, nitrates, and nitrites were detected in the groundwater 
but at levels much below theii MCLs. 

Organic compounds including volatiles, semi-volatiles, pesticides and PCBs 
were determined not to be present in the groundwater in detectable amounts. 

Recommendations 
i 

Selected groundwater monitoring wells iu the Rockeye study area should be 
monitored semiannushy for the presence of explosives. Those wells in the 
northeast and southeast quadram of the facility within the northeast and south- 
east drainageways should be monitored. Wells along Highway 165 northeast 
and downslope of Rockeye, in the vaUey of Stdphur Creek, should also be 
monitored. Proposed wells for monitoring are 10-01, 10-02, 10-07, 10-08, 
10-17, 10-18, 10-21, lOC33, lOC33P2, lOC55, lOC55P2, lOC56, lOC57, and 
10050, ali located to the northeast of the operations buildings near the drain- 
ageway and downslope toward 8ulphur Creek. Wells lOC34, lOC35, lOC37, 
with one-time, low level occurmnces of explosives, and 10-09, IO-IO, lOC44, 
and lOC44P2, located in the southeast drainageway, should also be monitored. 
Wells 10-03, lOC42, lOC42P2, lOC43, lOC43P3, and lOC52, or a selected 
number of those six wells, should be monitored as background wells. 
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Efforts to prevent hrtber contamination of the grouxlwater by infiltxation 
from wmaminated soils at and near Rcckeye should continue. The operations 
buildings sumps are inoperative, but the soils smmundii the sumps and in 
other areas are contamina ted. Removal of the soils and treatment by compost- 
ing to remove explosives are recommended as a remedial action. Any runoff 
from the operations areas should be cokcted and treated. Consideration 
should be given to removal and treatment of the sediments in the drainageway 
to the northeast to prevent further kachiug or intihtion of wntamioauts into 
the &allow aquifer. 
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me% which includes four coMituents.: bmmofom. 
, and dibmmochlommethane. Concentration derived 

ptions in Appendix D and reference doses for systemic toxicants and 
dose at 1 O-6 for Class A and B carcinogens and 1 O-5 for Class C 

section VI.F.2.6 for further discussion). A, B and C represents Class A, B 
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! Table 2 
Maximum Contaminant Levels (MCL) for Drinking Water (Apn’i 
1992 - 
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All units of measuremem are in feet. 

ridge. The uppermost piezometric surface is equivalent in elevation to the IOwer 
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Lower Pennsylvanian 817.63 770.93 772.06 771.68 769.98 770.58 

Upper Pennsylvanian 817.48 803.68 803.93 804.13 802.58 802.88 

Lower Pennsylvanian 821.78 770.78 771.68 771.48 769.78 770.28 

1 Isheet I Of 31 B 
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Ground Water 



TNB = 1,3,5-trinicmbenrene 
TNT = 2.4.6tiniwotoluene 

,3.5,7-tetlazoche 2,4-DNT = 2,4diiitrotoluene 
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ory Measured Gas Pemeabiliies and Hydraulic 

CSSF = Cross-bedded sandstone facks. 
RSF = Rooted sandstone facie& 
RSSF = Ripple-bedded sandstone fades. 
WSSF = Wavy+edded sandstone facies. 
MSF = Massive sandstone facies. 
LSLF = Low-angle bedded siltstone facie% 
LSAF = Low-angle bedded sandstone facies. 
FSSF = Rarer-bedded sandstone facies. 

Properties for Intrinsic Permeability- Hydraulic Conduniviw conversion: 

remperature Specific weight Dynamic Viscosity 
IW (N/m’) (Pa-N 

:i 
9.8oe+o3 1.31e03 
%8Oe+O3 1.14e-03 

70 9.79e+03 1 .DDe-D3 

where: hydraulic conductivity = intrinsic permeability X (specific weight)/dynamic viscosily. 
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predicted by non-linear best fit to data to the model. 
Tmnsmissivity predicted by non-linear best fii of data to the model. 

= Apparent bulk conductivity = T/thickness of screened interval. 

assessment of likely MCO 
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USEPA Method 8270 

A Method 6010 



rable 12 

Nonadecane 



6.methyl-6.hepten-2-01 

l-~lhyl-4-methylb~nzene 

1.3.trimethylbenzene 

Hexansdloic acid, dioctylester 

a5-0ctadecene 

(21 

lOC41 
121 

1 OC64 
(2) 
1 oc47 
174 

10.02 
I31 

10-18 1 OC23 



I! Table 12 (Concluded) 

II Compound 
9.Octadecene 

I 
1 RSF 

II Oecanoic acid 

I131 
1 oc30 

II 
C IKit 

Oodecanamide.N.N-bislZ-hvdroxvethvll lOC31 
I (31 

10.17 

II Octadecanoic acid-9 

I131 

lOC34 

Phosphine oxide, trlphenyl 

2.methyl-1,3,6-trinitrobenzsne 
I(31 

10-17 

II Hexanedloic acid, monol2-ethvlhsxvl)ester 

II Benzene,l,l’-sullonylbial4-chloro-1 

116,6-dimethylundecsne I lOC61 

1 O-04 
(31 

1 OC4OP2 
131 

1 oc34 
(3) 

lOC66P2 
131 

R6F 
131 

lOC46P2 
(3) 

lOC66 
(31 

lOC42P2 
131 

lOC46P3 
I31 

Wall Number and Sampling Round(s) 

I I I I I 

lOC4OP4 I 

I /Sheet 3 of: 
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nd Corresponding Detection Limits Used in ANOVA 
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lOC49PZ 

lOCS3P2 x 

IX IX X 

X X X II 
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Ily Significant Metals in Wells of the Middle Aquifer, 
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Table 18 
Wells and Data Availabilii for 8tatistical Analvsis of Metals in the 
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IContinued) 
i TET-RYL 

- - =I= - - - - 

I I - I- - - 

- - 
I 

- - 

I 1 - - 
0.01425 - - ZE - - 

0.01425 - - 

- - 

- - 
I - - - - =I= - - - - - 

0.01200 - - 

- - 3s - - - 

- - - 

- - - - 2 - - - - - - o.w900 

- 

0.012 

- 

- 

- 

O.OllW - - 

- -. 

- - - 

- - 

- - 

- - - 

- 

- - 

- -_ 

- - 

- - - 

- - 

- - 

- - 

- - 

~ 

- - 

- - 

- - 

- - 

- - - - - - EE - - - - 1 oc41 P2 lb 
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Amounts Detected of Niies and Nitrates in Ground Water in 
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Amounts of Cyanide and Sulfuies over Four 
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we0 Number 

1 OC34P3 

cyanide 
(I.D.L. = 0.00500~ 

- 

lOC35 

lOC35P2 

lOC35P3 

lOC36 

lOC36P2 

lOC36P3 

- 

- 

- 

- 

~ 0.03200 

0.01223 

0.02300 

0.02300 

0.00733 

0.01067 

0.01425 

0.01225 

0.06100 

0.00950 

0.01300 

0.01725 

0.01350 

0.01300 

0.01250 

0.01250 

0.02675 

0.32800 

0.01400 

0.01250 

0.01250 

0.01275 

0.02725 

0.01975 

0.0135 

0.05600 

0.31260 
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CRANE. INDIANA 

Figure 1. Location of NSWC Crane, Indiana 
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Figure 2. Location of the Rockeye Facility at the Naval Surface Warfare 
Center Crane. Indiana. 
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Figure 4. Typical well installation and accompanying boring log for Rockeye 
RFI wells. 



r 

; 
s %

 
Q

 .,..I. 
I.., 

I. a.,.** 



I 

1 

I 

I 

I 

i I 

j 

Figure 6. Example of chain-of-custody sample tag 



Figure 7. Physiographic divisions of the State of Indiana (Perry and Smith, 
1958) 



Figure 8. The stream system in Indiana (after Indiana Academy of Science, 
1966) 
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Figure 9. Major surface drainage basins at the Naval Surface Warfare 
Center Crane, Indiana (Chesapeake Division Naval Facilities Engineering 
Command, 1979). 
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Figure 10. Major structural provinces of the Midwestern United States 
KWpenter et al, 1975) 

,. 
. .~ 
v ,:i ::: ::: ::: ::: ::: ::: ::: ::: ::: ::: ::: ::: ::: ::: ::: ::: 
::: ::: ::: ::: z:: 
z:: 
,:: ;!; 
1;: 

7~ 

A 
- 



Figure 11. Structural contours on the base of the Beech Creek limestone, 
NSWC Crane 
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Figure 12. Stratigraphic column of Pennsylvanian and Mississippian Periods 
in southern Indiana 
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Figure 14. Relative percent of occurrence of Pennsylvanian facies in core 
from NSWC Crane (Barnhill, 1992). 
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Figure 15. Facies described in core from Rockeye Facility (Barnhill, 1992). 



Figure 16. Facies described in core from Aockeye Facility (Barnhill, 1992). 
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Figure 77. Facies described in core from Rockeye Facility (Barnhill, 1992). 
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Figure 19. ‘sochore of samkane “A”, Rockeye Facility (Barnhill, 1992). 



Figure 20. lsochore of sandstone ‘B”, Rockeye Facility (Barnhill, 1992). 



Figure 21. leochore of sandstone ‘C”, Rockeye Facility (Barnhill, 1992). 
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Figure 22. Depositional environments of sandstones “A” (top) and ‘B” 
(Barnhill, 1992). 
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UPPER/Ml D AQUI FER, MEAN HMX, MG/L 

Figure 28. Contours of mean concentrations of HMX. uppermost aquifer, 
Rockeye. Contour interval is 0.10 mgll. 
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Figure 29. Contours of mean concentrations of HMX, lower aquifer, 
Rockeye. Contour interval is 0.02 mgll. 
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Figure 30. Contours of mean concentrations of RDX, uppermost aquifer, 
Rockeye. Contour interval is 0.10 mgll. 
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Figure 31. Contours of mean concentrations of RDX, lower aquifer, 
Rockeye. Contour interval is 0.10 mgll. 
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Figure 32. Contours of mean concentrations of TNT, uppermost aquifer, 
Rockeye. Contour interval is 0.10 mgll. 
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Figure 33. Contours of mean concentrations of TNT, lower aquifer, 
Rockeye. Contour interval is 0.02 mgll. 
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Figure 34. Contours of mean concentrations of TNB, uppermost aquifer, 
Rockeye. Contour interval is 0.01 mg/l. 
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Figure 35. Contours of mean concentrations of 2,4-DNT, uppermost 
aquifer, Rockeye. Contour interval is 0.002 mgll. 



We I I Locot ions, Uppermst Aquifer, Rocka, 

Figure 36. Wells of the uppermost aquifer, Rockaye. 



Wel I Locat ions, Lower Aquifer, Rockeye 

East Coordinates, Ft. _ 

Figure 37. Wells of the lower aquifer, Rockeye. 



Wel I Locat ions, Middle Aquifer, Rockeye 
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Figure 38. Wells of the middle aquifer, Rockeye. 



UPPER/Ml D AQUI FER, N03, MG/L 

I 

Figure 39. Contours of nitrate (N03) concentrations, uppermost aquifer. 
Contour interval is 0.2 mg/l. 



LOWER AQUI FER, N03, MG/L 

Figure 40. Contours of nitrate (N03) concentrations, lower aquifer. 
Contour interval is 0.02 mgk 



UPPER\MI D AQUI FER, N02, MG/L 
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Figure 41. Contours of nitrite (NO21 concentrations, uppermost aquifer. 
Contour interval is 0.02 mg/l. 

.s 



LOWER AQUI FER, NOZ, MG/L 

Figure 42. Contours of nitrite (NO21 concentrations, lower aquifer, 
Contour interval is 0.002 mg/l. 



Uppermost Aquifer, Mean pH 

Figure 43. Contours of mean pH in wells of the uppermost aquifer. Areas 
of pH readings below 4.8 are shaded. Contour interval is 0.5. 



Figure 44. Contours of mean pH in wells of the middle aquifer. Areas of 
pH readings below 4.8 are shaded. Contour interval is 2. 



Lower Aquifer, Mean pH 

Figure 45. Contours of mean pH in wells of the lower aquifer. Areas of pH 
readings below 4.8 are shaded. Contour interval is 0.3. 



UPPER AQUIFER, MEAN Al, MG/L 

Figure 46. Contours of mean aluminum concentrations, 
uppermost aquifer. Contour interval is 10 mgll. 

UPPER AOUI FER, MEAN Sb, MG,‘L 

Figure 47. Contours of mean antimony concentrations, 
uppermost aquifer. Contour interval is 0.002 mgll. 
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I UPPER AOUt FER, MEAN As, MG/L 

Figure 49. Contours of mean arsenic concentration, 
uppermost aquifer. Contour interval is 0.01 mgll. 

UPPER AQUIFER, MEAN BCJ. MG/L 

Figure 49. Contours of mean barium concentration, 
uppermost aquifer. Contour interval is 0.02 mgll. 



UPPER AQUIFER, MEAN Be, MG/L 

Figure 50. Contours of mean beryllium concentration, 
uppermost aquifer. Contour interval is 0.002 mg/i. 

I UPPER AQUIFER, MEAN Cd, MG/L 

Figure 51. Contours of mean cadmium concentration, 
uppermost aquifer. Contour interval is 0.005 mgll. 



UPPER AQUI FER, MEAN Cr, MG/L 

. 

Figure 52. Contours of mean chromium 
concentration, uppermost aquifer. Contour interval is 
n~nn? mn/l 

UPPER AQUI’FER, MEAN Co, MG/L 

Figure 53. Contours of mean cobalt concentration, uppermost 
aquifer. Contour interval is 0.1 mgll. 



UPPER AQUIFER, MEAN Cu, MG/L 

Figure 54. Contours of mean copper concentration, 
uppermost aquifer. Contour interval is 0.02 mg/l. 

UPPER AQUIFER, MEAN Pb, MG/L 

Figure 55. Contours of mean lead concentration, 
uppermost aquifer. Contour interval is 0.002 mg/l. 



UPPER AOUI FER, MEAN Mn. MG/L 

Figure 56. Contours of mean manganese concentration, 
uPPem lost aquifer. Contour interval is 2 mgfl, 

UPPER AQUIFER, MEAN Hg, MG/L 
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. 

Figure 57. Contours of mean mercury concentration, 
uppermost aquifer. Contour interval is 0.0005 
mgil. 



UPPER AQUI FER, MEAN Ni , MG/L 

Figure 58 Contours of mean nickel concentration, uppermost 
aquifer. Contour interval is 0.2 mgll. 

UPPER AQUIFER, MEAN Se, MG/L 

Figure 59. Contours of mean selenium concentration, 
uppermost aquifer. Contour interval is 0.001 mgll. 



UPPER AOUI FER, MEAN T I, MG/L . - - . -. . * . . . * . . 
*:I’-;I 0 . . . . . 

Figure 60. Contours of mean thallium 
CL 

is 
r 

UPPER AQUI FER, MEAN Sn, MG/L 

mcentratlon, uppermost aquifer. Contour interval 
0.001 mgll. 

Figure 61. Contours of mean tin concentration, 
uppermost aquifer. Contour interval is 0.01 mgll. 



UPPER AQUI FER, MAN V, MG/L 

Figure 62. Contours of mean vanadium concentration, 
uppermost aquifer. Contour interval is 0.002 mgll. 

UPPER AQUIFER, MEAN Zn, MG/L 

Figure 63. Contours of mean zinc concentration, 
uppermost aquifer. Contour interval is 0.2 mg/l. 
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MI DDLE AQUI FER, MEAN A I, MG/L 

Figure 64. Contours of mean aluminum concentration, 
middle aquifer. Contour interval is 1 mgll. 

MIDDLE AQUIFER, MEAN Sb, MG/L 

I 

Figure 65. Contours of mean antimony concentration, 
middle aquifer. Contour interval is 0.001 mg/i. 
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Figure 66. Contours of mean arsenic concentration, 
middle aquifer. Contour interval is 0.0001 mgll. 

Figure 67. Contours of mean barium concentration, 
middle aquifer. Contour interval is 0.01 mgll. 



MIDDLE AQUIFER, MEAN Be, MG/L 

Figure 68. Contours of mean beryllium concentration, 
middle aquifer. Contour interval is 0.001 mgtl. 

MI DOLE AQUIFER, MEAN CD, MG/L 

Figure 69. Contours of mean cadmium concentration, 
middle aquifer. Contour interval is 0.002 mg/l. 

b 



Figure 70. Contours of mean cobalt concentration, 
middle aquifer. Contour interval is 0.05 mgil. 

MI DDLE AQUIFER, MEAN Co, MG/L 

I MIDDLE AQUIFER, MEAN Cu, MG/L 

Figure 71. Contours of mean copper concentration, 
middle aquifer. Contour interval is 0.01 mg/l. 



MIDDLE AQUIFER, MEAN Pb, MG/L 

Figure 72. Contours of mean lead concentration, 
liddle aquifer. Contour interval is 0.002 mg/l. 

MIDDLE AQUIFER, MEAN Mn, MG,‘L 

Figure 73. Contours of mean manganese 
concsntration, middle aquifer. Contour interval is 1 
mgll. 



MIDDLE AQUIFER, MEAN Hg, MG/L 

Figure 74. Contours of mean mercury concentration, 
middle aquifer. Contour interval is 0.00005 mg/l. 

MIDDLE AQUI FER, MEAN Ni, MG/L 

Figure 75. Contours of mean nickel concentration, 
middle aquifer. Contour interval is 0.05 mg/l. 



I MIDDLE AQUIFER, MEAN Sn, MG/L 

Figure 76. Contours of mean tin concentration, 
middle aquifer. Contour interval is 0.01 mgll. 

MIDDLE AQUIFER, MEAN V, MG/L 

Figure 77. Contours of mean vanadium concentration, 
middle aquifer. Contour interval is 0.002 mg/l. 



MIDDLE AQUIFER, MEAN Zn, MG/L 

Figure 78. Contours of mean zinc concentration, 
middle aquifer. Contour interval is 0.1 mg/l. 

LOWER AQUI FER, MEAN A I, MG/L 

Figure 79. Contours of mean aluminum concentration, 
lower aquifer. Contour interval is 2 mg/l. 



LOWER AQUIFER, MEAN Sb. MG/L 

. 0. 
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Figure 80. Contours of mean antimony concentration, lower 
aquifer. Contour interval is 0.05 mgll. 

LOWER AQUIFER, MEAN As, MG/L 

Figure 81. Contours of mean arsenic concentration, 
lower aquifer. Contour interval is 0.001 mgtl. 



LOWER AQUIFER, MEAN 60, MG/L 

Figure 82. Contours of mean barium concentration, lower 
aquifer. Contour interval is 0.02 mg/l. 

LOWER AQUIFER, MEAN Be, MG/L 

Figure 83. Contours of mean beryllium concentration, lower 
aquifer. Contour interval is 0.002 mgll. 



I LOWER AQUIFER, MEAN Cd, MG,‘L 

Figure 84. Contours of mean cadmium concentration, lower 
aquifer. Contour interval is 0.002 mg/l. 

LOWER AQUIFER, MEAN Cr, MG/L 

Figure 85. Levels of mean chromium concentration, 
lower aquifer. DL was 0.005 mgll. 
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LOWER AQUIFER, MEAN Co, MG/L 

Figure 66. Contours of mean cobalt concentration, lower 
aquifer. Contour interval is 0.05 mg/l. 

LOWER AQUIFER, MEAN Cu, MG/L 

Figure 67. Contours of mean copper concentration, lower 
aquifer. Contour interval is 0.01 mg/l. 



I LOWER AQUIFER, MEAN Pb, 

Figure 88. Contours of mean lead concentration, lower 
aquifer. Contour interval is 0.002 mgll. 

LOWER AQUIFER, MEAN Mn, MG/L 

Figure 89. Contours of mean manganese concentration, 
lower aquifer. Contour interval is 2 mgll. 
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LOWER AQUIFER, MEAN Hg. MG/L 

Figure 90. Contoure of mean mercury concentration, 
lower aquifer. Contour interval is 0.0002 mg/i. 

LOWER AQUIFER, MEAN Ni, MG/L 

Figure 91. Contours of mean nickel concentration, lower 
aquifer. Contour interval is 0.2 mg/l. 



LOWER AQUIFER, MEAN Sn, MG/L 

. 

Figure 92. Contours of mean tin concentration, lower 
aquifer. Contour interval is 0.01 mgll. 

. 

LOWER AQUIFER, MEAN V, MG/L 

Figure 93. Contours of mean vanadium concentration, 
lower aquifer. Contour interval is 0.002 mgll. 



LOWER AQUIFER, MEAN Zn, MG/L 

Figure 94. Contours of mean zinc concentration, lower aquifer. Contour 
interval is 0.2 mg/l. 
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