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I n tr od uct iu n

1.0 CHRODUCTlO(\;

This G~l- i Report doc ument s the field act iv ities. the da ta ana lys is, and the data int egration co m p let ed a long the G~ l -!

Pilot Stu d y Invest igat ion Area (Study Area) by Hard ing Lawson Assoc iates ( HLA ) and their subcontractors. The report

describes the scope of the field activities. explains the da ta synthesis and in tegra t ion process. and develop s the

hydrogeo logic conceptu al m od el alon g the G7\I- I T renc h. Th e report ou tlines the detailed ste ps taken to a rri ve at the

de fin ition o f mapping un its and the correlat ion of these un its al ong the G:' I-I cros s sectio n. It exp lains th e ra tionale for

the recom mended set o f hydr ogeo log ic invest igat ive tools. and the conceptual strategy and current thinking of HLA

regard in g the Supplernental lnvestigat ion Program (S IP).

Th is re port o ne o f seve ral DP· I Work Prod uct Delivcrables that ha ve been develo ped to accom pl ish the objectives se t

fort h for 0 1'- i in the Licensing Work Plan . Th is report refers to documents and dclive rables previous ly pro vided to th e

D ivis io n o f Rad iatio n Pro tect io n (ORr) o f the Dep artment of En vironment. He alt h. and Natura l Reso urces ( DEI!NR)

unde r separate co ver. and w h ich conta ined ad ditiona l detail o f the technical aspect s di scu ssed in th is report. :\ 11

tec hnical issues pe rti nen t to the GM- I Pilot Stud y an: address ed in thi s document : howe ver. the reader m ay find

ndditional detai l in some of the previous work pro d uc t deliverables assoc ia ted with the ind ividua l tec hnica l to pics . .-\11

pert inent data as soc iated w ith the G?\! - I P ilot Stu dy Program have been incl ud ed in the Project Datab ase o r ha ve been

tra nsm itte d in pa pe r form to the DR? rev iew tcain

1.1 Background

Prior to the im plementation o f fie ld act iv it ies. co nside rab le effort and tech nical pla nni ng wer e app lied to develop the

appro priate p lan s and pr oc ed ures need ed to gu ide the imp lementatio n ofthe m any field investigation tec hn iq ues. [0

insu re reproduc ibil ity . and 10 allow fo r the QU31ity Co ntro l and Q ua lity A ssu rance of the techn ical in fo rmation

com pil ed . Dra fi techn ica l proced ures we re prod uced and d istribu ted to th e DRP revi ew team. A fter O RP re view . a

telephone co nference was hel d among the pr inci pa l auth o rt s ) o f each tec hnical p rocedu re, an H LA project management

team member. and the princ ipa l DRP reviewers. 10 d isc uss the ir comments and to reso lve any maj o r di fferen ces

regard ing the impleme ntation o f each field techn ique. The fina l techn ical procedur e for each investigatio n tec hni qu e

\, as published afte r addressing all re view com ments . :\ tot al o f 23 technical proc edures and a Le x ico n o f Geo logic

Terms (th e Lex rcon) ha ve been fin a lize d and published

Th e work plan fo r the G:' l- I P ilo t Study (HL A. 199 7) provided the rramew or k fo r the im p lem en ta tion o f th is pro posed

i 99j : 3) technical discussions and comments from the DRP and its consultants during the G:.i-I P!:;nning :.leet ing held

pro- onl)· ;.st.· cl~ 1 ti .)....
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In t r od uct io n

ORP :lt a meeting held on "larch 12, 1997 . At the G\I-1 Plann ing :>'kerillg. the prelimi nary geologic cross section

along the existing GM· l trenc h was shown and discussed with respect to various hypotheses related to hydrogeo logic

characteri zat ion o f this area . These joint dis cuss ions led to the selec tion of the locations and depths lo r the proposed

boreh ole s planned as part ofthe G M· [ study. Th e G;\ I-1 Pilo t Study work plan was delivered in draft form to the DRP

on March 7. 1997. and technica l comments from the ORP were incorpo rated into the final work plan issued on

March 17 . 1997 . This fina l work plan represented agreement on both the sco pe of the act ivities to be performed, and the

loca tion and depth of the pilot study bor ings. The field activities conducted at the Site sorted on Apr il l , i 99 7 and most

of the logg ing and packer testing ac tiv ities were com pleted by the end of ~ !:ly. 1997. Surface geoph ysical survey ing.

trench mapp ing. and som e additional borehole logging activities were complet ed in June. 1997.

Durin g the process of data analysis and integration, the Gi\l- l project team con ducted briefings and meet ings with the

DRr review learn on the statu s of work and on spec ific technical topics as called for in the L \VP. Table I- I summarizes

the topica l meet ings held related to the GM - I activit ies. Two meet ings were held to discuss the substitution of ....arlous

bor ehole imaging techn iques for roc k core ob tained from conventional dri lling techniques for the purpos e of geologica l

information compilation . Other techn ica l meet ings were conducte d to give status repo rts on the sub-d iscipline top ics

such as vad ose zon e charac teriza tion and site groundwater geoche mistry. :\ large amount of geologic information was

integrated during the Gi> l- 1 Pilot Study rega rding the litho logic character of the rocks encoun tered along the G~I-l cross

section area . Geological in t eg r~~ r ion meetings were conducted to review the core re-qualifi cat ion process. trench

nl3?p mg. GM- l Pilot Studv cross section correlations. and de fin ition of mapp ing un its.

1.2 Purposc oft he G vl- I Pilo t St udy

As present ed in the LWI', the primary obj ectives of the Gi\ l- I Pilot Stu d y an: to:

Evaluate the su itabi lity of the inves tigative techniques and their protocols:

Dev elo p the methodo logies and strategies for a com prehensive approach to the SIP;

Delineate the mapping sca le and co rrelation detail needed for site wide studies:

Update hypo theses regard ing the importan t hydrogeologic. geochem ical . and engineering components of the

si te conceptual model ; an d

Evaluate the convergence o f integrated tines of evidence regarding sitt: conditions.
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Introduction

1.3 G i\I- l Pilot S tud y Program Overview

The G~1-1 Pilo t _ rudy cons isted of a program of surface and subsurface exp loration ac tivit ies. Th e su rface program

included trench mapping an d J p ilot seismi c refl ect ion survey. TIl' subs urface program inv o lved core and ai r rotary

dr il ling, hydrophysical logging , boreh ol e image analysis . borehole ge op hysi al logging. hydrau lic tes ting, geoc he m ica l

sam pling. core logging, and vertical seismic profil ing . An o verv iew of the pr og ram is given in th is sect ion. In general .

the sequ cn e of the subsurface test ing and logging act ivi ties was complete d a fo llow s:

'adose zone sampl ing and asin g installation :

Bedroc k co ring and field core logging:

A ir ro ta ry dr illin g at a 6.75-inch nom ina l d iameter :

Boreho le imagin g ,

Borehole !!~'ophys ic:lI logging:

tty lrophy ical logging: and

Packer testin g and geochemica l sampl ing .

1.3.1 Trenching Program

The trenching pr og ra m exten ded the pre vious ly mapped J~ l- I trench west, to [he we: tern limits of the bu ffer zone. and

cas t. to the borrow p its as sho wn in Figu re 1- i . The trenc h pro vide d ncar-surface L' . posures for ev a lua t ing the pre sen ce

o f tuu lts, s trat igraphic desc r ipt ion, an d fracture characrcriz a tion . Thc:se: features we re measured , m apped , photographed .

surveye d. an '! inco rporated int o a g ra ph ics package in orde r to produc e a trench ll lJP at :I scale o f I inch = :; feet . The

trench map was employed extensively during the: defin ition and correlation of !1l:lpping units along the G~ I- I Pilot St udy

Ar ea .

1.3.2 Drillin ~ anti Co ring Program

The G1> I- l dri lling pr ogr am co nsi st ed o f n ine bore ho les, including seve n 6.75 -i:1 h a ir ro tary bo reho les \\ ith dcp hs

''-2.1':, ing fro m 115 to 465 feet incl udi ng the " r:u " ho le for logging too ls). an d two co reho les ',\ hi ch \'. e re cored to

rotary meth ods to 6 .7 5-inch d iameter pri or to e gg ing and pac ke r testin g . \V20:CH I -1\,JS ream ed to a to ta l dep th o f

7 15 fe et . The shallow, '.\ earl ered p On i0 :15 of ne holes \\ ere arnpled ccruinuously using 3 standard penetrat ion test

sp lit b:': IT ! sam p le r an d a split-tu be cor ing m eth od to prov ic e geo logic data thro ugh th ~ ase.i port io n o f each ho. '".
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Int rodu cti on

The hole locations wer e se lected, and agreed upon w ith the OR P rev iew team, to pro vide o verlapping stra tigra phic

cove rage and to provide geologic control on th e orientation of the Wg faul t.

1.3.3 Ge ophys ica l Loggin g, Co re Loggin g, a nd Borehole Im aging

A co mpre hens ive program o f bo rehole imaging and geop hysi cal logg ing W ;15 per formed for e ight of the boreh oles

insta lled a long the O;'vl- l Pilo t S tudy. A ll geophys ical logs were acqu ired in combina tion wi th a gamm a ray (G R)

measurement to confinn the accuracy o f depth me asurement through compariso n wi th the gamma ray signature as it

varie s w ith de pth. The fo llow ing is a list of the geophysical tool s/tool a rra ys ru n in the boreh oles:

Array Induction To ol (A lT),

Bo rehole Image Proc ess ing (BIPS),

Combinabl e Magnet ic Resonance (C;V IR).

Dipo le Shear Image r (DSI),

Elementa l Capture So nde (ECS) .

Formation :, Iicro Imager (F:' [f),

N:;rura ! Ga mma Spectrometry (~Gn.

Platform Ex press (PEX). and

T hre e-A nn Caliper (J -C PR).

Ta ble 1-2 summ arizes the dis trib ut ion o f the logg ing runs tor each of the geophys ical and im;lgi ng too ls in each of th e

eight bo reholes alo ng the 0 1-. 1-1 Pilot Study Area. BIPS and ca liper were run in one add ition al borehole (W20 It\ R IB)

which was drilled to dem onstrate all a lterna tive drill ing techniqu e.

One primary goal of the G,\ 1-I program was !O evaluate the abi lity of downhole imag ing and geo physica l logg ing 10

replicate , replace, or provide mo re in form ation than rock co re. Comparison of the geo log ic logs o f the tW O coreho lcs

wi th th e ge oph ysical logs and imaging G3.lJ. form the pr ima ry basis for this ass essment o f the adequacy o f the downho le

tools . In addit ion to the hydrophys ical logg ing techn iques, the Gr. l-I program results ind ica te tha t a com bi nation of s ix

logs bes t ident ify the hydroge ologic and lithologic chara cter istics of the subsu rface units at the s ite. The six log s

proposed for usc as the standard sui te during the supplemental invest iga tion prog ram incl ude:

r:"O-O!rf....<Sect -! do«
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Int roduct ion

l . Spec tral Gamma (Schlurnbergers i\'GT, or equ ivalent too l from another contracto r).

., Three-Arm Ca liper.

:Y. Ne utron and Density (Schlumbergers PEX. or equivalent too l fro m an othe r contracror).

4. Resisitivi ty (Schlurnbergers PEX, or equ ivalent too l from an other con tracto r).

5. Hig h Resolution, Electrica l Imag ing (Schlurnbergers H.Il, or eq uiva lent tool from anot her contractor).

6. Full Wave Form . Acoustic (Sch lumberger ' s DSI, or equiva lent 100! from another con rractor ).

Additional too ls and or tec hnique s maybe utilized du ring the supplemental invest igati on program if condit ions are

enc oun tered in the bore hole s requiring further inve st igat ion . These tools and/or techniques ma y include SIPS , other

standard bore hole TV camera. Aco ustic Tc lcvicwer, andor the actual recover:" of roc k core with in select ed stratigraph ic

1.3.4 Hydroph ysicnl Logging Prog ram

Upon reach ing total dept h in eac h borehole . water levels in the open boreh o le were monitored to es timate groundwate r

inflow rases. All boreh oles with inflow rates exceeding 0.0 1 gp m, I I eft: hyd rophysi ca lly logg ed to loca te the dep th o f

the inflow interval/s ). If the fill ing far", d id not exceed 0.0 1 gp rn to r about 2. feet in e ight hours) . the holt: was

considered d ry and no hydraulic test ing of any type (hydropbysi a l ar packer) was condu cted at thai location . Th is ra te

cr iterion was se lected because it approximates the antic ipated lc-, d o f reso lut ion for the hydrophysical loggi ng. On ly

\\'20SC Il I was found to he essenti ally dry .

Hydroph ysica l loggin g techniqu es we re completed in eight boreholes a long the Grvl ·1 Pilot Study Area. The results of

hvdroph ys ica l logg ing provided the project team with a de fin itive analysis o f gro undwater mov ement w ith in the

geol ogic strata encountered w ith in the bores. A total of 27 yie lding intervals were ident ified within the e ight boreh o les

tested . The inflow rates fo r these;. ie ld ing intervals ranged from 0,00 I 0 1.06 ga llons per minute (g prn). Th c vield ing

intervals observed were conce ntrated in the upper 150 fed o f the bore hole s: how ever the dept h of ho les wa s not

uniform . Of the 27 yield ing interva ls identi fied on ly fiv e were be low a depth of l50 fed . Most o f those five intervals

were H1 the ha nging wa ll o f the WS Fault. ~o borehole inflow intervals were found below approxima tely 300 feet in

depthTh is suggests tha t the rrequency of occu rrence of borehol e inflow decreases with dep th, as dete rm ined b;. the

hydrophysica l b gg ing. Noncrhetess. the highest inflow rate was observed in W10 5CH I at 01 depth of 15P . l feet I I iih a

cum ulative now rate of l . I gpm .
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1.3.5 Packe r T es ting and Groundwater Sampling Program

Introducti on

Packe r testing inte rval s were sel ected base d upon the hydrophysical loggi ng re sults. Consequen tly. a ll of the co ndu ctive

feat ures in all the bo reho les were identified pr ior to the start of the packer testing. Packer test ing was focused prim arily

on those fea tures wh ich exh ibited the h ighest hydrauli c con ductivi ty . because these features a re most important for

charac terizing the hydrogeology o f the si te. Th e pack er testing results quanti fy the hydraulic prop erties and the

hydraulic geometries ofthe inflow features delineated by the hyd rophysical logging. A total of sixteen interva ls were

hydraul ically tested usi ng a packer to isolate spec ific intervals of the boreholes. The data obtained during the testing

program provides important information for fu rthe r refi nement o f the conceptual mode! for th e s ite . Th e highlights from

the packe r testing program can be summar ized as follows:

I) T he re lat ive ratings fro m the hyd rophys ical Iogg ing shows good consisten cy with the transm iss ivitics deriv ed in

the transient analy ses of the packer lest da ta,

2) T nt: rransmissiv iries derived in the analyses range between 2.13E-09 and 7. I"E-05 m:ls.

3) From the five teSTS encompassing the highest rat ed co nductive feat ures. th ree show a restriction in 110\' after a

hom ogeneous fo rmation model tha t was ma tched \\ ith three no now boundaries . The t W O ot he r product ion

tests were matched wi th a dual por osity formatio n mo del. Th e responses may also hi: eq ually we ll match ed

with a composite frac tional d ime ns ion model showing a reduction in now dimens ion away from the boreh o le .

Add itiona l geologic a! and geop hysical data is needed to d iscern \, hich no w model is most appropriate,

.jJ T he sta t ic formatio n heads sho w <1 decrease wi th depth bas ed on tnt: in format ion from the three bo rehoks wi III

more than one test and

5) Boreho les ncar the pum ping well were mo nit ored by dat aloggers to obser ve tile interferenc e respo nses 10

pum p ing. On ly on e observatio n well fro m the seven examined showed a resp on se during any o f the pumping

peri ods.

To minim ize ge ocncmic.ll d is tur bance. a complete log o f all wa ter additions and withdrawals fro m the boreho les was

ma inta ined during the dr ill ing and coring ac tiv ities. With some exceptions. all dr ill ing flui ds were rec overed from the

boreho les . Groundwater sam ples wac take n in 19 inter va ls in seven o f the bo reho les du ring the packer test ing

act ivities . T ime se ries groundwater sampl es were taken in eleven o f these packer tested intervals . Th e groundwater

sam ple s were analyzed tor maj or Ions. pl-l , speci fic conductance. and se lec ted isotopes. To the extent po ss ible . the wa ter

level s in bo reho les were main ta ine d at the ir nntura l he1H1 values or lowe r to min im ize injec tion o f for eig n wa ter to the

conductive zo nes.
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I J1trod uct ion

1.3.6 Seismic Refl ecti on Program

:\ sei smic re fl ection program was completed and consisted of app roxima tel y 1000 feet a long the G M- I trench lin t: an d

approx im ate ly 500 fed along a north-south line. The program was co nd ucted to determ ine w hether seism ic refl ec tion

profil ing ca n re solve stratigrap h ic and stru c tura l va ria tions in su ffic ient deta il. and to evaluate wh ich co mbinat ion s o f

en ergy so urces an d geophone spacings prov ide the bes t reso lution. Se ism ic refl ec tions cou ld nor be ident ified in the

up per 0-50 m ill iseconds (ms) of two-way travel time at the GM- I Pilot Study Site in spite of a tig ht survey designed to

deli nea te the pr -sence of shallow targets. Coherent noise and signal anenuat ion.were the primal}' imped iments s ince the

eart h itsel f prohib ited suffi c ient energy to be re turned at high frequencies to reso lve the near-surface reflec tors .

l.3.7 Ve r ti ca l Seismic Program

vertic a l seism ic pro fil ing (VSP) was conducted in the upper .3 00 it o f \\ ' 205 C H I ho le, \\ hich was optimally located to

integrate res ults o f the VSP and the sei sm ic refl ect ion su rveys. Processed VSP data yield ed few re flect ions in areas o f

overlap w ith the seis mi c re t ect ion sections.

Inl egr:l t io n o r G :'>!- l P ro gra m Resu lts a nd D P-l :\ sSl'ss m cn ts

111Cresu lts o f G :'-. l·l Pilot St ud y Program haw been integ rated to address some criti cal technica l q ues t io ns inclu ding:

Refinement of the hyd roge ologic conceptual model along the G:' I-I tren ch:

lderu ifi c.uion of a m inimum set of s ite inves tigatio n tools fur USc ill the supplemental in vestig at ion program:

De lincation of the grou l1dw:Her-condueting features and or hydrogeo logic units

Develo pment o f the geo log ical controls on the natu re and occurr ence o f grou nd water

Determ inat ion of the value of each hydraulic testing and geophys ical tool for locating and ex trapo lating

conduc tive zon es,

The integration of the GM- I Pilot study information indicates that grou ndwa ter oc cu rs and mo ves within three related

I;' pes of hydrogeologic features or uni ts including the weathering zone (general ly 40 to SO feet bgs). along concentra ted

fractures w h ich arc su b-para llel to bedd ing, and wi thi n the fr acture system o f the hang ing wall o f the \1/8 fault. The

hydro geolo gic features controlling groundwater are summarized in the foll ow ing :

P" L."l-,':m!y~\t, ct ." doc
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L The base o f the weathe red zo ne conta ins the greatest num ber o f produc ing intervals. exc ept in W105 CH 1

wh ich is loc at ed in the ha ng ing wa ll o f the \VS fau lt. A produ cing zone is gen era lly pres ent at or just ab ove

the base o f the wea thered zone .

2. Flu id flow is domina ted by the presen ce of open frac tu res . At shallow depths, mefra ctu res le nd to be sub

pa ra llel to bedding (strata-co ncordant). In deeper bo reholes, where da ta are avai lab le. the importance of

bedd ing pa rall el fractures may dec rease with dep th du e to the lithosta tic load increase. In som e case s

especially in W205C Il 1 (WS fau It han gin g wall) . open high an gle fractures appear to be the water co nduct ors

espec ially where the inters ec tion o f sub -h or izontal and steep ly d ipping fracture sets occur. A t greater depth .

the m ore steeply dipping fr actures may assu me a more important hydraulic ro le.

in many cases, the permeable strata-co ncordant frac tu res occur at the contact between an upper, more

permeab le uni t (us ua lly sands tone) and a lower impermeab le unit (usually m udston e or siltston e) . Th ese

sands tones arc rel at ively cle an. wel l-so rted , coarse sandstones . tha t are often conglom eratic .

.1 Strata-concorda nt features are d ifficult to iso late from permea ble st rat igrap hic units such as s ands . The se

stra ta -co nco rdant feat ures ma y be fau lts wh ich acc ommodated di ff erential slip during foldin g.

St ra ta-c on cordant fau lts are mech anically more like ly to occur along fo ld limbs and wh ere large cont ras ts in

roc k me chani ca l propertie s occu r ac ross a contact.

5. Faults such as the WS fault an: clearly visible in ima ge data and appear to be fluid n ow condu its : thei r

pro perties are likely to vary wit h orientation and pos ition at the site. The now cond uits are likelv tu be

~~SSOC i;} I ed w ith a several foot thick zo n of more intense Of mo re o pen fr~cnl r i ng. adj acent to the Iault .

6 . Fra ctures inclined to beddi ng may also play an imp orta nt ro le if they con nect othe r Ieat ures . These fractures

are likely to be con fined to ind ividu a l un its and to be trunca ted at bedding contacts. They may form in

response to mechanica l stress es as soc iated with bas in form ation, wi th fo ldi ng and /or w ith uplift. Several

generati ons o f these fea ture s are like ly within this bas in.

lA Rcport Orgnnizati on

This doc ument, the G M- I Pilot Study Report, is an outgrowth of the imp lem enta tion o f the Gi\l- I Work Plan.

subsequent meetings an d corresponde nce wi th the DRP and the ir consu ltants, and internal tec hnica l discussions of the

Project In egraiion Team (PIT) . The opinions and interpretat ions pro vided in th is report represent the integ rared

analyse s o f the entire project team. not those of' a se lect few . Technica l per sonnel from many firm s contributed 10 the

data co llection and acq uis ition . and the technic al analys is an d interp retat ions deta iled in this report . The team incl uded

Hard ing La wson Assoc iates. GecM cchanics Internationa l, Geological Resource s , Appl ied Geosc iences lnc..
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Introdu ction

Golder Assoc iate s. LBG-G uywn Inc .. Univ ers ity of South Carolina-Earth Sc iences Rese arch Center, Dr- Paul T hayer.

Univers ity o fN orth Ca rol ina-Wilmington. Earth Data Inc.. Colog Inc.. Sch lumbe rger Well Se rv ices, and i\ lcCali

Bros.Drilting.

Th is doc ume nt is divided into sev en major sections and nu merou s subsections. Following th is Introduct ion and

Background . Sect ion Z summarizes the technical que st ions answered and the hypotheses tested . by the G ?-. l -l Pilot Study

ac tivities . Section 3 rep orts the a tiv ities that were completed and describes the technica l steps and procedures

employed in da ta acqu isiti on . Section -l reports the data analys is and interp reta tion process wi th respect to the vari ou s

techn iques includ ing: drilli ng hyd raul ic responses. the geophysica l logging and bore hole ima ge data . hydrophysical an d

packer testin g: of the yie ld ing intervals. groundwater geochemistry . and se ism ic data analysis . Sect ion S describes the

int egration of hydrogeolog ic da n to r refinement of the G !-. l-! Pilot Study cross section . Sect ion 6 pre sents a su mmary

of the hydrogeologic conceptual model along the G;>' l- ! Pilot Study, and Sect io n 7 prov ides J. list of references.

The report a lso contains a series o f appendices that provide addit ional de tai l co ncerni ng the da ta compi led during the

inves tiga t ion. M any de liver ab les have been pro vided to the DRP revi ew team during the data integ rati on and anal ysis in

the form of graph ic log s. panel d iagrams and montages. £3lPS images. trench maps. and draft repo rts on the pac ker an d

hydrophysicai loggi ng test act iv it ies . The report contains J series of tab les. figures. and illustrat ive p lat es th ~H

summari ze interpretat ion s reg ar d ing the hyd rogeolog ic condi tions a long the G\ 1·1 Pilot Study Area.
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T ec h nical Q ues t ions Ad d r essed by the GM- I Pi lot S t u d y

2.0 TECl f:" rc.-\L Q li E 'TIO:"_ ADDR E SE D BY TH E G~ I- I P ILOT _T UDi "

As J pan o rthe prepara tion for the G:'-l-l Pilot rudy. an ini tial pre lim inary cross sectio n wa s onsrru red along the

existing Gr. I- I trench. Th i cross sectio n W;lS developed us ing the ava ilabl e data. The in itia l cross section was pre sented

to the DRP review team at thc G "'·I- I P lann ing Meet ing. Du ring the correlation and con struct ion of this cro ss section.

vario us techni al issues and hypotheses were identifi ed and were outlined in the Gl\ I-1 Work Plan . These cri tical

tech nical issues. hypotheses. and questions we re con side red du ring the ana lys is and integratio n of the Gl\ I-I Pilot rudy

results . Most o f these issues and hy po the ses are related to the re finement of [he site concep tual m ode l and to the

applicabi lity of the var ious invest igat ive techniques for use in the SIP. The purpose of this sec tio n is to summarize the

prog ress made in address ing th ese si te speciti c hyp oth eses and techn ical questions. I tote that the prel im inary cross

sectio n de scribed above was revised based on data collected du ring the G:\l -l Pilot Stud y. A d etailed di scus s ion of the

development of this cross section is pre sented in cction 5.0.

2. 1 Hypoth esi s Refi ne m en t

The hypot heses ideru ifie ! ill the Gr. l- l Work Plan and [he current thin king of the Proj ect Team arc summar ized ill the

following:

I. There e xists u scl o f !! eo l o~i c . geophysic31. hyd rologic a nd !!cochem icaltcch n iq lles w h ich in cnrnhi na tio n

allo w cha racteriza tio n of th e G:'>I -I a rea.

The ana lys is, nd the integration of the geo; hys ica! lo",ging and image data indicate that six logging techn iq ues c~n

provide sufficient hydrogeol og ic. lithologic, :!:1U fracture information ro charac terize the site co ndi tions. These

techniques include :

Three-ar m caliper.

Full wave form aco ustic.

Dens iry :lcutron.

.ec tra l garnn13. and

Rcsistiv ity.
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T echnical Q ues ti o ns A ddressed by t he G:\ I- I Pi lot ' {u dy

Th is series o f six geophysica l and imagin g techn iques has been recommenc ed as a par! of the standard logg ing su ite for

rhe SI P. These techn iques. in combination with both hydrophysical an d hydraul ic packer testing of the ident ified inflow

zon es , II i t! compile a sufficient data set to allow the ap propriate hydrogeo logic characteriza tion o f the s ite . Surface

ge ophysical surveyi ng did not defin itively del ine ate reflectors in the 01\1- 1 Stud y area at shallow depths. Therefore, th e

w idesp read use of th is techn ique in the SIP, is not ju stified.

, Integrated data from these techn iq ues ident ify a se t of map pa b le geologic u n its an d their sc a le.

Each ma p uni t is characterized by a distinctive lithofa cies assem blage and vert ica l profi le, Fiv e map units are

recognized based on dat a deri ved from core log ging, trench mappin g, and geo physi cal logg ing :

(U r> upward fin ing sequences, gene ra lly consist ing of conglomera te and sandston e at the bas e w ith mudstone at

the top ;

{0.\ 1mass ive mudston e with mino r sands tone:

(Sm) massive sands tone w ith mino r mu dstone;

(S"h) we ll-bedded sandstone with minor mudstone: and

(:> l"h ' well -bed ded muds ton e with su bordinate sandstone.

While the defi nitions of the map units are primari ly based on lithofacies associations. the: a lso incorporate geop hysical

response criter ia. A de ra iled descrip tion and d iscu ssion of development o f the map un its is prese nte d in ection S l I .

Based on cva lut ions co nducted du ring the Gr.I- 1 Pilot Study, the scal e required for the identification o f map units var ies

depending on the data source being used. Lithologic logg ing o f core or trench exposures at a scale of I inc h equa ls

j feet pro vides sufficient deta il for recogn ition o f all map units. Howeve r. map units can best be rec ogn ized from

geophysical logs at a sc ale o f 1 inch = 10 fee t.

3. T he integ rated da ta set a long th e G :\I-I Pilo t S tudy a rea de termines the co r rela tion sca le o f mappa hlc

geologic u nits .

Two approaches were used for stratigraphic correlation: J) using geop hysical logs and the tre nch cross se ct ion. and

2) us ing graphic co re logs and the tr ench strat igraphic column. These two approa ches were used to assess the reliability

of us ing geophys ical logs for corre lation during the s itewi de inve st iga tion . A de tailed disc uss io n o f the co rrelation

process is presented in Section 5 -4 . I ,

Using the first approac h cor re lation s, were ma de hy matching pat tern s on the gamma-ray and res ist ivi ty (prima rily

usefu l cas t of the \VS fault) logs between boreholes. fo llowed by mat ch ing maj or (thi cker) rock units between trenches

Pr(}~onrrfm!Cx: Jt::.~- ~"" do:
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Technical Quest ions Add ressed by the Gl\I- 1 Pilot St udy

and nearby boreholes. Rock uni t ma tching W:~$ con strained by bedding orientatio n data collec ted fro m th e trenches and

th e FMl logs . Following the correlat ion of lithol ogic units, thes e were grouped to de fi ne larger-scale map units that are

associated w ith d ist inct ive gam ma-ray log patterns . Onc e map units were defi ned , it was foun d that they co uld be

correlated more re liably than ind ividua l rock units.

Using the seco nd approac h corre lati o ns were made us ing th e graphic logs for W2 05 CH I, \V20 8CH I, an d the rcq ua lifi ed

logs in conjunc t ion with the trench graph ic log. Cor re lat ion s we re made by pattern matching of various rock un its in

co njunc tion with the ir lithofaci es de signa tions. Usi ng th is ap proac h. only m ino r rev is io ns in corre lations and m ap unit

definitions m ade us ing the geo phys ical log s were required . Therefore, g ra phic co re logs are no t c ons ide red necessary

for co rrel a tio n of ma pping un its . A lthough lithofacies we re in itia lly help fu l in defin ing m ap ping un its . th e addi tion o f

lithofacies is al so no t con sidered necessary for future defin ing of map units and correlating stra t ig raphy.

In add ition to litho facies . d iagene tic an d biogenic feature s were also added o nto the c ross section to a ssess whe ther th e se

featu re s a re im po rtan t fo r correlat ing or w hether they are d iagn ostic o f water-prod uc ing interval s . Based o n resu lts o f

the G:' ! Pilot Study (described in de tail in eel ion 5.0), diagenetic and b iog enic fea tu res do not appear to be a val ua b le

a id in making corre la tion s nor can they be used to predict the locat ion of produci ng interva ls .

Succ ess in defin ing litho logi c groups by mean s of bo reho le imag ing and geo ph ys ical logs sugg es ts tha t, during the

sit ewide in ves t igation , strat ig raph ic interpretati on s and co rrelat io ns can be made usin g only boreho le imaging and

geophys iC:l1 logs if bore ho les are sp eed c losel y eno ugh . In comparin g the var ious sca les of data. it \\'a5 found tha:

litho log ic co rrelatio ns arc bes t made at J sc ale of I inch -= 10 fee t using bo th approach es described abo ve .

4, T he integ ra ted d a l:.! se t w ill a llo w the iden t ifica t ion o fs i ~ n i fi c :ll1 t hyd rcl oa ic featu res and t he

d etermina tion of the ir hyd r o log ic p rope rti es.

Hydrophys ica l logg ing is the one of the be tter techn iq ues availab le 10 de term ine the in flow rat es and in terv a l in

extremel y lo w tran sm iss ive hydro geolog ic sy stem s. Disc rete inflow inte rva ls se parated by as lill ie as o ne foot we re

de ec ted using th is tech niq ue a lo ng the G:' l-I Pilot Stu d: ' area. Hydrophys ical Iogging :1150 provided infl ow rat e

est im ate s that g rve the re lative co ntri bution o f eac h permeable interval 10 the o ve rall bo reho le inf low.

Result s o f the hyd rop hv s ica ! logging exhib ited 27 in flo w intervals wi th in t1o\\ ra tes rang ing from .000 I gpm to

1.06 gpm. The d istribution o f co nduct ive fea tures shows that they are co ncentra ted in three pr imary areas: within the

Weathe red zo ne 3 5 de fined by geophys ics . a ion g s rata -c on cordant fractures. and w ith in the han g ing wall an d adj acen t 10

Ihe increa sed num be r of co nduc tive fea tu res in the weat he red zon e is inte rp reted to be a resu It o f enhanced seco ndary

porosity/permeabiliry due to chemical \\·~ athLr i n g . or to enhanced fracturing 3S 3. result of isostatic unloading.
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I
\.:-\.'co nd uc tive feat ures was identi fied at or near the base of the weathered zone in every boreho le except W1 06AR J. ~_,_

indicat ing tha t this contact may be a preferential pathway for groundwater flow.

Be lo w the weath ered zo ne, conductive intervals iden tifi ed du ring hydrophysica l logg ing occur primarily along

strata-concordant fractures or h igh-ang le fract ures in sandstones, except in \V205Cl-ll . In W205Cl l J. conductive

features we re also iden tified to occur withi n some of the fine r grained un its . Hydrau lica lly sign ificant str a ta-concordant

fractures ( i.e., greater than . 1 gp rn) below the wea thered zone generally occu r a t the contact between coa rse-gra ined to

con g lomeraric sands tones and underlying silts tones or claystones. Th es e stra ta-coacordant fract ures are most likely a

result of sli p along the se surfa ces to accom modate stress ass oc iated with faulting. Based on the hydrophysical logging .

there are exam ples of significant s tra ta-concordant fractu res that did no t produce flow during the hydrophysical log gi ng.

An exam p le is at 90 to I00 fee t in \V204 A RI. A lthough this sandstone is haracterized by a strata -co ncordant frac ture

at its base. it did not produce measura ble infl ow. Th is sa ndstone in W'204AR I has a higher clay co nte nt than the

correla ted sa nd stone in W205 CH I based on the geophysical log response ; and probably as a resu lt . d id no t produce

me as urable yield from that interval.

The (a u It zones are also interpr e ted to be zones o f higher connectivity. \V205CI11. locat ed on the ha nging wall o f the

\V3 fau lt. had the greatest num ber o f produc ing features and higher poro sity Lon es in the Gi,! -l Pilot Study ar ea .

Although se ve ral conductive fea tures were ide nti fied in the weathered Lone in \\'205Cl l l. severa l conduct ive fea tures

wen: identified a long both stra ta-concordan t frac tures and as high -ang k fractures with in san dstones and claysto nes

below the wecther ing zone . As indi cated from the HIPS. F.\I1. and Stonclcy wa ve forms. th is borehole exh ibits extensive

fracturin g thr oughout the vert ica l section. w ith an extremely h igh demit;. of fractures app roac h ing the WS fault and f,)r

some de pth beneath it. The high density o f frac tures is interpreted to be a result o f fracturmg assoc iated w ith the

han ging wal l o f tile WS fau lt.

Packer test ing was conducted to r interva ls where hydrophysical logg ing ide ntified a cond uctiv e fea ture . T he packer

resting resul ts indica te that the tran sm issivity ('1') with in the weathered zo ne ran ges fro m 10[·6 to IOE-S meters sq uared

per second (m c/s) w ith the higher values being m easured in weathered bed rock sands. '111e high est T values below the

weathered zon e (l OE-5 m=!s) were meas ured in the two strata-concordan t fractures wh ich produced in \V205 CH I

1:;9 and 159 feel bgs ) and in the high -angle fracture v" hich prod uced in the same borehole at 170 feet bgs. The

seco nd highest yield ing fractu re (0 .69 gp m at 159 feet in W20iA RI .l also had a T value of IOE-5 m'is. Th e sands ton es

abo ve the strata -concordant fractures hav e estim ated effective poros it ies of up to 8 percent based o n the Ci\[R and

ELAN logs. Thus, the higher T values in these zon es may be a result of both frac ture porosity and second ary porosity in

the sa nds. T va lues else"vhere in the unw eat hered zon e ranged from IOE-5 to IOE-9 m=;s.
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Tec hnical Q uestiuns Addressed by the Gi\I-1 Pilot S tudy

2.2 Technical Questions Related to the G M- I Pi lot Study Activities

Many o f aspects of these hypothe ses can be framed as techn ica l questions. Two categor ies of techn ical q ues tions w a c

ou tl ined in the G;"I- 1 Wor k Plan: I ) those related to investigati ve techniques and 2) those related to the co nceptual

model along the G l\ I-1 Pilot S tudy . Many o f the se tech nical question s arc discussed in greater detai l wi thi n th e data

analys is (Sectio n 4.0) and data integra tion and interpretat ion section s of thi s docu me nt (Se ction 5 .0) . Some o f the more

pert inen t que st ions arc briefly su m marized below.

2.::U

I.

Tech nica l Q uest ions R elated to In vestigati ve T echniq ues

Is th ere a singl e investiga IiYc techniq ue or combinat ion of mu ltiple tech niques tha t p rovide s in form a tion

su fficien t to r ep licate, repbee or improve upon informatio n p re viously ob ta ined th rough coll ec tion of

r ock core';'

In additiona l to the hy dr ophys ica l logg ing and packer testin g techn iqu es. a combination of six s tandard logs best identii:'

the hyd rogeol og ic and lithologic characte rist ics of the subsurface units at the site. Th e six tec hn iq ues propo sed for usc

~5 the standard loggIng suite during. the S[P include:

Sp ectral Ga mma

High Resol ution Three -Arm Ca liper

Ne utron and De nsity

Rcsisirivity

High Reso lution. Electrica l Imagi ng

Full Wave Form, Acoust ic

Add itiona l tools or techniques may be necessary . such as OlPS. du ring the S IP i f cond irion s are encountered in the

boreho les requ ir ing further investigation . These techn iques w ill be inte gr ate d a long w ith standard field and trenc h

map ping tech niq ues. co re logg ing o f the cased inte rva l, requa lificat ion o f selected core. lim ited core dr illing (as called

for in the L WP) as nece ssary to calibrate the geop hy sica l logging. and imagi ng in the wes tern port ion of the Sl P focus

area. Base line wat er level mon ito ring. and grou ndwater an d surface water sampli ng and an alys is w ill also be conduc ted

during the SIP.
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T ech nical Qu est ion s Add ress ed by th e G:' I- l P ilo t Stu dy

Ar e t he logistical r eq uir ements for p r oposed inves tiga tion tech niq ues com pat ibl e wit h each other and th e

plan ned sco pe of th e si re-wide cha ra cterizat ion st ud ies'?

Site acces s to drill s ites, tren ch weather pro tectio n, and the delivery of water fo r core dri lling were the large st logi sit ica l

problems en countered dur ing the G ,,- l- l Pilot Study. For the SIP, the tre nc h ma pp ing and subsequent review will have

[0 be m ore timely and better coord inat ed with the DRP re view team s. The USe o f a ph ys ica lly closer " water source" for

the dri lling: an d co ring may need !O be considered . TIle ge ochemica l im pacts o f the water source will need to be

reviewe d with the project geochem ists. The sequence of we ll tes ring and w e ll construct ion imp lem ented in the G M- l

Pilot Study worke d wel l. The sequence of logging in each boreho le w ill be more si m plified becau se of the el iminat ion

in mo st bo reh ole s of the BIPS technique. The general pro posed sequence for well insta llat ion and test ing is an tici pated

as fol low s :

Construc t requ ired drill site access

Conduct cont inuous spoon sampling andcorin g to Set cas ing

Conduct air rotary pe rcuss ion d rill ing w ith the addi tion of sire groundwater during dri lling

A llo w a borehole water level recover)' pe riod or if needed. addition o f site g rou ndwater for ge op hysica l logg ing

Cond uct ge ophvsica! logg ing an d imaging surveys

Conduct h;.drophysica l log gi ng

Conduct pa rker rest ing and groundwater samp ling

Perform monitor ing we ll construction and monito ring

.3. A re th e d a ta p ro ccssinz. d isp la y, an a lys is. a nd in teg ra t ion req u ire men ts for eac h in n~5tig:ltive te ch niq ue

compa tib le wit h the SCOIIC. sched u le, a nd data rna n:lgeme nt plans fo r the site-wide charactc r iznr ion

effort?

TIle da ta m anagement and processing steps imp leme nte d during the G M- I Pilot Stud y nee d impro vement to pro vide a

more real-time exchange of preliminary da til. HLA and the proj ect tea m are eva luilting more e ffic ien t metho ds o f da ta

transfe r from the fie ld to the da ta analys is teams an d arc mi nimi zing the num be r <) 1' di tiga l format ch anges required for

curr; to the daiJ.bJ,S>: :.1nJ or other analysis 50 [1\·\ ~1It: p~h:kagcs .
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2.2.2

I.

Techn ica l Q ues tions Ad d ressed by the G;\ I- I Pilot S t udy

Technical Q uesrions Re lated to Understanding of the Site

Does the com hina tio n of hy d rop hys ica l tes ting a nd in te rva l pa cke r test ing adequately p ro file

transmissivity a nd a llo w the idc ntificnr ion an d character-izat ion o f zones o f higher hydrau lic

conduc tivity"?

Hydrop hys ical log gi ng in comb inat ion w ith specific interva l packer tes t ing provides the detailed analys is of the n ow

charac ter ist ics o f ind ividua l bo reholes . In teg rating the dam from a com bination of water level response monitoring

du ring dr illing. hyd rau lic testing. and hydrogeologic anal ysis of the mapping uni ts from th e geophysical logging and

imaging too ls , the tran sm iss ivity and connectiv ity pro file can be extrapo lated between ho les fo r a de ta iled si te

characterizat io n. In addit ion, furth er study o f the transm issivity and connectivity pro fi le w ill be done in th e S l!' through

tracer and interference test ing .

., Does the hydraulic informat ion co llected (in concert with geochem ical, water leve l a nd/o r o t he r d a ta )

p rov ide a d d it iona l in s igh ts in to th e poss ible geo metry an d/o r int e rconncctiun of t hese significa nt

hyd ro geologic fea tures'!

Du ring dr illing o f W20.5 CH I. wate r level response to both water add itions and water wi thd raw al were observed at

sign ifi cant d istances (5 10ft) a lo ng stri ke at the WSMC 12 loca tion . Th is interference respon se occurred whe n the boring

had penetra ted th e cle an sands tone loca ted at a depth o f app roximately l Si fl bgs . The se stra ta-concorda nt zones

appear ro be well connected. at leas t on the order of 500 feet along the d ip d irection and a co m para b le d istance a long the

strike of the beds.

3. C a n more d efin itive correlations he made in the Gi\ I-1 area between hydra ulic cha ra cteristi cs. su ch as

fract u r ing or pror im it y to fa ult zo nes? Also, a r e t he s ig n ifica n t hy d rau lic Ic.u urcs iden t ified co rre la ta b lc

to specifi c geologic ch aructeristi cs identified in the core logg ing and/or borehole log~ing te ch ni ques'!

The wea th ered zone contai ns the greates t nu m ber o f produc ing intervals. exc ept in \V20.5 CH! which is located on the

hanging wall o f the \VS faul t A producing zo ne is general ly present a t or j ust above the base o f the weathe red zo ne.

The dept h of hydraul icallv signi ti cam we ather ing can be assessed by ident ify ing a change in ro ck m atr ix ba sed on the

poros ity logs , the de ns ity log. the so nic log . and the caliper log . The 10 0:- analysis ind ica tes this zone to be h igher in

poros ity , low er in ac oustic veloci ty, and compri sed o f lower den sity ge ologic mate rials.

Ana lys is o f bo th the gt' ap hysical and image tool resul ts in com b ination wi th the hyd rophysica l log g ing. indicate tha t flu id

flow ap pe ars to be dorn inared by op en stratn -co ncorda nt fracture s. part icularly a t sh a llow depth. Ba sed o n da ta from

W205CH I, there is evidence tha t the hy dra ul ic imp ortance o f the beddin g pa ra llel fract ures decreas es w ith depth as the
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lithos taric load increases . At gre ate r de pth the more steeply dipping fracture se t associated with h igh-ang le fau lts may

assume a more important hydraulic role.

In genera l. the hydraulically significant strata-concordant fractures occur at the contact be tween an upper, more

pe rm eab le un it (u suall y sandstone) and a lower imperm eable un it (us ua lly mudston e or silts tone), These sandsto nes are

re latively we ll-sorted. coarse sa nd sto nes . that are o ften con g lomeratic. It is diffi cu lt to determine whether inflow at a

given location is more dependent on stra ta-concordant fractures or on a lithologic unit that is re lat ively mo re permeab le

or more poro us than the surro undi ng lithologies .

Ncar the WS faul t a fractured roc k zone associated with the ha ngi ng wa ll of the fault acts as a flui d now conduit.

Frac ture s incl ined to beddi ng ma y also play an im po rtant role iflhey connect one bedding -plane fracture to another.

-t. Ca n the da ta fr om some o r all o f the various investigations he inlegr:Hcd in to con verging lin es o f ev ide n ce

to su ppo r t o ne or more hy d rolog ic concept ua l models of the G;\I- I area , and , by analogy, other pa rts o f

the S ite ':

Inte gration cr ' the data from the drilli ng. hyd rophy sica l logg ing, geoche mical analysis . water-le vel monitoring.

geophysical logging and ima ge analysis demonstrare the presence of three impo rtant t} pes o f hydrogeologic featu res o r

un its: I) the wea thering zone unit 2) su b-parall el to bedding conducto rs. and J) the fractured zone assoc iated wi th the

han g ing wall o f the W8 fau lt. Results of the G;' l- l Pilot Stu dy and correl at ion a long the G ;-' I Trenches have identified

the presen ce o f five mapping units wh ich have a charac teristic geophysica l signature

5. A n: the str:ll ig r:1J1 h ic co r relat ion s presented o n the p r c linu narv Gi\ I- 1 cross sec t io n enhan ced hy

informa t ion collec te d d u ri ng th e Gi\ I- 1 work '!

f\ compar ison of the the prcliminay and the final cross section prod uced with this report indi cate substantia lly more

derail to the co rrelations; how ever the in itial corre lation ac ross the Gi\I- 1 Pilot Study Area did not significantly change .

6, Ar e the most id cn ri fiab!e, extens ive "mappable un its" at th e site the th ick secti on s o f fine gra inc d

silts t unes. m ud s tones a nd cla yston es '? Do the con cep ts of "s trat igraph ic seq ue nces" o r " packages" ai d in

the stra tigra ph ic co rrela t ion'?

Considerabl e de tail has been added to the G\I-I cross sec tion since its prelim inary construc tion. The cross sec tion has

integra ted both stratigraphy, lithofacies associations (i.e.. mapping units). and structural J:1t~ along with hy dro geologic

) ie l.i and inflow inrorrn ation from rhe pac ker and h:;. d ropb. sica!

upon the trenc h map. geophysical logs and ima ges . and the con: from \V205CH I and W10SC H l . Each ma p unit is

characterized by a dist inctive lithofacies ass embl age an d vertical profile. The ri ve units include: I) upward fining
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sequen ccs CUf). genera lly con s ist in g o f cong lomerate and sandstone at the bas e w ith mu dstone at the top; : ) massive

mu dstone w ith minor sands ton e (~ l ); 3) massi ve sandstone \\ ith m inor m udston e (SnJ 4 ) we ll- bedded sands to ne

(Swb) with m inor m udst one ; and 5) well -bedded m uds tone (M.,'b) with subordin ate sandstone. The th ick se ction s of

fin er-gra ined rocks m ak e up approxim ate ly 50 percent of th e strata in the Gi\! study ar ea, It is lik ely tha t these uni ts w ill

carry greate r di stances away fro m the GM cross section tha n the coarser-g rained ma ter ia ls. TIle deve lopmen t o f

stratig raph ic "packages" d id a id in conduct ing stra tigra phic correlati ons and wi ll all o w for mo re rel iable co rre la tion s on

a sitewid e basis.

7. How ca n such "rn appn ble u ni t," lie p rojected laterall y away from the t ren ch (a lo ng st ri ke ) to o the r

known observa tions in bor eho les or t renches '?

A geo logic map ha s been revised a long the GM-l Pilot Study area using the del ine ated m appi ng un its and the tre nch

map, Suc cess fu l projec tions a lo ng. strike o n the o rder of 500 feet to the WS cluste r were corre lated us ing the trench m a p

an d the ma pping un its .

8. Arc the topograph ic variation s in the vicinity of the Gi\ i-I tren ch r elated to lit ho logy o r geolog ic

s t r uc tur e as exposed in the trench or in borings'? If so , ca n a geo mo rphologic ana lysis a d equa tely re fine

:!eologic ma pping in area s lack ing in extensive exp osure o r subsur face in ves tiga t io ns "

The locat ion of certa in drainage s acro ss the si te was hyp o thes ized to be co ntr o lled by the pre sence of m aj o r fault ing .

C omp ar ison 0 1- th e rev ised geologi c map and the trench m ap s a long the Gi\l -j P ilo t Study A rea and th e app arent absence

of faul ts in the to pograph ic 10\\5 indicate that the topography is mo re lik ely contr o lled by stratigraphy ra the r than by

stru ctu re . A correlat io n do cs exi st betw een topographic sa dd les an d stri ke-paralle l dra inages in th e GM Pilot Stud y are a

w hich an: under lain 0) li ne -g r:lincJ units suc h as m udstones. Si mi lar ly. topogra ph ic hi ghs and ridge-line s tent! to

corre la te wi th th icke r sands ton e un its ma pped in the tre nc he s and o n the' geolog ic m ap.

9. Ca n the sh a llow seism ic r eflect ion technique reso lve " map pa ble units" , individua l k ey rcflecrors an d/o r

importan t st r uctu ra l fea tures between boreh oles? Is the addi ti ona l in format ion ~ained considered

su bs ta m ive a nti cost -effec tive?

During the source te sts and wa lkaways, very low s igna l-to- noi se rat ios were obs erved. Attempts to inc rease th ese ra t ios.

incl udi ng stacki ng an d fi ltering. made o nly small imp ro vements , Wh en such 10\'0' ra tio s are inheren t in seism ic datil,

su bseq ue nt usc o f the data is lim ited . The m ajor limitat ion. namely the ina bility ,0 in terpret larerall. con t inuous be ds . is

due to the loss of co he renc y. Loss of co herency oc curs due to near-sur fa ce inc o nsi stenc ies or di scont inu o us geo log y ,

As the so ur ce ene rgy pusses throug h the earth. its streng th is reduced . Th e m ore red uced or at tenua ted the s igna!

streng th beco mes the less co he rent the' rec or ded signa l.

Pro-only 1mlex/ .s-:,·: r-: dec
laozs» : 5 OS n f
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P ilo t St u dy

Due to the lo w signal-to-n ois e rat io and narrow band width o i the da ta, enhanced processing w as deemed necessary . T he

raw data were sent to Sterling Se ism ic Service s. Ltd. (Sterlin g) for processing. Ca refu l mutin g oi the near-su rface

"n oise" signal- was a I ec essary ste p in th e process ing . . ince the se s ignals are of a muc h higher am pl itud e tha n other

desired signals down the recor . allowin g them to remain in the data is counterp roductive . Since the overa ll quality o f

the se ism ic sections i fa ir ar best. further processing in term of migration to de pth was de emed inappropriate du e ' 0 th

time and expen se withou t expe cta t ion of ga in ing significant ad di tional info rm at ion .

The lim its o f reso lu tion of the se ism ic data arc subj ec t to interpretat ion. The horizontal reso lut ion wa s est imated to be

around 80 feet to 150 fee t. Th e vertical reso lution is so mewhat more d iffi cu lt to ca lcu late . G iven the insensit ivity of the

da m to changes in frequency and velocity , the e rro r; in vert ical reso lut ion inc rease greatly w ith depth. From 0 to

200 fee t the ve rtical reso lution may be approximately 15 to 25 feet. but from 200 10 400 feet below gr ound su rface the

r 'solution is on the order of 70 t SO fee t. Since the useable dat a is largely below 125 fee t. the vertical resolut ion is

approximately 70 fee t at bes t.

Interp re tat ion of the se ism ic data was: erformed by identifying packages of refl ections on the se ism ic sect ion. Dee to

the need to re duc e near-su rface signal s (rnu ring) to e lim inate unwante d returns su ch as refract ions. ground roll and wide-

angle re flection s. the: firs! interp retab c re flec tions begin at approximate ly 40 mi lli 'e onds (rnscc ) o r ap pro ximatciy

125 fed be low grou nd su rface. Rig orous and exact co rrel at ion of sei sm ic re flecti ons with kn ow n geo logic units was

difficul t, main ly due to lack of ohercncy (c aused by the non-unifo rm near-sur face) and also due to the truncation of

reflections at the ';0 mscc level (caused by the removal or muting o f much o f the data from 0 to ,;0 rnsec or so to remo ve

overa ll d ip of the beds, lerg er scal e faulti ng. and o ther stru ctural features such as folds. A tota l of six packages o f

rerl ec t ion s have been interpreted fro m th is dat a set. The seism ic da a interp retations are limi ted in corroborating the

geologic inte rpr etat ion s and provided help only in de lineat ing larger-sc ale structura l featu res such as the

syncline/a ntic line and the poss ible fault zo nes. Si nce the data lack coheren cy and therefore continuity an d confidence .

even de ta iled work wi th synthetics would be lim ited in appl ica tio n to the area immedia tely adjacent to [he borehole. Fo r

the objectives of the ei rnic su rvey. namely to bridge the data gap between the tren h and the bo reho les above i 50 fee t.

conti nued seis mic surveying is not ind ica ted.

10. Does t he \ '51' su rv ey add substa n tia lly to the q ua lit y of the exis t ing d eep seismic re flection data set an d

its in te rp re ta t io n':

The proccs ing and resu l - are di sc ussed in the Blackha.vk report (.~.. ppendix 4.6 ./v,i . In 5 mmar:. . the use or t n~

.alculation o f engi neering par am eters a lon g with vel oc ity and time data for processing the ent ire v ~ r data set.

f' r O· vI:Z'".)/ ! '! ! i!XI J ;;·CI - ] "d

j /J/25/ 97 .s }} P,H
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Te cbn icul Quest ions Address ed by th e Gi\ I- l Pilot S t udy

Proc essed V P data y ields few re t ect ions: the re arc two that are notab le - one a t approx imatel y 55 ms ec and on e at

25 InSC': . Both o f these refl ect ions are above th e zo ne of interp retable data on the C OP sect ions.

1\. Does the coll ect ion of cont inu ous core in the oil and weathered rock section a bove the depth to base o f

th e ca ing prov ide su bst a nt ive. cost effec tive in for ma tion fo r the geo log ic and/or hydrologic

chnrac tcrizatlo n o f the Sit" o r engineer ing de ign eva luat ions?

Th e continuous sam pling performed in the case intervals o f the e igh t bori ng s instal led for the G~ I - l Pilo t tudy

pro v idea exce llent lithologic in formation o f the shallow vad ose zo ne. No cng inccring rests w e re planned or conducte d

on G .•I- l Pilo t Study sam ples: howeve r, the sampling and oring te .hn iques emp loyed do enab le samples to be

submi tte d for s tan da rd ge ot ech nica l labo ratory testing .

i' ''o· o-n ()' !'11 :t~ _r : Jr!: :-l Joe
If. 25, ')- ~ i: P\ f
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Summary o f G i\I- 1 Pil ot Study Activities

3.0 S UMM ARY OF Gi'l-l PILOT STUDY ACTIVITIES

This sectio n prov ide s an overview o f activit ies pe rformed du ring the GM-I Pilot S tud y and details th e techn ica l steps

and procedures em p loyed in dat il ac qu isition. This activity sum mary consists o f n ine subsectio ns addressing the

following elements: T renching, Dri lling and Coring , Boreho le Imaging and Geo phy s ica l Logging. Hydra ulic Testing.

Geoch emical Sam p ling. Se ismi c, and Data Man agement and Qua lity Contro l

3.1 Gl\I-l Trenching Program

Th e objective of the Geolog ic Trench Mapping (Grvl) program is to establis h a con tin uou s stra t ig raph ic descript ion ove r

approx imate ly 4 000 feet along an east-west line b isecting the or igi na l footprint and buffer zone ( Fig ure I- I) . Alon g th is

inte rva l. the beds gen erally d ip from ISO to 20" east, thus the trenches provide a nca r-surfa ce refe rence fo r roc k un its and

stru c tural ele me nts encountered at depths up to severnI hundred feet in boreho le s. Th e trench mapping was con du c ted

under th e su perv is ion of Dr. Jerry Ba rtho lomew of the Uni versity of South Caro lina - Earth Sci ences Research Center, a

subcont ra cto r to lILA.

Subsequent to the start of the GM-l Pilo t Study. the confi guration of the fac ility lay ou t was changed. Th is was the res u lt

of the find ings in De cision Po int Z. (See Section 5 o f the Summary Report for Dec is io n Point I. ) Th rough out the text

and illustra tions in this report, references are made to the orig inal site layou t and buffer zo ne s ince it was the bas is for

location o f the pilot study activities. Subsequent to th is report, the new area of focus and/or facility layout w ill be

referenced .

3.1.1 Trench Locat ion

G M tren ches were mapped to pro vid e continu ou s stra tig raphic sections at specific locations across the site . T he new

trench es mapped during the G!\I- 1 Pilot Study (G i\ I-2 thro ugh G1\I-4 ) extend from the eas t and wes t ends of the

orig inal. 2000- foo t·l ong. GM-I trench which was mapped during a pre vious stud y . The re fore. [he fou r trench es prov ide

a co ntinuous stratigraphic sectio n fro m the we st end of G M-3 to [he cast end of G 1\I-·L w ith the exce ption of Si te Road

.L. near Bo reho le W206A R I. Beg inning at 44 0 feet E (east) in GM -4 . that tre nch de viates from the east-west tre nd and

bea rs approx imately S 60° E to the end ofG1\ I-4 at 663 feet,

3.1 .2 Tre nc hin g a nti i\ lapping l\I et hod s

Trench ing and mapp ing were cond uct ed in ac cordance \'\ irll Te chnica l Proc ed ures (TP) TP--l (Surveying ), Tp ·G(T:<.'o( 11

Excavation) . and l 'P-9 (T ren ch ;\-i.1pp ing and Docurneurarion). Trenches \\ ere open ed '~v i !h a back hoe equ ipped \vi:h a

-t- foo t-wide bucke t. The bonorn of the opened tre nch was on e bucket w idth . f ield personnel coo rdinated w ith the

backh oe operator. an d suspe nded d igging approx imate ly every 15-20 feet to en sure [hat an appro pr iate depth \ \T

pro-on] r lfrnt cxt/scct -3.doc
10/25/97 .j·56 Pi\!
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S u m m a r y of G :\ I- 1 P ilo t Study A ct jv jt ie-,

ma inta ined s I h that less-weather ed . rec ogn iza b le be drock was observabl e in the bott om o f the trench, If un ique

features such as fa u lts or fo lds we re en ou nter cd, the Tren ch Proj ect fi del G eo log ist m: de loc a l adjustmen ts to depth to

ensure adequate ex ami nat ion or su ch fe atu res . At any spe cific time . the port ion of the tren ch leng th w hich wa s be ing

actively mapped ' ,\ "J.S kept o ver d by a ten t t prov ide ade q ' ate cover /pro tection from rainfal l.

Once the req u ire ' length \', as opened . wi th benching and/o r bracing provided where needed and acc ess area s pr o vided

approx im atclv every ~ - fee t. the so uth w a ll of eac h tre nch \\ J.S scraped to remove all bucket marks and sm eared

materia l, Five -f oot interval s \\ er e the n located a long each south trench- wa ll us ing a 6- foo t level . These locat io ns we re

numbe red seq uentia lly fro m we st to eas t (0 fo ot E, :' fee t E. i 0 feet E. 15 feel E. erc .) an d were marked w ith .3 x 5 inc h

cards a nd a p iece 0 . pink tape. both imprin red with the tre nc h number and the 5- to o l in terval num be r. TIle.3 x 5 inc h

cards and the p ink ,3p e ve re secured into the \\ 3111sing S in h (o r longer) spi kes .

Trench m ap p ing W ;I ' cond uc ted by the T ren ch Proje ct Field Geolog ist (T PFG) an d the A ss istant F ie ld Geo logi sts un de r

the d ire ct supe rvision OJ the T PFG , Each ind ivid ua l ma pped a spec ific type o f feature ( litho log ic cont ac t: frac ture. et c )

a long that port ion of the trench: and a ll mapped features were ch ec ke d by the TP FG . T he m app ing be gan \~ ith the

we at hered ro ck was marked by a 5:: ies of nai ls ornamented \\ ith green tap e (yeliow tape was a lso us ed for th is bo undary

in the fi rs t 20 0 fee t o tG. I·:; and the first 100 (eel o fG \ I-.3 ), Th is bou nda ry was p lac ed at the ba se o fbrown o r

brownish gray so il \\ hid: was lack ing :l relic rod: fabric. T he boundary bet'....een very se vere ly we . thered ro ck . wh ic h

w ithin re co gn izab le rock f;:b:-ic.

The- bo undary betwe en ind ividua l lith ic units \\ as defined 1I illg na ils orna me nted \\ ith oran ge ta pe " A larger na il,

ornam e nte d wi th a II idc r (2 inc h) orange tape be ari ng the num ber and tren ch des ign at ion o f the uni t w as p lac ed wi th in

each un it at th e loca tio n .hosen to bc de scr ibe d ;1, represe ntat ive of that un it. A separa te lar ge r na il. a lso orname nted

\'~ ith ".\ id .... r ( 2 in h) orange tape c~_· :l rir:g the uni : numbe r with [he letters ··S'.\"" and the trench Ics ignation, \\ as ~15o

pl ace d w ith in the \ cr:, evcrely \\ ca thered portion of each lith ! un it (any pa n o f the unit bo vc the bo und ary marked b:,

the wh ite -ta ped na ils), "I his loca tion \ 1 as ch osen III be de scribed as representat ive 01 the soi l chara tcr is t ics (If the vcr:

severely we athered por tion of tha t lithic un it.

rto~n ! !- f;r. :c\ t 'iCC;·.3 G;.:
10/ 25/0 - .! ~6 P\ t
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Summary of Gl\I-l Pil ot Study Activities

Once a ll features with in a specific portion of a trench (generally 100-200 feet ) we re mark ed by tapes/nai ls, then

photograp hs were made of each five -foot interval. The photographs were developed the sa me day or the next day and

two sets of prints were made. T he photographs were labeled on the back to show the trench num ber, interval or feature

photographed, the date, and the name of the phot ographer. One set of photographs was then set aside , unm arked. so that

the phot ograph ic record preserves the trench in pri st ine cond ition in case o f weather- induced chang es. The other se t of

photographs wa s used to mark a ll contacts, fract ure s and other features w hich were mapped, de lineated by deco rated

nails , and/or labe led . This set of phot ographs provided a rec ord of the actu al fea tu res mapped and surveyed, and serve d

as a verificat ion tool for the preparati on of the computer-generated trench -m aps .

After de lineating the units and feat ures, the lithic uni ts were described . Description terminology for so ils. lithic units

and fract ure s was in accordan ce with the proj ect Lex icon. Strike and di p measurements (p lus pi tch if ap propriate) were

measured for each fractu re . All data for units and frac tures were recorded in an ele ctronic spreadsheet format. Spatia l

location of a ll trench e lements, nai l by nail was accompl ished by use of lase r surveyin g eq uipment (a ' to ta l statio n '),

The survey data were downloaded into a programma ble Hewlett-Packard ca lculator. and subsequently imported into a

sp reads heet.

Th e survey data for each surveyed locati on co nta ined the fo llowing element s :

Su rvey stat ion number ,

Northing.

Easting ,

E levat ion . and

Text descr iption, indi cat ing sta tion type (unit conta ct or desc ript ion , fractu re or desc ription . fi ve-fo ot marker s.

so il cont act , [severely ) we athered conta ct or lithic incl usion in so il.)

These e lemen ts are imported into an Excel Work book (spreadsheet ) and so rted by type (un it co ntac t, soi l, frac ture, etc )__

Each ty pe was imported separatel y. as ind ivid ual poi nts. into a lntergraph M icrosrat ion softwar e to form an in-s itu

temp late for drawing the tre nch secti on. Bec au se the orientation of the trench was nearl y east-west along mo st o f its

length, North ing va lues were se t to zero, East ing va lues were consid ere d as "X' . coo rdi nates and ele vat ion as "Y"

coord inate s. In the far eastern end of trench Gi\·1 -4, which diverged at an angle of approximately 30' fro m the o rigina l

or ien ta tion in order to av oid a power line. the hyp oten use projection onto the east-west line wa s plotted as the " X"

co or dinate. To co nstruc t the cross sec tio n, po ints o f each separate type were con nected, using d ifferen t colors generally

correspondi ng to those used in the tre nch mapp ing. The trench photographs we re used as a quality cont ro l bo th to ver ify

that contact and frac tur e lines were acc urately con struc ted and to det ermine ap propriate labels fo r un its and fractures .

pro -on Iy/fm text/se e r-3. doc
I0i2 5197 0\ :56 PM
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S um ma ry of GM- l Pi lot S tudy Ac tivit ies

The Ex cel Wor kboo k da ra fur G \ 12, Gl'-13 and G M4 arc located in Appendix A- I. Eac h Workbook cont ai ns the

fo llo wing in ro rm arion : litho log ic description a bb revia tio ns . litholo gy , soil abbrev iations . so il des c rip tions, fract ure

abbreviat ions. fract In: descri pti on s. pho tog raphy log , and bed or ientat io n.

3. 1.3 T re nch i\ Ia pp ing Q.-VQC

Qu a lity Ass ura nce and Q U31i:y Control (Q A/QC) was accomp lishe d during the mapping by Dr. Barthol ernew and by

ll lA. Init ia l QA/QC was done whi le un it boundaries an d fractu res wer e be ing ident ified and m arked on the tren ch wa lls

with mar k ing ta pe and nails. The TP fG ch ecked the work of the assi stant ge o logists in the field an d exam ined ali

contacts and fractures delineated by them.

The photograp hs o f the mapped tren ches were taken either by the TPFG or one Assistant f ield Geo logist designat ed for

pho tog rnphing, label ing and mapping on the photographs. Th e TPFG checked the contacts and features sh own on the

phorogra .hs wi th those same fea tures in the trenc h for ac curacy and consistency. These photogra p hs provide a

permanent visual rec ord o f the excavations and the feat ures map ped.

then compa red the spreads heets \\ ith the tre nch maps in the field and made mcdi fi ca t ions 3 5 app ro p r iat e .

Subsequent to the re ce ipt o f the d ra tt tre nc h maps and data spr eadsheets , liLA con ducted :1 QC re view o fth e data

includ ing a ch eck o f the con sis tency of data w ithin the spreadsheets and be tw een the trenc h map an d the spreads heet.

Add itiona lly, an inde pendent field check o f 18 locations in the trench wa s conduct ed by HlA to con firm the data .

Drilling and Coring Program

The G :-' I· I P i" )! Study drilling and cori ng activit ies began on Ap ri l I . 199 7 and we re completed on A pril 21, 1997 . :\

total o f nin e bo reholes were d rilled and sam pled during this time period . The borin gs were located a long the pre -ex ist ing

Gi\ l-I trench . o r the ne w exten sio ns of that trench (Gl\ I-2 thr ough G:'I -4) . wh ich are orien ted east to west acro ss the Site

( Figure I- I ). All d rilling and cor ing ac tivities were conducte d in accorda nce with '1'1'- 1 ( Dri lling) , T P--i (Surveying),

T P-S (G eo logic Logg ing o f Core Sa mples ). T p· 11 (Core Transfe r), '1'1'-23 ( Da ta l'.lanagl·ment and Prese rva tion). and

T p·29 (Core Logg ing Proced ures ).

The pre vio us Site well num ber ing sys tem \ \'3S adopted \\'1t11 m inor mod ificatio ns for use during this pilot study. Eac h

well name beg ins with a "\1:" indicat ing the bor ing is located at the Wake County S ite. fo llowe d by a sequen tial nu mber

designJ ting the loca tion o r the borehole on the Site. fo llowed by a two letter des ign ato r ind ic:ltin g he drilling or

sam p ling metho d used C AR " for a ir rotary or "CH" for core hole). fol lowed by ano ther seq uentia l num ber ind ica ting the

number of th is part icu lar t:-pc o f borehole tha t is present at that Si te location. Add itio na lly . an ..c\" o r " B" W:l5 used to

di ffereruis:e between identical borings drilled with in 10 feet of each other :H the \V~O 1 it cation. The Borings were

;.rV-Dnl:1 trnzcx :. s. ,,:~t· J .t!Q-;: .3 -4
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S um mary o f Gl\ I- 1 P ilot S t udy Ac t ivi ti es

seq uent ia lly nu mbered wit h bo rings \V20I ARL-\ a nd \\'20 1AR lB located on the west end o f the ext end ed trench line,

an d boring W2 0SCH I loca ted on the east end ( Figur e I- I), The drilling was conducted by ,,-leCa!! Bros, Drilling Co.

and the ir subcont ractor Graham & C urrie Well Drill ing Co" Inc.

3.2.1 Sa mpling a nd Drill ing

Drill ing work included the sam pling of the unc ons o lida ted soil and non-com petent bedroc k, surface cas ing instal latio n .

and compete nt be drock sampling and dri lling. Pr ior to the commencement o f dril ling acti vities the location of ea ch

bo rehole was estab lish ed by a Stare o f North Caro lina licensed surveyor.

3.2. 1.1 Unco nso lida ted and Non -Competen t Deposits

Th e me thods used to dri ll and samp le the unconsolidated soil and non-competen t bedrock were th e sam e at each

borehole location. This included in itia l sampl ing o f the surfac e so il and the weathe red non -competen t bedrock. ream ing

o f the boreh ole drill ed during sampl ing . and install ation o f a surface ca sin g.

Unconsolid a ted So il

A t ea ch bo rehole lo ca tion init ial drilling was conducted usin g a truck-mou nted auger d rill rig (C M E -85). eq uipped wi th

o-inch ou ter-di am eter holl ow-stem augers. Cont inuous sam pling o f su rfac e soi l was cond ucted through the ho llow stem

of the auge r by d riving a two foo t long , 1.5- or 2.5 -inch outer-diameter spli t-spoon sampler ahead of the au gers w ith a

140 pound hammer (using an ap prox imat e 30 inch dro p). T he sp lit-spo ons were lined wi th clea r po lyb uryr are tubes.

Upon retri eval, ea ch spl it-spoon was taken ap art and the liner w as ca pped o n bo th ends with p last ic caps. Spl it-spoo n

sa mpling was con ducted unti l s poo n refusal occurred, appr ox imately 4 .9 to 12A feet be low gro und surface (bgs)

(see Tab le 3- 1). Sa mp le recovery from this zone averaged 69 percen t.

NOll -C ompetent Bedrock

Upon spilt -spoon refusa l, the auger dr ill rig was set up for coring, Th is incl uded the USlC of a two inch inner-diameter

(NO core) doub le-rube co re barrel. In itia lly a ten- foot-long , so lid core barrel was utilized for the non -competent

bed rock co ring work. Howe ver, to imp rov e recovery. a five -foot- long . spilt-barrel sam pler was used instead, which

increased rec o very and improved sample qu a lity, Overa ll, sample recove ry fro m th is zon e averaged 92 pe rcen t.

The use o f drill ing flu ids duri ng coring activit ies was necessary to lub rica te the core bit and to flush cu tt ings from the

borehole. Th erefore, d uring coring a mud ta nk was se t-up to rec ircu late drill ing fluids, \\ hich consisted o f wa ter ob ta in ed

from the Si te 's production well. Co ring of the non-c ompet ent bedrock cont inued at each loca tio n u nt il bedrock su itab le

for anch or ing the base o f a su rface cas ing was encounte red, T he tota l de pth of th is coring ranged from 22-5 to 36 fee t

bgs (Table s-u

pro -cn ly/frntext/scct-). do c
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S um mary of C ;\ I- 1 Pilo t S tudy Act ivities

Rea ming j Su rface Casing l ns ta lla tion

Upon comp letion o f 111::: unconsolidated soi l and non-com petent bedrock sam pling work, each boreho le was reamed o ur

[0 approx imately 12 inches in d iameter. The reaming work was conducted utilizing air rotary drilling methods by an

Ingersoll Rand T3 \V drill rig, equipped with a percussion bit (button bit ). Water w as not introduced into the air stream

during the surface casing reaming work. Each borehole was reamed to the approximate depth dr illed during the

non-competent bedro ck sampling work, ranging from approximately 24 to 36 feet bgs (Tab le 3- 1).

After reaming was complete, an S-inch inside-d iamete r. Schedule 40, polyv inyl chlor ide ( PVC) surface cas ing was

100\(~n.:d to the base of the bo ring. A rigid trernie pipe was lowe red to a point near the base o f the boring and was use d to

pump grout into the annul ar spec betw een the casing and the borehole wall. Pumping of grout c ontinu ed unt il the

consisten cy of the grout retu rned to the top of the boreho le was similar to the grout pumped into the borehole. and was

later topped off if se ttling oc curred, The grout consisted of a cement-benton ite mix with a densi ty equal to or grea ter

than 8 .6·1 pounds per gallon. It was a llowe d to se t at leas t 16 hours (typically several days were allowed) pr ior to

conducting the addit ional drilling work discussed ill Section 3.2 .1 .2 (Competent Bedrock Sam pling and Drilling). Upo n

completion o f sampling and dr illing work. a locking well cap was insta lled at each boreh ole and the elevation o f the top

of the sur fac e casing was sur veyed relat ive to .\ lean ca Le vel by a Stare o f North Carolina licensed surveyor

Crab le 3-1).

3.2.1. 2 Com pete n t Bedrock

An a the su rface casings had been ins tal led. as discussed in Seerion : .2.1.1 (U nco nso lida ted and 00n-C ompctc nl

Deposits). dr ilhng and sarnplin ; of the competent bedrock \ \ :15 conduc ted. All G:-'l- 1 Pi lot Study boreholes except

\V::05CH 1 and W208CH ] were advanced using air rotary drilling techniques withou t any addit iona l coring. At

W205CH I an d W20SCH! the boreho les were advanced rhrough the competent bedrock by coring to a specified \kpth

and then reamed or advanced further using the air rotary dr illing technique s described below.

Air Rora r y Drilling

S imi lar to the ream ing work de scr ibed in Section 3.2. L 1 (U nco nsolida ted and Non-C ompetent De pos its ). air iOiar:¥

drilling through competen t . edrock W:l S conducted by an Ingersoll Rand TJ \\' dri ll rig. However for this wor k t\\O

differe nt drill bits wen: used. either a burton bit or tri-cone bit (Tab le 3-1). Th e different dr ill bits \\ ere used to evaluate

the bit"s effect on borehole wall surface roughness anti any corr esponding effect on the quali ty of the borehole im,lging

discu ssed in ect ion 3.'1 (HIPS and Wireiine Logging). During the air rotary drilling of Sections ofbedrock that had not

been cored. samples o f the rock cuttings were co llected at 5 foot intervals for the purpose of developing the Field

Borehole Record as described in Section 3 2. 1.3 (Logging Procedures). Also. except for at boreholes \\"20 IAR1:\ and

1,\'20 I AR IB. limited quantit ies o f water from the ire s produc tion well was introduced into the air stream J uring air

pr0 -\lnJ:- Ifmte xlt scc t-J doc
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rotary drilling, Th is change was implemented bec ause a mo ist air stream produced a cleaner borehole wall that was

better sui ted for the bor ehole imag ing .

All boreho les were drill ed 15 feet deeper than the proposed target depth, to prov ide a " ra t hole" re qu ired for the w ire line

loggin g too ls, 3 5 discussed in Section 3-4 ( Borehole Imaging and Ge op hysical Log ging Prog ram). The total depth of the

boreholes that were not cored below the surface asi ng, but we n: ad vanced us ing ai r rotary drilling ( all Gi\ l- [ Pilot

Stu dy boreh o les excep t \V1 0 5C H 1 and \V10SCH I), ranges from I [5 to 465 feet bg s (T able 3- 1) .

Rock C ering

Rock coring of the co mpeten t bed ro ck (bed rock below the surface casing) was conducted at bo reholes Wl05 CH I and

\V20SCH I. Th e sa me coring methods described in Sec tion 3.2_1.1 (Unco nsoli dated and Non -Competent Deposits) were

use d to core the com pet ent bedrock. except that a temp orary. 4- inch -d iameter . flush-threaded, steel core cas ing was a lso

use d. T his casing was ins ta lled thro ugh the 8-incn-d iameler sur face casing and fit snugly into the -l- inch-d iame ter hole

creat ed by the coring. Th ree ce ntra lizers wen,; used to insure that the core casing was installed in the ce n ter o f the larger

diame te r su rface cas ing . The tem porary core cas ing was install ed to a depth of 140 and 30 feet in bo reh oles \''-205CH I

and W20SC H I. respectivel y. With mi nor exce ptions. a JO-foot-lcng. so lid core ba rrel was used d ur ing th e coring of the

competent bedrock. because use of the so lid co re barrel (as compared to the sp lit-barrel) d id not reduce sam ple recovery

or de grade sample qual ity w hen coring th e com pete nt bedrock. Upon completion of co ring. the: te m porary co re cas ing

was removed .

In genera l. the dri lling fluid used w hen cor ing the co mpetent bedrock cons isted ofwarer obta in ed from the Site ' s

Production Well . T he only e xce pti ons to this OCCUlTed at W2 05 CI I l , On April 6, [997, when a w ater lo ss zone w as

encountered and fluid circulation wa s lost <:II a depth of app roxima te ly 157 teet bgs , a drilling po lymer (A D1' Po ly 50 )

wa s added to th e drillin g fluid H~ re ga in c ircu lat ion. Add itional sma ll amounts o f polym er ( [ to 5 gal lon s} were ad ded

dai ly , as needed. on April 9 through J 1. 1997 an d agai n on April l .f. [997.

Cori ng was con ducted to a max im um depth o f 562 fee t at bo ring W2 05C H I. and a de pth o f 500 . 1 feet a t boreh ole

W2lJSC l I I , C or ing was d isc ontinued at W205C H I because o f the dr ill ing probl em s disc ussed be low; coring was

stopped at W20SC H I because the des ired targe t de pth was ac hieved . With a few notable excep tions the recovery was

goo d in the cored inte rva ls, a lthough it was better at W20SCH I. When cori ng th e competent bed rock. an aver3 ge

recov ery o f 9·1 pe rce nt was achieved at W2 05CH I. whereas. an average recov ery o f greate r than 99 pe rcent was

achieved at W20SC H 1.

Difficulties w ith core recovery were exper ienced Cit Boreho le W205 CH I bcgi nrung at it depth of 33 i feet bg s. Thi s depth

corresp onds with a zone o f highiy frac tured and breciated bedrock. Apparently, at approximately 33 1 fee t bgs , loose

fragments of bedrock became lodged inside the core bit. Th is prohi b ited the co llect ion o f core. bUI still all ow ed the

pro·,mlyffmtcxVs.c-ct-3.do,:
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advancem en t o fthe bit through tnt: stra ta, Typ ica lly . a blockage of th is so rt wil! not a llow advancement of the . it.

Bec ause o fth is. seve ra l core run s were ane rnpred wh ile the bit \\a5 blocked, wi th little or no core reco ve ry. After

sev eral attem pts th e dr ill st ri ng was rem oved from the borehol e and the bloc kage was Icarcd. T he resultan t core !0 55

zone extends from 33 I to 366 feet bgs.

Co ring difficu lties also occurred at W::'05 CH I that were related to the tem porary, -l- inch- d iam erer core casing .

Typically. only short len gt hs (30 feet) of th e tem porary casing a re required. Ho weve r, tilt: c irculatio n of dri li ing flu ids in

boreho le W2 05 CH 1 caused er osion (wash-out) of the bedrock a t the base of the tem po rary casing . caus ing it to s lip

do wn hole and req uir ing add itional leng ths to be ad ded to the ca sing str ing . Eve ntual ly . aft er the bo rehole had been

cored to a depth of S5G feet bgs, the temporary casing st r ing became prohibitively lo ng (approx im at ely 1-10 feet) and

co uld no lo nger be lengthened. Therefo re . the tem porary ca sing was rem oved and the bo reho le wa s ream ed to

6 .7S- inc hes in d iam eter using a butto n-bi t reaming tool as described bel ow. A tem po rary casi ng. consist ing o f a -l-inch 

di am eter stee l p ipe . wa s th en insta lled in the bo rehole to a dep th o f app rox imate ly 556 feel bgs. To m in im ize scoring of

the bor ehole wa ll, and to insu re that the cas ing could be rem ov ed at a later da te. ce ntra lizers were not ins ta lled with thi s

ca s ing . M ult ip le core ru ns through th is casing produced some core rec ove ry in the int erv a l fro m 556 to 562 fed bgs .

I lowe ver . ancm pts to con; the bedrock thr oug h th is cas ing » erc g::n~r:dly unsuccessfu l an d resulted in un acceptable

scoring to the d rill s tr in g and down hole loss of a core bit , Because o f this . and becau se eval ua tio n of "h t.:: ind icated tha t

approximately 169 fee l o f bedrod : belo w the WE; faul t had been cor ed at th is location , coring was di scont inued and the

Fina l Co reh olc Rea m ing

Upo n com pletion o f cor ing work at W: OSCH I and after W2 0SC Ili ha d been cored to a depth o f 556 feet bgs, the

core holes we re ream ed to a di ameter o f appro.. im:1tI:l y 6 .75 inch es . Two d ifferent ream ing bit s were used , both 100 15

ut ilized a g uide bit and a gui de tube to ma inta in a vert ical. non -devi ated o rient at ion . At W:05CH I the ream ing too l was

a button-bi t: at \V20 SCH I a tri -co ne ream ing tool wa s USCe!. Lim ited q uanti t ies o f water fro m the S ite's pr od uc tion we ll

were introduced into the air stream d urin g ream ing. This was done because it was obse rved that a m o ist ai r stream

produced a clean borehole wall th at was well sui ted tor bore hole im2ging...... fte r rearn in; was completed to a depth o f

:5 56 feet at \\,1 05 CH I and 500 feet at W20SCi I! . the ai r ro tary dr illing m ethod s descr ibed above were ut ilize d 10

complete the bo reholes to the ir tlnal depths of 715 an d 5 15 feel bg s. respec tive ly Cra ble .3 · 1\,

3.2. 1..3 Logging Procedu res

Record . T he se rec o rds were use d to help produce the Fina l Bor ehole Record discu ssed in Section 3.3 (C o re Logg ing

Prog rarn).

prn-on l ':'1trnrcx t-sec t· 3.i k l('
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Logbook

The Logbook wa:; ma inta ined by each Proj ect Rig Geologist and was used to documen t dai ly activ ities . Inc luded in each

logbook were the:

N am e and t itle o f the author, da te and time of ent ry, and phys ical /enviro nmenta l con d ition s du ring field ac tiv ity

Derailed de scription of the fie ld activ ity,

• Namers ) an d tit lefs) o f fie ld crew ,

Narnefs) and litle(s ) of S ite vis itors,

Sample collect ion or me as urem ent method.

Descript ion of me asuring re fe rence po intts ).

Un iqu e boring or samp le iden tificat ion num ber t s),

Docume ntatio n o f field equipm ent used.

Field obs ervat ions and comments.

Disp os ition of all field gene rated wastes,

Rec ords of problems enco unte red and the reso lution ofthose problems.

Re cords o f water usage and wa ter prod uct ion from the bo reholes during fie ld ac tivi ties , and

Hand meas urements of wate r leve l in the boreholes during field ac tivit ies.

F ield Boreh ole Record

The Fie ld Bore ho le Rec or d was used b}c the Project Rig Geologist to d ocument sam plin g me thods and in terv a ls, sam ple

rec overy. rock quality desig nat ion, d ri llers observation s. and to d evel op a pre liminary geologic log of the soi l and

bedrock sa m ples collected , Geolog ic te rmino logy used for this record was in accordance wit h the project Geo logic

Lex icon o f T erms.

pro-onlylfh"tt::-xt/s;:c:·.3.coc
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3 .2. 1.4 S a m p le H andl in g P r ocedu res

Three types of sa mples were co llected d urin g drill ing and cor ing act ivit ies , These include spl it-spoon samples of the

un consolidated so il. core sam ples of the non -c ompetent and the competent bed rock . and bed rock cutt ings co llected

during a ir rotary drilling .

Unconsn lida ted Sam ples

Split -spoon so il sam p les were retained in the dear. po lyburyra re tube used to line the spli t-s poo n during collect ion.

Upo n re rrjeval. the line r was tr immed to size. ca ppe d with plastic end caps. am! labeled in accordance with TP- I

(Drill ing) :0 indic ate the depth interval and the top and bottom of the sample . The sam ple was then placed in J

prot ect ive wood core box as descr ibed below .

Co r e Sa III ples

Upo n extrus ion of tilt: rock co re from the core barrel. the top and bo ttom of th e core, and th e end o f th e core ru n wen:

la be led in accordance w ith T P-I (Drilling) . A fter labeling W J S complete the core was logg ed and the n broken into

lengths tha t would fit into the protect ive core box. \\ '000 spacers. painted re d. wer e placed in th e ' o re box to mark

identified co re loss zo nes. Plastic bubble wrap was used to line the co n: box to min im ize damage to the core du ring

tra nsport . At th e end o f each da) th e core boxes were taken to the ons ite Tem porary Co re Stora ge Fac il ity (a (n ile.

loca ted adj ace nt to the HL\ fiel d office trai ler) an d checked int o storage by the Fie ld Act iv ities "-Ian ag er o r his

de signee. The next da y of dri llin g o nly the last. part ia lly filled, core box was taken o ut o f storage and trans ported back

to the d ril l si te . ;IS necessa ry .

Ai r R ot :ll')" C Ul t i n :,:s

S am ples of bed rock cu ttings pro d uced durin g ai r ro tary dri lling wen: co llec ted from the disc har ged air strea m wi th a

st rain e r, A pprox imate ly I to 2 cub ic inches o f cutt ings were co llected a t each 5- fo ot interva l. The cutti ng s were placed

ill a cle a r p las tic compartmen ta lized box and se t in the sun to d ry. Ea ch com part m ent was labeled in acco rdance w ith

TP ·I (Drilli ng ). Up on comple tio n o f samp ling . the box was sea led with d uct tape . Simi lar to the core boxes, at the end

o f each (b y rhe plas tic sample boxe s were tak en to the ons ite Tempor ary Con: Sto rage Fac i lity and checked in to storage

by the Field Ac tivi tie s Manager o r h is design ee. On the ne xt day o f dr illi ng . o nly the last, pa rt ially till ed, pl ast ic sam ple

bo x wa s ta ken ou t of storage- J nG trans ported back to the dr ill si te . as necessary.

T ern pora rv Co re St ora::!!: Facil ity

At the Te mpo rar y (ore Sro ra gc Fac ility. the Field Acti:..it ies :' lanaga rc .. iewe d the Field Boreho le Reco rds to confirm

usage ofterminology cons istent with the Geolog ic Lexicon of Terms. The Field Borehole Records were then compared

J - I 0
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to the c ollected samp les to verify sample labeli ng and the de pth of co llec tion. Any d iscrepanc ies noted were corrected,

and the correct ions initialed. dared, and reviewed with the Project Rig G eo log ist that wa s respons ib le for collection of

the sam ples, Eac h co re box was then photograp hed prio r to tran s fer to the Inte rim Cor e Storag e Fac ility (Morris vill e,

N orth Carolina).

3 .2.2 Hydr:lul ic M oni toring

Two types o f hydraulic monitoring we re conducted during drill ing an d sam pl ing ac tivities. Th is included mon itor ing th e

amount o f water used or produced duri ng drilling activit ies. and period ic mo nito ring o f the wa ter levels in nearby well s

and boreho les .

3.2.2.1 Water Usage a nd Prod uct ion

Records of the vo lum e o f water introduced into, or produced fro m the boreholes d uring fi eld activ it ies were kept by the

Proj ec t Rig Ge olog ist. Du ring drilling and sampling. the amount of wate r intr odu ced into a boreh ole was mon itored by

recor din g the vo lume of wate r trans ferred from the supp ly tank into the rec ircul ating mud tank du ring coring act ivi ties.

or intro du ced into the air stream during air rotary drill ing. Each drill ing locatio n was set-u p. such that . any excess water

produced from the bore hole wou ld now into a plast ic-l ined mud pit that had been dug near the boreho le loca tio n. When

the mud p its were emptied the volum e of water pumped from the pit was recorded . The net loss o r product ion o f water

from the boreholes was then ca lcu late d from the se records.

The pr esence o f wat er los s zones was also noted when poss ible . These zo nes were iden tified by th e occurrence of

sud den increases in water usage or prod ucti on from distinc t dep ths in the bo reho les . Derails o f wa ter loss and

prod ucti on during fiel d activit ies is discussed in Sect ion ·L1 {Analys is or Hyd rau lic Resp on se dur ing Dr ill ing and

Tes ting).

3.2.2.2 W ater Leve l IVlnn ito r ing

Fo r the purpo se of e va luating hydraulic responses to field ac tivit ies. water levels were measured periodic all y in the

newly drilled boreho les and in some of the exist ing well s located in the vic init y of the G~.l-I trench . Dur ing dr illing . the

depth to g roundwater in the newl y drill ed boreholes was measu red by hand to the neare st 0. 1 foot using an electr ic

wat er leveI met er. Later dur ing packer resting th is dat a \\ as co llec ted in these wel ls at two min ute intervals. to the

ne arest 0 .0 I foo t. usin g press ure transducers and data loggers. Pre ssure transducers an d d.l!:l logg ers were als o used

du rin g [he entire GI\ ! ~ I Pilot Study to collect depth to water measurements at 1:': 0 min ute intervals. to the nea res t

0.0 1 fo ot, in nearby ex isting lon g term monitoring wells and in Well \\ . :'>1 C i I. The analvsis o f this da ta is presented If!

Secti on ·L I (Analysis of Hyd rau lic Response du ring Dri lling and Testing).

pro -onIy/frnt ext/scct -L doc
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3 .3 Core Logging Prog ram

During the G~l -l Pilot Stu ly, soil and bedroc k co re samples we re co llec ted at e ig ht bo reholes, as d iscu ssed in

Sect ion-3 ,] (Drilling and Corin g Prog ram ). At each oft hese locations. so il and bedrock core was col lected in the

sha llo w portion s (ge nera lly less than 36 feet bg s) of the bo reholes, becau se this shallow interva l cannot be logged by

m ost geophys ical tccnn iqu es . At Boreho les \V20 5CH Ian d W2 0SCH ! bedrock co re samples we re als o collected from

deeper depths. Tab le 3-2 lists <Ill the boreholes and dep th intervals logged by trad itiona l core logg ing methods during

the G~l- I Pilot Study. The core logging conducted wa s bas ed on direct ob servations and measurements of th e so il an d

rock sam p les . T he logg ing met hods used were in acc or dan ce with TP-S ( Field Logging o f Co re) and T P-2 9 (Con:

Logg ing), and are described be low.

3.3. 1 Pr e-Logging Act iviti es

To en su re that a ll significant informat ion obtainable from rock co re would be recorded co m pletely and cons istent ly.

three docu ments were generated prior to logging ; incl ud ing: I ) a Gra phi c Core Log paper fo rm ( form ) con ta ining spaces

co record (log) a ll the s ign ifica nt geo logi c dat a tH the de pth s :\1 which the y occurred. 2) a Lexicon (Lex icon ) to be used

by all invest iga tors $0 that uniform de script ions and ter rnino log y would be applied to the rocks and thei r propert ies. and

3) T P-29 that de scribes a dera ikd procedure for core logg ing .

The form used lor logging co re is the same one developed b:. AG I for the co re requalifi carion work. The form was

dev eloped during Marc h an d April. 1997 . with n:vic\\ and comment by the Nonh Caro lina Geolog ica l Survey ttl a

meeting on Ap ri l 29. 1997 . Th e fortn pr ovide spaces for record ing da ta that makes po ss ible the c lassification o f flicks

and an interpretation of their origin s. as well as the ir we athering, d iagenet ic and struc tural his to ries . The loggi ng form is

de s igned so that all si gni ficant features o f rocks that ar..' pre sent ca n be rec orded . If some features a rc not presen t. the

form requ ires that th is in form at ion is a lso rec orded in a co mm ents section.

The form is printed on legal size paper (8, 5 x 1-1 inch) and has space to record data for 10 r'\:ct of co re. The fo rm has tWI)

pages: one page for rec ording rock classifica tion and re lative pro po rtions of gra vel. san d and mud (s ih.clay) and

lith ologic ch aracter istic s. an d a companion page for the sa me depth interva l used for rec or d ing fracture informat ion.

Co pies o f the co m pl eted fo rm for Boreholes \1:20 l:\R I through \\'20SCH I hav e been submi tted under separa te co ver.

Th e Lex icon was develope i jo int ly by those per forming core requaliric a tion. core IOl;g ing. and trench mapping. it abo

WClS re v iewed an d commented on b:.' the NorJJ Car oli na Geolog ica l Su rvey , The Ge o logic Lex ico n o fTerms requires

th at rocks be classified using the Folk ( 197-1 ) Classifica tion System. II alsoprovidesdefin itions for rock characte ristics

and s truc tu res . Adopt ion of the Geolog ic Lexicon orTerm s made possible consistency in use of descriptive term inology

by \ 'J.r10US investigat ive teams, Abbrev iations for geologic term s and rock propert ies we re wr itten and used for p l:1CIOg

descriptive inform: l ion on COre logging forms. J.nJ for L' n t ~r i n g information into electronic spreadsheets.

pro-onIyf frntcxt/sect -3.doc
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TP-29 was designe d to guide core logging act ivities and preparation of the Final Borehole Reco rd. Th e docume nt

requires use o f the ad opted core logging forms, spec ifies approved term inology and descr iptors defin ed in the Lexi on.

and dictat es con: logging methods.

3 .3.1 Core C lea ning a nd Depth Measuremen ts

Pr ior to logging. all bedrock cor e was gently clea ned by spon ging with water and allowed 10 dry. Even though core had

bee n photographed afte r placing in core boxes in the fie ld, it was rephotographed at the Interim Core Storage Facility

after it had been cleaned and allowed to dry .

Core depths, as recorded on box lids, were veri fied against end-of-run and end-of-recovery information recorded on tabs

in the core boxes and on the Field Borehole Record. In the event of discrep anc ies in depth measureme nts recorded at

different places , efforts were made to reconcile differenc es. After this depth ver ificat ion was co mplete. the begin ning

depths were recorded at the left hand end of each row of core in boxes . For core runs in which the m iss ing interval

co uld not be determi ned at the drill rig. TP-29 ca lls for con: to be placed in the middle of the core run with spacers at

each end.

A core loss interval tota ling 26.2 feet occurred in boreho le \\ '205 CH ! bet ween depth s 33 I and 366 fee l below ground

su rface. The loss appears to hav e been due to fractu red and broken rock we dge d in the core barr el as dr illing passed

thro ugh the \V8 Fault Zone. Some core fragmenis, most with abraded ends, we re recovered in each 1O-foo r core run

intervalin the 30 feet below the Fau lt. Fo llow ing proc edu res in TP-29. these core fragm ents were place d in the center of

run depths with spacers on each side to comp lete the ten-toot interval in the core boxes. If co re fragments had abraded

ends. they wer e logged as ind ividual pieces and ind icated as such on the core loggi ng forms by sh owing each piece

bou nded at the rap and bo ttom by a horizonta l line. A very small spac e was left be twee n each piece in the log. If the

pieces could be fitted together or app ear to have been separated by a fracture, these were logged as co ntinuous core bur

conta ining a natura l or induced fracture ,

At the end of the core run to 366 feet. the ent ire dr ill string was raised to the sur face and inspected . At th is lime core

that was wed ged in the co re bi t but not recovered during the three prev ious runs was removed. Sin ce the depth from

whi ch the core orig inated was not known with certain ty, it was logg ed as reco vered from the depth interva l Li 1-366 feet

on J separate form labeled Page :3 7X.

3.3.3 Na tural Fractures a nd Ind uced Fr actures

Natu ra l fractures and possible natural fra ctures in C Gr~ \\. eTc piaued on tracture fon n s to the nearest 0. 1 foo t depth

interva ls and descri bed in accordance with TP-_9. Fractures induced during drilling and hand ling at the dr ill rig are

pro-only / trntext/scct-J.doc
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marked on the core with double' lines in accordance w uh TP- . Othe r fracture s. induced later dur ing core logg ing or

naturally by desiccation . are nor marked on the core nor were they logged.

3.3.4 Core Lo~giug

During core logging. TP-29. the Geo logic Lexicon of Terms. a list of abb reviat ions for geologic terms and rock

properties. and the Field Boreho le Record were kept within reac h for reference. as needed. [terns listed in Technical

Procedure 29. Sect ion :U.3 . Tools. ~la te ri a !s and Equipment. were available for use du ring logging. Considerable use

was made of tn t: binocu lar mic roscope during loggtng o f very fine sandy and silty lithologies to determine sort ing and

grain size distributions and to idenrify clas t components.

Three persons were involved in c re logging. Principal logging was pe rformed by Dr. Pau l A. Thayer, Pro fessor of

Geol ogy at the Unive rsity of North Carolina at Wilmington. He was assiste d by Dr. Henry S. Brown.

Professor Emer itus o f Geology at North Car olina rate University at Ralei gh. ;\Ir. Lewis Land. Ph .D. candidate at the

Univers ity' o f Nann Carol ina a: (]1.1p~ 1 Hill. was resp onsible for core clean ing and :lS Si51~J wit h core measurements and

d~l ta reco rdi ng.

Each logg ing form (Appendix B) has space for logging ten feet of core at a sca le of one inch = one fool. Locat ions o f

features were measured and recorded to an accuracy of 0.0 :5 fool. Measu re ments I I cre accomplished by placing a

measuring tape. with each foo t divid ed into 100 units (0.0 I foot). alongs ide the core to be logged and measuring from

the depth recorded a the begin ning end (left end ) of each core row . Logging usually followed the follow ing sequence :

I. \ larking and record ing depths of lithologic contacts.

Defining litholog ies between C0l1 W ClS based on the Folk Classificat ion System ( 1 / .)) and est imating grJ l ci.

sand and mud rela tive prop ort ions within the litho logie'S.

J . Lithologic and relative abundan ce curves we're draw n on core logg ing data forms according to ins truc tions

provided in TP-1CJ .

,,'" Con tacts \ \eT C class ified accordi ng to type s defined in the Le xicon and cont act dip ang lcs were recorded where

appropri ate .

5. Lithologic cha racter istics lInd depth measurements 1\ ere recorded in appropriate columns on the co re logging

forms. us ing abbreviations represent ing terms and attributes based on the Geologic Lexicon of Term s. If an

aun butc was not present t~ . g-. biogenic features burrow ing and/o r rooring) the space in the appropr iate co lumn

for that attr ibute '.\'25 marked . ~ ;.: ,. meaning nor present. ~o spaces '.\ ithin named columns were h:fL blan k.
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Frac tures and the ir att rib utes were recorded (to the nearest 0 .05 foot depth) at a sca le of o ne inch = on e toot o n

an accompanying page for each l O-foc; interval.

In cases where a feat u re req u ired addi tional information or had no de s ig nated co lumn on the core logg ing data

forms. it was no ted at its co rrec t dep th position in the Com ments Colum n and expla ined in the space at the

bo tto m o f the data she et.

Data form s were num bered in sequence. For example, page 1 contains info rm ation from the 0 to 10 foot de pth, Its

compan io n fractu re data form wo u ld be numbered I A. Page 1 wou ld contain informat ion from th e 10 to 10 foot dept h

and its companion form would be numbered 2A , and so o n. Both Dr. Thayer and Dr. Brown ini tia led and da ted each

core logging data form as it was completed . Data she ets ge ne rated ea ch day were ph otocopied at the end of the day,

O riginal log s were placed into a rilin g cabinet at the Interi m Core Logg ing Facilit y office and the phot ocop ies were

transferred to HLA 's office in Morr isville. North Caro lina.

A t inte rval s duri ng core logging, a ll da tu recor ded on core logging form s were rechecked by Dr. Thayer and ver ified

agai nst the core samples, A fter they had go ne thro ugh this qua lity assura nce ch eck and any errors on the o rig inal data

forms corrected. Dr. Thay er si gned and dated each page o f the form.

3 .3.5 Da ta ;\I:ln:l gc m cnt

Upo n comple tion of core logg ing for a borehole, copies o f completed and s igned core logg ing d ata sh eers W Crt: entered

in to an Excel Wo rkboo k (spreadsheet). A qua lity assuran ce ch eck o f dam enrry was perfo rmed by p lac ing eac h origin a l

co re logg ing da ta sheet on a li" ht table and overlay ing it w ith the sam e- form prin ted fro m the w orkbook . Upon

comp let ion o f the overlay process and when the- Ex ce l wo rkbook cH..cura tc ly rep res ented the or ig in al work s heers , the

data in the fina lized workbook were ex panded to the Apple Core gra ph ic log pa ck age to produce a se t of graph ic core

logs. Graphic can; log s for W105 and \1,'20 8 arc pres ented in Append ix 8-1 a: a sca le o f l- inc h = l Ovfc et. Th e gra phi c

corc log for the sh3110 \\l po rtion o f W10 I through W208 is incl uded in the pan el d iag ram s located in A ppendi: D-3.

3.4 Bor eho le Ima ging a nd Geophysi ca l Logging Progra m

A com prehen sive prog ram of borehol e imag ing and geophy sica l logg ing was deve loped for the e ight bo reholes dril led

and sa mpled as pa rt of the G :\ l- I Pilot Study. On e o f the goa ls o f the Study was to id enr ify a subset o f the se too ls th at

wo u ld to provid e suffic ient information for the hydrogeologic characteriza tion o f the Sit e.

3.4 .1 Q uality Assuran ce Prog ra m

Techn ical procedures we re develop ed for boreho le imaging an d geophys ica l logging before the logg ing cont ractors were

selected . These procedure s included TP- 13 (Geophys ica l Logg ing - General Procedure). TP- I-l (B orehole Image

pre -onlyifmtc \ t.tse':t<J .doc
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Processing System ImpS !). TP -IS (Ca liper Loggin g). and TP-27 (Technical Procedure for Schlumberger Borehole

Logging). Each of these procedu res were reviewed by the Author ity and the DR? prior to the start of fie ld work. All

boreh ole imaging and geoph ysica l logg ing work was conducted in accordance with these procedures.

3A .1 Data Formats and Delivera bles

Deliverables from geophysica l logs includ e both data and data displays . A very large number of C irves, images. and

related data are reco rded during logging. Not all of these data can be displayed or discussed here.

The curve s listed below' were provi ded in LAS (Log ASC II Standard) format on 113M-fonnat diskettes by Schlurnberger

at the con clusion of logging. Paper copies of these curve s were also provided at I inch -x: 10 feet sca le. The curves wh ieh

arc not included here, and addit iona l data including sonic full waveforms and FMI image data. are prov ided in DLIS

(Digital Log Information Standard) format. as there is too much data to be stored as LAS files. F~ Il Images were also

provided at I inch = I foot scale. Co pies of the field logs have been provid ed to DPR under separate cove r.

The BfPS data [rom Colog arc pro vided on CD in a proprietary format, which was subsequently convened to the GMI-

Imager! M forma t for an: lysis . The Image r format data wac provided on ZIP disks , along \\ ith ! inch = II) feet paper

logs which are included as an Appendix to this report. Colo; provi ded 3-:\ rm Caliper data ;1S LAS format data on lB :\ l -

form at disket es. The BlPS images arc presented in Appendix C

3.-+.2. I ;\ In ern o n ics a nd i\ Ieasure rnen t Ph ys ics

Because of the large number of measurements and 100 1 combinations used in this study. mnemonics are appl ied to

shorten the discussion, This section of the report defines 1001 and delivered curve mnemonics (acronyms ) and also

provides a br ief descr iption of the physics behind each measurement. The borehole imaging and geo physicc!l mnemon ics

used are listed in Table J -3 .

t\ 1lo f the geophysical logs were acquired in com bination with a gamma ray (GR) measurem ent. wh ich allows post-

logging depth shifts to be made to co rrect for small errors in the depth measurement system. 8 1PS and the assoc iated J -

arm caliper log were rH O without J GR measuremen t. and depth slu tted based on anomal ies which were comm on to ali

o f the logs.

3A .2.2 Arra y Ind uct io n T oo l ( \IT )

detecto rs to calcula te the vertical dis tribution of resistivity. The resistivity at a given depth is calculated from

measurem ents obtained from depths which extend as much ::IS S5 teet above that point: therefore the data do es nat

extend all the way to the surface . The AIT does not require fluid in the borehole. It invcsngates fo rmation propert ies

pro-onty/ frnrex t/sec t-J .cue
10125;97 ,1:56 [,,\ 1

3- 16



(

Su mma ry of GM- l P ilot S tud y Act ivit ies

from l Oto 90 inches from the borehole wall (this range de pends som ew hat on the elect rica l propert ies of the rock and

formation ). The vert ica l resolution for each mea surem ent is 1 foot. In addition the tool me asures the resistiv ity of the

flu id in the borehole. wh ich is ca lled the mud resistivity. Run separately in \V20 IAR IA. this too l was combined with

th e Na tura l Gamma Spectrometry Tool (NGT) in the other boreho les. Primary data der ived from the A IT are:

.-\ IT-H Two Foot Res istiv ity A IO(AHTJ O),

• A IT-H Two Foot Resist ivity A20 (AHT20),

• AIT-H Two Foot Resistivity A30 (AHT3 0) ,

AlT-H Two F OOl Resist ivity A60 (AHT60),

AIT-I-I Tw o Foot Resistiv ity A90 (AHT90), and

• AIT-H Input Borehole Mud Resistivity to AIT Pro cess ing (A HHvlR).

3.4 .2.3 Bnr ehole Image Processin g Sys tem (lUPS)

The Borehole Image Processing System (BIPS) too l is a video logging system ope rated by Co log Inc. under licensed

from RaAX . The too l records a 360 Q image of the well bore using a video camera and lighting system. Work conducted

dur ing the GM-l Pilot Study de termined that the bes t images are obtai ned fro m a borehole filled wi th op tically clear

liquid (w itho ut sus pended parti cles). Wet boreho le wall surface irregu larities in an a ir-fill ed bo rehole create glare on th e

BlrS image and makes interpretation mor e difficult.

3.4.2 .4 Co mbina ble M agnetic Reso na nce (Ci\>ffi)

The Combin able Magnetic Resonanc e (Ct\iR) too l is Schlumbergers magneti c resonance device whic h inves tigates a

"c igar-sha ped" volume about I inch in diameter and 6 inches long , cen tered approxi mate ly 1 inch away from the oute r

surface of a pad pressed against the borehole wall. Perm anent magnets in the Civ!R skid set up a powerful magnetic

force that aligns the hydrogen protons in the format ion . A pulse is transm itted fro m the ante nna, ca us ing the protons to

tip 90~ and precess. Th is precessional motion create s a signa l that the ante nna de tects between pu lses. Th e time

constant o f the energy decay rate of these s igna ls is called the transverse relax ation time (T2 ) and is a fun ct ion of the

po re size d istribution in the form ation. 111e total energy ( integrated over all TJ is a di rec t measure of porosity. Short T 2

times indicate small pores and low permeability, wh ile longer times indicate larger pores with generally high er

pc rrneabili ties . Th e to tal energy (integrat ed over all T2) is a d irect measure of the volume of the pores with T2 values

with in the range detected by the Ci\lR. By selecting an appropriate time con stan t (here 33 millisec ond [rnsec j), free

pro -on ly/Irnt cxt/sect-3 .doc
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porosity can be d iff erentiated fr om poro sity as so ciated with bound water. Perrneability from eMR is calcu lated from

poros iry, mean T;. and the e mp irica l calibration of a standard equation ,

Because o f the extremely sh all ow depth o f investigation o f I inch, C"-IR measurement s are very sen s itive to boreh ole

en largements , C... IR measurements includ e:

CWZ Free Fluid (C vlFF),

C... IR Porosity «( :VIRP), an d

Permeab ility from CMR (KC;'; IR).

3.4.2.5 Dipole S hear Im ag er (OS I)

The Dipole Shear Imager (DSl) is Schlumbergers acou sti c logg ing too l which records the full waveform of s igna ls fro m

mon opole an d dipo le sources. 111e5e signa ls are processed to determine P·wav:: and Svwave velocit ies a lon g the

borehole. Used in low-f req uen cy S toneley mode. wavefo rms can be obtained w hich are propagated a lon g the bo reho le

wa ll. Son ic logs such as OSI require 3 flu id- fi lled bore hole. At shall ow depths ab ove approximatel y 100 to 200 feet,

d ipole wa ve form s are de graded J ue to the low am bient pressure. Th e DSI inves tigates propert ies w ithi n appro ximately

on e ac ou stic wav eleng th of the bo rehole wa ll. wh ich fo r p . an d S· " av es is app rox imate ly I to 5 feel. OSl me asu rm e n ts

include:

Compress. wa ve inverse vel oci ty ( INp l (OTCO).

Shear wave inverse ve loc ity ( IN s) (OTSM) . and

Stone ley wave inv erse veloc ity (OTST) ,

3A.2.G Ele me ntal Cap tu re So nde (ECS)

The Eleme nta l Capture onde (ECS) is Sch lurnbe rgers geochemical log g ing tool that us es a chemical ne utron sou rce to

identi fy and quant ify the amount of s ilico n (Si ), iro n (Fe). ca lcium (Ca), t itan ium (Ti). sulfur (5 ), gad o lin ium (Gd), an d

hydrogen (H) in the fo rmation. Th e measu remen ts an: based on neutro n captu re w here therm: ! neu trons are ca ptured b;

nuclei tha t em it gam ma f 3 YS o f spe c ific energ ies depe ndent on the captu re nucl eus. The nu mber o f gam ma ra:~ s within

the se energy w indows is a me asure o f the nu mber o f atoms w-ithin the volume inv esti gat ed by {he tool. This too l was

: ,.: ~ : ;;d in \'.' 20 iil.R 1:\ before USc in W20:;CH 1 and \\'20SC!l I. EC5 too l me asurernents incl ude:
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ECS Capture Iron Relative Yield (C FE) ,

ECS Capture Ti tanium Relative Yield (e T I),

• ECS Captur e Ga do lin ium Rel at ive Yield (CGO).

ECS Capture Calcium Relative Yiel d (CCA ),

ECS Capture Silicon Rel ative Yield (CSn, an d

ECS Ca pture Sulphur Re lat ive Yield (CSUL).

304.2.7 Forrn ation Sl ic ro Irna ge r (HI!)

The Forma tion Mic ro Imager (Fivll) is Schlumbcrgers imag ing de v ice tha t me asu res re lat ive conducti v ity o f the roc k.

TIle Fi'.l1 uses four pads pressed aga inst the borehole wa ll. eac h conta in ing, an array of dete cto rs (butto ns). Each detec tor

m -asu res the re lative conductiv ity of a sma ll (approx imately l -inch-dee p) rock vol ume. The spac ing of the button s is

approx imate ly 0. 25 inch . In a 7-in ch-diameter bo rehole virtually the entire su rfa ce is mapped . T he res ist ivity image can

be ca librated us ing the high resolution invaded zon e resistivity (RX0 8) from Plat form Ex press (PEX). or data meas ured

us ing the A IT Analys is ofthe ca lib rated resisitivity ima ge can pro vide speci fic da ta on the elec trical cond uc tance of

individual fractures or beds.

304.2.S Na tural Ga m ma Spec tro met ry Tool (NC T)

Th e Sch lumberge r Natural Gam ma Spectro me try Too l (:\GT) is a natura! g amm a r.lY de tecti on system which measures

the energ ies and intens it ies o f na tura lly occu rr ing gamma rays and d ivides the sig na! into the activi ty of three

radionuclide fami lies (po tass ium -Iu, thori um . and uranium). The vert ica l resolu tion o f this system of ab olit I foo t is

s lightly better than the G R used for depth corr e lat ion . Th is tool was run separate ly in W20 IAR IA . and was run in

combinat ion with AIT in the rema ining bo reholes. NGT m easuremen ts inclu de:

T Ol:! 1 Gamma Ray lSG R),

Com put ed Gamma Ray (Total minus UR.:\ N) (CGR),

Th orium (THOR ),

Potass ium (POTA ), and

Uran ium (U R.:\ N).
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304.2.9 P latform E x p ress {P E X)

The Platform Express (PE X) is Schlurnbergcrs combination tool consist ing of the foll owing devices:

Ne utron -The neu tron porosity logging system measures the hydrogen index o f the formation. regardless of

whether it is wate r in a pore space or an hydroxy l ion in a clay m ineral lanice.

Density - The bulk de nsity is ca lculated through the measurement of the Compton scaue ring of gamma rays

by the form ation. TIle tool has a collima ted gamm a ray so urce (Cs - 13 i) and two de tecto rs that m easure the

number of gamma rays that tra verse the form ation. The rat io o f cou nts is prop ortio nal to the dens ity o f

ele ctrons with in the formation. A densit y co rrect ion term is provided wh ich if be low 0 .05 ge ne ra lly ind icates a

valid measurement .

P h o to el ec t r ic Factor - The photoelectr ic factor (Pc) mea surement is a lso provi ded by the den sity too l.

Gamm a rays interact w ith matter through pair product ion. Compton scattering. and photoe lectric absorpt ion .

Pho toelectr ic absorpt ion beco mes much more prevalent at low gamma ray energies where it beco mes primarily

dependent upon the form ation atomic number. Z. The more low-energy gamma rays. the lower the formation

Pe because fewe r of the g:Hl1tlJa rays have bee n photoelectr ically abso rbed .

M ic ro- resis tivity - The above measurements are a ll ob tained from det ectors mou nted o n a sk id pressed

:~ ga i n5 t the Will ! of the bor ehole. \!ic ro- resistivity (;\ICF L) is also measu red using ele ctrode s mounted on the

same skid .

Ca lipe r - a meas ure o f t h~ extension o f the back ing ann used to pre ss th e det ector sk id agains t the bo rehole

wall . Equ ivalent to a 2-aml caliper . th is measures the large diamete r of the borehole an d has less vert ica l

reso lut ion tha n the 3-arm caliper.

The fo llowing measure ments are proviJed by the PEX :

HRCC Ca l. ca liper SC (fiC:\L .l.

Thermal Neutron Poro sity (TN PH),

Thermal :--:eutro n Poros ity (Ratio \ le thod ) (NPHI).

Hilces Enhanced Thermal Neutron Poros ity (HNPO).
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HRDD Form ation Photoelectric Fac tor (PEFl),

HRDD HiRes Formation PEF (PEFS),

HRDD Form ation Den sity (RH OZ) .

HRDD HiRes Format ion Den sity (RHOS).

• HRDD Density Correction (HDRA).

HRDD Density Porosity (D PHZ),

• HRDD Hik es Dens ity Porosity (DPII S),

MCFL Invaded Zone Resisti vity (RXO Z). and

~iC FL HiRes Inva ded Zon e Resistiv ity (R.:<OS) .

J.4.J Field Acti vities

Borehole imaging and geophysica l logg ing was conducted over fou r separa te lime peri ods . Two contractors were

se lected IO carry out the measurements . Colog (Golden. Colo rado) and Schlumbe rge r Wel l Serv ices (Englewood,

Co lorado).

3.4 .3.1 Colog

Colog, Inc. (Colog) is the sole source prov ider of BIPS video images under license to RaA X. the manu facturer of the

BIPS imaging sys tem. Three-ann ca liper logs were also obtained from Colog to provide borehole size information

necessary to compute frac ture d ip from the image s. Co log conducted logging work dur ing two different time periods:

• During April 7 throu gh April 13. 1997, Colog acqu ired SI PS video imag es and 3-arm ca liper logs in a subse t of

\\ ells . The resu lts of analysis of th is data allowed selec tion o f the optima! dril ling and preparat ion method to

achieve the best image quality and resolution. In addition, some changes to the field procedures were dictated

and a modifica tion of the tool and ca librat ion sy tern was perform ed to optimiz e the accurate rendition of co lor

from the video images. These modificat ions were identi fied at Cologs Go lden. Colorad o ottice over the per iod

from April 15 to Apr il 18 and impleme nted by Co!og prior to return ing to the Site to acquire the final set o f

logs.
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A complete set of BIPS image and caliper logs were acq uired in the G\l- l boreholes ove r the pe riod Apr il 2 -+ to

May S. i 91) 7. Prior to commenc eme nt orlogging. Qu a lity Assurance training was complete d for the Colog fie ld

opera tors and HL,\ oversight person ne l.

3.4.3.2 Schlumbcrger

Sch lum berger We ll ervices (Schlu rnbe rger) is the provider o f the rem ainder o f th e geophys ical lo g measurements.

Schlurn be rger also conducted logging activi ties J uring two differen t time periods. incl uding :

Schlurn berger carr ied out their first log ging phas e from April 29 through 1\1:11' 3. Prior to co mm en cement o f

log g ing, Qu ality Ass urance tra ining wa s com pleted for the field operat ors and oversight personnel. All wel ls

w ith the exception of W2 0 I:\R I B were logged with the FtvlI, A lT . NGT. PEX. and DSI tools . \\'20 IAR IA was

logged w ith ECS (as a test) , CMR data was also acqu ired in W2 0 IAR IA . The core bo reholes W2 0SCH I and

W: 05 CI1 ! were log ged with ECS.

Sch lum berger re turned on August ::; and 3, 1997 to co mple te C\ IR logg ing . AI! boreholes we re logg ed with the

C t-1R too l at th is time exce pt Boreholes \\'20 IAR lAo W2UJAR I S , and W20SCH I. Boreho le \\ '20Sc\R I was

not logged wi th the Ci\lR because it wa s "dry" (suggest ing extreme ly low formation permeab ility) , and because

the loggi ng truck could not access th is location (by this time the GM-4 Trench had been excava ted across the

access road). Bor eho le W20 1AR IA was logged during the previous trip. and W::;O1A R I B W:lS not logged

using the C\'IR because it was with in! 0 feet of \\'20 IAR IA. A number of sta tion measureme nts were mad e to

logging.

De tai led boreho le imag ing and ge op hysical logg ing fie ld activ it)' chrono logy is lis ted on Table 3-·1.

3.5 Hydraulic T est ing Pro gr am

The hydraulic test ing program conducted du ring the G~l - 1 Pilot Stu dy included hyd rophysical and packer

tcsn ng The hydrophysi cal logg ing was conducted by Co log and the packer testing was conducted by Eart h

Dat il. Inc. under the di rection o f Golder Associates (Golder).

3.5 .1 Hydrophysicul Logging

The hyd rophysica! testing tech niq ue ide ntifies water produci ng zones in the borehole . To co ndu ct hydroph ysical testi ng

the boreho le i;; fi lled \\ ith low -e lectrical cond e ti\ ity ''\ ater (de ion ized [0 1]wa ter) and the hyd raulic head in the

borehole is lowered. Resist ivir. profi ling of the borehole is the n co nd ucted as hig he r condu .i \ it:. fo rmat ion \\ ate r
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flows back into the borehole. T his rest ing method can ident ify the locat ion of hy draulically co nductive inter va ls to a

reso luti on of o ne bo reho le d iam eter . and quant ify the interval-specific now rate to a resolution of 0.0 I gp rn.

Th is method wa s ut ilized in all G;'>.l-I Pilo t Study boreh oles except W20SC H I. wh ich was be low the minimum infl ow

rate criteria for testing. The higher conductive zones identified during hydro phys ica l testing w ere then targeted fo r

packer test ing.

J.5. l.I Test i\Ie thod

Hydrophysical testing was cond ucted in acc ordance with T P-I ! (Technical Procedures and Work Instructions fo r FEe

Logg ing ) and TP-19 (Hy dro physical Logg ing for Aq u ifer Charac teriz ation). Th e follo wing steps were em ployed du ring

each test .

• A field calibration o f the fluid electr ical co ndu ctiv ity (FE C) and te mperature logging too l was co nduc ted. Th is

calibration employed. larional inst itut e o f Standards Testing C~ I ST) trac eab le standard sol utions in three

di fferen t temperature baths .

Prior to the ins ta llation of any pump ing equ ipment, the fluid co lumn was logged for am bient FE C and

te mpera ture profiles w ith a I.S-inch-d iameter sonde.

Pum ping equ ipm ent was instal led in the borehole and an initial evaluat ion o rwell prod uc tion was perform ed by

rem ov ing a slu g of borehole fl uids (sufficient to produce 1- to 2-feet o f head drop in the borehole). and

mo nitor ing wate r level recovery. An analysis of the recovery da ta was then co nduc ted to determine which

test ing protocol (e ither slug testin g or low rate pum ping) wou ld be used after 0 1wat er emplacement.

Bo rehole fl uids were then replac ed with 0 1water pri or to co nduct ing a second slug or low rat e pum ping test.

Thi s was accom plished by inserting a tremi e pipe to the base of the bore hol e and injec ting 0 1water through the

trem ie pipe wh ile pum ping fluids ou t o f the top o f the borehole. Care was ex erc ised dur ing th is proc edure so as

to min imize the volume of 01 lost to the formarion .

After DI water em placement, a basel ine FEC log was co ndu cted . Immed iately follow ing the basel ine log. slug

testing or low flow rate pump ing was begu n. Fo r each slug test, a slug of boreho le fluids was re move d. During

the recovery period. water leve l elevati ons were reco rded w ith respect to time and period ic FEC logs were

ob ta ined. For each low rate pum ping test. low flow rate pumping of the borehole fl u ids and cont inuos FEe

logging wa s conducted . During the low rate pumping , water level elevat ion s, instanta neo us flow rate and tota l

ga llon s pumped we re recorded with respect to time . The resulting FEC logs and the water lev el rec ove ry da ta

were evaluat ed to ide ntify the inflow locations an d in terval specific flow rate during rec o very
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The design of the packer testing. the deve lopment of the protocol and the analys is o f the data were carried om by Golder

within the project tC:1lT1 . The test equipment and the data acquisition were run by Eart h Data Inc . (St. "'lichae!"s.

}'laryIand ).

3.5.2.1 Test l' Ietho Ll

The fo llowing sections describe how intervals were selected for packer testing. the type of equipment which was

dep loyed an the various test meth ods which were used . Packer testing was con duct ed at al l Gi\l- I Pilot Study

boreholes except Wl0SCH I. All packer test ing work was con ducted in acco rda nce with TP-5 (Packer Testing ).

Select io n of T est Inte rvals

The prel iminary evaluat ion of the hydrophys ical logs W :L'i used to identi~.. potentia l test zones. The pre limin ary

evaluation of the hydrophysical logging had categor ized all inflow points as shown in Table 3-5 .

The packer testing aimed to test a ll featu res categorized as low flow rate or higher. Some of the in flow feature s were

separa ted b:. only short inter. als o In th ·s·: cases the inflow features are likely to be part s o f the sam e feature or to be

con nected some short di stance tro rn the borehole. It is difficult to re liably isolate fea tures \\ hich are d ose together and

there fore in the se cases a test interval was selected which straddled both inflow features. Having identified the interva l

which was to be measured. the ca liper logs were examined to identify sect ions of the boreho le as clo se to the intervals as

possible wh ich \\·ere relativelv smooth and could therefore be' expeered to provide good packer seats. 111is evaluat ion

also resulted in some inflow Zor1C S being combined into a s ingle test interval. The final details of [es t interval was partl y

go verned by the length of spacers availab le to set specific packer stradd les, a desire to limit the number o f times the

packer straddl e interval was changed during the test ing of a single borehole, and any problems encoun tered duri ng the

test ro obtain a good seal. The: interval s actually tested durin g this test program are listed in Table 3-6.

3.5.2.2 T es t Eq uipment

devices to cal ibration records. Prior to mobilization to the si.e the J O\ ' n ho !~ gauges 3nJ Ilowrneters were calibrated by

the manufacturer. In addition. the downhole equipment was tested in a borehole to assure the performance upon arrival

assu re the gauges were recording the COIT~ct change in pressure.

pro-on lyffmk x;,/ scct.J doc
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The: flowmeters were funct ion checked against a calibrated container during each produ ction test and documented in the

testing logbook.

urface Equipmen t

11,<: main components o f the su rface equipment are the flow rnete rs, data acqu isition system, gauges to mon itor packer

press ure and controls for the operation of the shut -in tool.

The data acquis ition was pe rformed wit h a laptop computer in conjunc tio n with 11 Metroson ics d j -7 14 Data Logger. The

da m logger was capable of mon itor ing voltage . current an d tem peratu re da ta. Pressure and n ow rate data were obta ined

by inputti ng the manufacture r 's ca libration coefficients . The fastest data acqu isiti on rate wa s ! sec on d.

Th e upper and lower pac kers were infla ted thro ugh ind ividual Jines with ni trogen. A t completion of inflation, the line to

the n itrogen bottles was shu t off and the packe r infl ation pressure was monitored for leaks with 0 to 1000 psi Weksle r

gauges. No leaks were detected during: the investigation .

The downhole shu t-in too l wa s opened and closed through a sliding slee ve mechanism tha t requires pos itive pressure o f

about 200 psi for both operations . The source of the pressure W3S a nitrogen bottle on si te and the operation pressure

was monitored with a 0 to IQOO psi Noshock gauge.

Downhol e Equi p men t

The main com ponents o f the down hole equ ipment include the pressu re tran sducer s, packe rs. the shut-i n tool, pump

sh roud , nd various pumps .

Three downhole pre ssure tran sducers were used to mon itor the annulus pressure (PI). lest zone pres sure ( Pl) and the

bottom ho le co ndi tions (P3). Al l the ga uges were initially posi tioned above the top packer. At the first tes t locat ion

( W207A R I) the funct ion checks ind icated that the readings from P2 and 1'3 were erroneous due to air trapped in the

, , inch ny lon tubi ng lead ing from the " auge to the interval of intere st. Thi s was corrected for the test zone transducer by

placing the gauge in the inte rva l. thus elirnin:H tng the need for the tub ing. [t was not possible to rep os ition the P3 ga uge

and there fort: the readings nee d to be co rrected for the air in the tubing . No correction was applied as the measurements

were used only to confi rm the integrity of the packer seal and not used for ana lysis purposes, Electrical lines transfe rr ed

the signal to the data acqui sition sys tem

The pac ker s \vtr:: o f the sliding end ty pe manufac tured by Baski, Inc. Th ese med ium Gut: packers have an unconfined

pressu re rati ng of 500 psi. TIle uninflatcd d iame ter is 5A inc hes with a max imum recommended hole s ize of

10 .5 inc hes. The seal length is approximately 50 inches. Each packer conta ined 3 separate 0.2 5 inch nyl on inflation line

pro-o n!y/frn tcx t/sect -J .doc
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with a 2500 psi burst ratin g. No packer problems were encoun tered during testin g . Both dou ble and single packer

arrangements were used .

A dl.)\' nhole Baski shut-in roo! was placed in the test section. The main purp ose of th is 100 1 was to isolate the test

sect ion from the tubing to reduce borehole stora ge effects. The too! comains two actuating lines: one to close the valve

and one to open the valve. No equipment problems were encountered .

The maj or ity of the production phases were perform ed with a .2 inch Grund fos pump . Th is pump was lower ed into the

lest stri ng manu al].... 10 the des ired depth for each prod uct ion phase. The pump was also used to create drawdow ns for

pulse and slug phases. With the shu t-in tool dosed, the pump was lowered into the tubing and a volume of water was

remo ved. Upon opening the shut-in 100 1 an instantaneous drawdo wn was created.

t\ pu mp sh roud W35 only used dur ing tests I and 2 in Boreh ole W205CH I The pump shroud allows a -l inch pump 10

be insta lled within tile test str ing. The larger output from this pump was not need ed in the majority ofthe bore holes.

Therefore the shroud was eliminated to simplify the set-up. There was indica tion that the pump shroud was leaki ng

dur ing the two tests it was used result ing in a porti on of the pumped fluid coming from the annu lus , Because there was

no significant conductive featu res within the annu lus. this impact was cons idered minimal.

3.5.2 .3 T est Design

111c initial test design was based on test objectives , anticipated influence of pressure history. expected relati ve hydraulic

conditions . and rime constraints. The goal of the test des ign was to use different test types in com bination to reduce

uncerta inty. Heal time ana lysis W :lS used to redefine the original design based on the measured forma tion response.

The tests were carried out with J combinatio n or the following test types:

Consta nt Rate Test s - App licable for high to medium transmiss ivity env ironments. In low

tran smissivity env ironments , target rates are below the lower limit of most pumping equipment and

formation respo nse is dom inated by bore hole storage and skin effec ts. The recov,,'ry period is often

emphas ized in the analysis due to a well defi ned inner boundary condition: i.e., flowrate is equal iO

zero ,

Slug Tests - These tests are usua lly best fitted to moderate transmissivity environm ents . In high

transmissivity envirc nrnents. the recovery is very rapi1 resulting in J small radius of investiga tion . For

range as the gauge resolution. Tl1Cinterval fn ay be shut-in prior to reaching full reC0 \";::ry . The

recovery phase may be analy zed with constant rare solution if the S l ll ~ phase is d iscrerised into

p:c -onl:- .fmtc,t;>ec:· 3 doc
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Pulse Test s - Th ese tests are typ ical ly bes t suited for low transm iss ivity environ me nt s. S imi lar to pu lse

tests, the derived transmissivity in a pul se test is di rectly dependent on the borehole storage coeffic ient

(C). For s lug tests. the C value is well constra ined and co mputed from the tu b ing radius and density o f

flui d. For pulse tes ts. C val ue is no t 35 well co nstrained and dependent on compress ib ility of flu id in

the wellbore , boreho le wa lls and packer equ ipme nt. The tes t is perform ed by ap plying an

instant ane ous pressu re change and then shurting-in the interval. The shut-in cond ition results in a

h igher rate o f recovery compared to a slug phase. The analysis assumes that there W 35 no flow fro m

the formati on prior to isolating the interval. In high to med ium tra nsm iss iv ity en vironments, th is

requirement is not met.

At the start of each test the inte rval was shut- in by closing the dow nhole s hut- in tool to partiall y dissi pate pressure

history effec ts . The pe riod typically lasted less then I hour and depended on the rare o f pressu re change. Whe n the

inte rv al pressure wa s re latively stable, the nex t phase was in itiated . The next phase depended on the expected rel at ive

transm issi vity cond itions base d on the hydrophysica l logging results. For expected rel ative ly low trans m issivi ty

cond itions . a pu lse tes t was carri ed out. A con stant rate productio n test was performed in high transm iss ivi ty conditions .

For madame transm iss ivity cond ition . a sl ug test was carried OUL In m any cases. the interva ls were relatively shallovv

limitin g the hea d available for pump ing and ther e fore a s lug tes t was the o nly option. I f the sl ug test did not reach full

recovery in a reason able time pe riod (i.e. , I to 2 hours ). the shut-in too l was closed. Analysi s of the recovery phase

allow s for extrapo lation to the static formation cond it ions and app lication of con stan t rat e solut ion to compare to resu Its

of the slug test

The testing scheme was design ed to op tim ize the info rm atio n obtained from the higher conduc t ive featu res. Hence, the

prod uction part o f these tests were started in the afternoon 50 tha t the re co very could be monitored ov ern ight

In some tests there was a drawdow n response in the' annulus or zone below the bott om packer that could be corre lated to

the start o f a product ion or slug pha se in the test zone. These rests were ended a nd the packer sea t WJS adju sted a few

fee t to see if an im prov ed seal could be obta ine d wh ile sti ll encom passing the feat ure o f interest. In all cases. the pac ker

bypass was att ri buted to a di ffus e hydraulic connect ion through the fo rmation as there wa s no suggestion for packer

leak age . The second packer seat also showed bypass ind ica ting a re lat ive ly we ll connec ted fracture system in this

section of the borehole . If the bYP355 was attr ibut ed primar ily to the low er packer and the targe t con du ctor wa s the

highest rated featu re be low the upper packer. a single packer rest W35 performed . Otherw ise. a double pac ker test was

per form ed and the b: pass \ V 3$ noted in the test surnrn ary.

3.6 G eochemica l S:lI !1 p li ng Program

Gro undwater sa mples we re collected for ge oche m ica l ana lysis as part o f the packer testing program conducted during

the GM - I Pilo t Study'. Th e geochemic al sampling included the collec tion of samp les for the meas urem ent of field
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para m eters (p l l, tem p•.-raturc , specific conductanc e. d isso lve d oxygen) , and laboratory analysis of major IOns (Ca, :'Ig .

Sr. ~:~. K. SO,. He O,. CI. Br). stable isotope rat ios (_\D and _\1$0 ). and radon-222 e:Rn) . The objective ofthe

geoc hem ica l sam pl ing program was to identify cha ng es in groundwater chem istry as a resu lt of'

I ) mi xing of gro und water w ith dril ling flui ds (primaril y pro duction well water as de sc ribe d in Section 3.2 [Drill ing

and Coring Pro gram D:

2) lithologic and st ructural variatio ns and :

3) commun ication or m ixing o f water types a long rela tivel y permeable zones over the du ra tion o f the pump tests .

3 .6.1 Previous S a m p li ng WOI'k

In the prev io us fidel program s. sam ples of groundwater were collected fro m wells in accordance w ith proced ures

established for sit e chara c teriza tion. The se procedures, howe ver, d id not include p rov is ion s fo r the collecti on of sarnp lcs

from discrete zones . Hence, it has been inquired whether the length o f a screened inter val m ight affect the che mica!

signature of a sample by allow ing groundwater o f d iffer ent composi tions to mix w ith in the boreh o le. Fh e packer k SlS

pro vided an opportun ity to en! lect discrete samples of g roundwater fro m more productive intervals to ascerta in wh ethe r

disc ernib le changes in ~eochcmica l composition can be identified and then characterized at the Wa ke Sileo

3.6.7 Sa m p ling " mgr'am Implementation and D es ign

The pac ker lest samp ling prog ram \1 ';15 conduct ed fron May 11. 1997 through il lay 21. 199 7. Ali sampling.work I U S

con duc ted in acco rdance w ith Tp-22 (Sampl ing for Geoch ernis try of Gro und water) . Interva ls we re selected for the

packer tes ts based on the results of a hydrophysical Iogg ing pro gram to ide ntity con du ctive zones w ithin the boreholes .

For the purpose of co llec ting geochemical samples, water I\US div erted through a flow cel l to mon ito r temp erature, pI !.

and spec ifi c conductance . The flow ce ll co uld only be used wh en the zo ne bei ng teste d had sufficient inflow to suppo rt

a pumping test an d a low now rate of less than 2 ga llons pe r minu te (gpm ). At di scharge rates grea ter than about 2.5

gpm. the flow cell was d isconnected and fie ld parameters measure d at the end o f the d ischarge hose . In such cases. the

first geo ch em ical sample was collected from the first water to n ow from the d ischarge ho se. If an interval d id nor yie ld

enough to suppo rt a pumpi ng rest a sample from the column of wa ter w ith in the production string was coll ected. In

such cases. a per ista ltic pump was used to draw a samp le o f wat er from the drill stem.

Sam ples were collected in certified clean containers provided by the contract laborat ory. and ~,\' C' rt shipped overn igh:

analyses. The Un iver sity o f Ar izona Laboratc ry of Isotope Geochem istry perfo rm ed the stable- isotope rat io :m31:,ses

(,-\ D an d :.\1;0 1. and Te ledy ne Brow n Eng inee ring o f {Westwood. \::: 11' Jers ey ) per form ed the :::Rn analyses.
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3 .7 Seis mi c Program

The se ism ic program was comprised of tw o major elements: a sha llo w se ism ic reflect ion /refraction Test S urvey. and a

verti ca l sei smic profi ling (\iSP) Survey . The seism ic reflec tion/refraction Test Surve y had three objectives : I ) to

evaluate the ab ili ty of a shallow-focused seismic refl ection survey to prov ide corre lat ion be twe en bor eho les , 1) to

delinea te fau lts an d strat igrap h ic refl ectors in the upper 150 fee l, and J ) to de termine the thickness of weat he red

bedrock, The objecti ve o f the VS? Survey was to he lp optimi ze the proce ss ing of the seismic re flect ion data. an d to

faci litate the correlation o f the seismic re flection data to geolog ic fea tures, In addition, the \iSP survey was to provid e

p , and Svwave velocity data for an en g ineering an alys is of the sub surface ma te rials at the si te.

Th e sei smic refle ct ion/refract ion Te st Survey was performed along tw o perpendicular lines centered on borehole

W205CH 1. The VSP su rvey wa s performed usi ng bo rehole W205CH ! . Field work was performed fro m May 13

thr ough t\'lay 27. 1997 by Blac kha wk Ge ome tr ies (Blackhawk ) of Gol den, Colorado . Data process ing and analysis was

perfo rm ed du ring the months o f June and July, 1997. and Blackhawk Geome tri es produced a report (Blackh awk, 1997).

Pr ior to perfo rm ing work, the Seismograph O perator and the Test Superv isor re view ed app ropriate tec hn ical procedure

doc uments . Of particular im po rtance w ere doc uments TP-7 (Seismic Reflection Pilot Study). and TP-3 I (Verti ca l

Seismi c Profi le (VSP] Survey. In add ition to reviewing the tec hnical procedure documents . which detail th e duties and

respons ibi lities o f the Seism ograp h O perator (Blackhawk) and the Test Supervisor (HLA), the O pera to r and Superviso r

a lso rece ived a QA orien tat ion from HLA' s NC LLRWDF QA Manager. in acco rdance with the requirements of th is

projec t.

3.7, 1 S ha llow Se ism ic Refl ect ion / Refr action T est Survey

The shallo w sei smic refl ection-refraction rest surv ey was condu ted in three pha ses: 1) Wa lkaway Te st. 2) Wa lka way

data evaluat ion and Test Survey des ign, and 3) Test Survey data acquisit ion. Eq uipment cal ibrat ion and functional

ch ecks were performed in accordance wi th TP -7 ; the checks incl uded fac to ry validations o f the se ismographs and

geoph ones befo re and after the survey, and functiona l and ca lib ratio n checks of the se ismograp hs at the begin ning an d

end o f each fie ld day ,

3. 7.1. 1 Wal kaway T est :H1 d Noise Survey

Walkaway tests and noi se surveys we re perform ed in two areas to see if da ta quality var ied across the site (Figure 3-1 ) .

In add ition , the w alka way test a rrays were or ientated perpendicular to each o the r so that the amoun t of sei smi c

aniso trop y, and irs possible re lat ion to geo logic structure. could be determined . Walkaw ay Te st I was per for med in an

east-w est (d ip) direc tion a long the north edge o f the eas t-west gravel road. nea r borehole W20,i ARl. Walkaway Tes t 1

was perform ed in a rou ghly north-south (strike) di rection. a long the eastern edge of the s ite access ro ad . near borehole

pro-onlyl trnt ext/sect- J.Joe
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W20 6AR I. Supplemental shotpo ints for Wa lkaway To;:st.2 w ere positi oned on e ither side of the back filled G t\I- ! trench

to see if the trench reduced coherent no ise (i.e.. gr ou nd romin the reflection da ta.

A number of equipment failu res impeded the progre ss of the Wa lkaway Test. Failure s included a bad seismograph

powe r supply, a programm ing error in the seismogra ph data d isp lay para met ers. an d short-circuits and co mponent

fa ilur es in the vibratory seism ic ener gy so urce .

Walkaway Te st Co nfig urati on and Data Recordi ng Sys te m

The geophon e spreads for the Walkaway Tes ts were 120 feet long. and consi sted of 1:::0 groups o f three ~ lark Prod ucts

.:lO-Hz geophones . The geophone gro ups were spaced l -foot apart (Figure 3-2) . Se ism ic dnia were recorded by two

Geo metries St rativi ew ~ Iodel R-60 60 -eh:m nel seismographs electronically linked to prod uce a 120-c nannd seismic

recording sys tem . Fo r Wa lkaway Te st ! . se ismi c cm:rgy sou rce points (sho tpo ints) were posit ioned offthe east end o f

rhe geophone spread at 60 -foOl interval s to a dist ance of 1·+0 fee t from the closest geophonc grou p. For Wa lkaway

Tes t 2, shotpoints were moved northward at 120-foo! intervals to a dis tance of 1-1- 0 feet.

W alkaway Tes t Seis mic Energy Sou rces

Four d ifferent type s of se ismic en ergy so urces were tested: impact. high -frequency projectile. explos ive . and v ibrato ry .

The spec ific sources tested a re, s fo llows:

Impact: Hammer and plate using 12 oz... 3 lb. and 12 lb hammers

Proj ec tile: Betsy Sc isgun ti ring.3 oz. kad proj ecti le

Explos ive : Downhole fi r ing rod C ButTalo Gun" ) w ith 150 and 500 grains of black powder

Vibratory : iV i " linibu",gy wi th the following frequency sweeps:

30-:>+0 Hz

100-300 Hz

100- lOO Hz

100-550 Hz

:\ side-by-side comp urison of the vibratory S(Hl fC ~ 0 :1 native soil and the gravel road was also perfon ue d

Figu re 3-2 shows a sche mat ic of the Walkaway Test layLHl[ and illustrates the energy sources tested .
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3.7.1.2 Walkaway T est Data Processing a nd Da ta Eva lua t io n P rocedures

Sesi rnograms were printed a fter eac h shot as the Walkaway Test progressed. T he sei smograms we re inspected in the

field to assess noise levels and to look for indica tions of reflection event s. The se ism ograms were a lso reviewed

carefu lly to insure that data clipping did not occur. Data for each sh ot were also saved using the se ism ograph' s

compu ter memory . The computer data file name, together with the correspond ing fie ld inform ation . such as energy

source typ e and shorpo int location . were rec orded on Seism ic Observers l ogs by the Sei smograph Opera tor. At the end

of each day. the Observers Logs we re submitted to the Test Supervisor, who photoc op ied them and placed the orig ina ls

in a fire proo f file cabinet at the HLA field offi ce. Th e se ismograph instruments we re tra nsported to Blackhawk' s hotel

room. where the Walkaway data we re down loaded to a com puter workstat ion for processing. and w ritten in SEG -2

fo rma t to -lmrn OAT tape for backup. 111e bac kup OAT tapes were placed in the fire proof file cabinet up on return ing to

the HLA field o ffice the next mo rni ng .

Walkaway T est Data Processing

In ge nera l, the Walkaway Test data were processed at nigh t and hardcopy displays o r tile processing resu lts were

reviewed the nex t morn ing. TIle proces sing results included raw Walkaway da ta panels. filter pane ls. absolute average

amplitude d isp lays to show the re lative streng ths of the di fferent seismi c phase encrg ies . and spectra l an alysis disp lay s to

show the frequency content o f the record ed energy. The processed Wal kaw ay data are presented in Blackh awk 's rep o rt

( Blackhawk, 1997).

Walkaway T est Data Evalu at ion

Th e Wa lkaway data d isplay pan e ls were reviewcd at a meet ing on " lay 17. 1997 . The me et ing was held at Hl.A 's

:-' I or~isv i lh: . Nort h Caro lina. o ffi ce and included the Se ismograph Opera tor (B lackhawk). the Te st Supe rv isor ( HL A).

and a representativ e of the North Caro lina Department o f Env ironment, Health. an d Natu ral Resources. AIso

participating via te lep hone wen: a Q A geophysicist representing DRP , an d a Q~\ geophy sic ist from the Hl.A 's Nov ato .

Cal iforn ia. o ffice . Th e two QA geop hysicists had rece ived cop ies of data disp lay pan e ls prior to the meeting. After a

No re flect ion e vents we re apparent on any of the disp lay panels; there fore. expectations that the subs equen t

Test Survey w ill produce reflections shoul d be lowered accord ing ly.

Most o f the recorded ene rgy is sa n in the refracted arr ival and the air wav e phases.

Panels sho w strong " ring ing" from the refr acted ar riva l.
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Most of the recorded energy is clustered in a narrow frequency ban d centered arou nd 120 Hz: s ite cond itions do

not seem to allow for the des ired broad-band frequency spectrum in recorded data.

Vibra tory so urce shows the most prom ise: other sources show signifi cantly lower frequencies. whi ch were

considered too low to prod uce useable refl ections in the very nca r su rface.

Srack ing J v ibrator sw eeps seems to improve the signal to no ise ratio,

Chan ges in da ta quality from soil VS , gravel roa d not signifi ca nt, a lthou gh shooting a ross the GM-I trench

seems to red uce grou nd roll sligh tly ,

No significan t seismic an isotro py between the two Walkaway tests was observcd.

For Test Survey, low end of vibrato r s weep should STart abo ve 80 Hz, as sweeping at 80 Hz seems to excite

ground roll.

For the Test Survey. the high end of tile vibrator sweep shou ld be set at 400 Hz, Even though litt le ene rgy, a nd

no ap parent s ignal. was recorded at that frequency. the Test Survey paramete rs should not precl ude recording

higher frequ ency data shou ld it be ava ilable.

For the TeSTSurvey, geophon es shou ld be buried to mitigate the air wav e: the a ir "":1 " <: can pro bab ly be:

fi lteredm uted throu gh addi tional proce ssing.

For the T::SI Survey. the rece iver array sho uld be " pushed" in from ofth e source to minim ize the po ssibi lity that

r-. lin ibug gy v ibrations will loosen ground coupling of the near geop hones,

Tes t S UI-v Cy Paramete rs

On the bas is of the wa lkaway rest res ults an d ensuing disc uss ions, the fo llowing sei sm ic reflec tion/retraction Test

Survey parameters were establ ished :

Sei smic Refl ect io n Test Survey

[nagy Source : i \ 'i t\1inbuggy vibrator

sweep parameters: IOO--WO Hz over 2,5 sec onds

stack: .:;

shotpo int interval: 2 fed
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• Receiver Array:

geophone group : three 40-11z geophones in a tight group

group interval: 2 feet

number of groups: 120

tota l arra y length : 240 feet

Recor ding System :

J20 channel s (96 minim um)

• Record Length:

3072 milliseconds uncorrelared

512 milliseconds correlated

Rec ording Interval:

0.25 mill isecon ds

Spread Configuration:

type : end-on. pushed

source minimum o ffset: 6 feet

source lateral o ffset: 5 feet

Seismic Refract ion Survey

Energy source: Betsy Seis gun, 3 oz. Project ile

Receiver array: 240 feet long with 120 geophone groups spaced Z feet apart ( i.e.. the seism ic reflection arrays

already in place)

Record ing System: 120 channels

Sho tpoint loca tions: One on each end o f the receiver array, one in the m iddle o f tile array. and one 120 feet off

each end of the (m ay. Five shotpoints- total spread length. inc luding shotpoints - 48 0 feet

pro-only /fmtcxt/scct -L doc
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3.; .1.3 T es t S u rvey Data Acq uisitio n

Data acquis ition for the Te st Survey \\"35 scheduled to be gin on :'Iay IS bu t W;l5 de layed for rWI) da ys due to th ~ failure

of the i\.!inibuggy computer. wh ich programs the vibration sw eeps. After contact ing the manufacturer. it W;l5 de term in ed

that the computer could not be repai red in the field. 111e Test Survey beg an on :-13Y20. when a replac eme nt compute r

arrived. In add ition, a radio transm itte r uni t, whi ch coordinates )I.!in ibugg y vibra tor with the seis m ic record ing sys tem.

failed on :,by 21. :\ replacement unit arrived on May n . Later. an unrelated data record ing erro r a ffected all re flect io n

data obtained aft er May 22. The nature ofthis rec ord ing error is discussed in the Black hawk' s re port

( Blackhawk. 199 7).

Tes t Li ne Layout

The se ismi c retlect ion / refraction Test Survey was performed a long tw o mutua lly pe rpend icu lar test lines centered nca r

bor ehole \V205 C H 1 (Figure 3- 1). Te st Lin e i wa s 1.000 fed long an d wa s posi tioned along the north edge of the

cast -w es t grav e l road . Nort h-south Te st Lin t: :? wa s 500 fee t long an d cente red on Test Line I. Th e lines were

posit ioned by the Test Superviso r, wh o used a fiberglass tape measure (0 mark each line at 20-fot)t intervals with pin

na;;5 labeled with the corresponding shotpo int number. The Test Supervisor a lso measu red the relat ive e leva tion change

betwe en the flagged loca tion s usi ng a field-ca lib rat ed hand level. TIl:: tes t lines wen: also marked at sel ect ed locations

w ith wooden stakes, an d the staked loca tions were surveyed by a land surveyor who measured the ir po s it ion an d

e lev at ion . The land survey d:!la we re combined with the hand- lev el da ta to produce detai led topogra phi c profiles a lon g

the- tw o le st lint's.

Seism ic R efl e ction S u rvey P r ocedure s

The Test Surve y along Line I procee de d fro m ea st to we s t, and the survey along Line Z proceed ed fro m south to north .

In genera l. Test Sur vey procedures we re as fol lows: First. all ava ilabl e (200) gco ph o nc groups wac bu rie d a t two- foot

intervals a long the tes t line. The gc ophone groups we re then co nnect ed via geophone cables to a ro ll swi tch. wh ich

selects the ap propriat e 120 geophone grou ps (e.g.. groups I to 120) an d feeds the ir signals in to the se ism ic record ing

sys tem. ?'e:xt. sh orpoint locati ons we re marked on the ground with spra y pa int. Final ly , the )l.l in ib uggy W ;lS driven to

the first sh otpoint locat ion (S P- l ). \\ here the vib ra tor pl ate W:lS low ere d to the grou nd and a series o f thr ee vibrat ion

'Nnen the sw eeps :II S r -l \\ ere comple ted . th e ~ l j n i bll ggy <:<.1\an ced to =P-2. Us ing the ro ll s\\ itch, the O pe ra tor the n

sweeps was initiated , Because o f the precise position ing req uired by the tw o-toot sho tpo int spacing , a work er stood

along the test line to help position the :-" l in ibuggy vehi cle. As the Minibugg y ad vanced down the test line. de -selected

geopho nes were disconnecte d from the cables, leap... froggcd to the far en d of the array. and reco nn ected . This pro edure

pro-ouly/fmtext/ scct-J .doc
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was re peated until the end the test line was reached. Figure .3 -3 sho w, a sc hematic o f the seism ic re flect ion surve y

procedure.

In accordanc e with TP -7, func tiona l tes ts and ca libration checks wer e perform ed on both seismogra phs be fore data

ac qu isit ion beg an: these tests were pe rformed again at the end of each fiel d day . Hard 0PY records documentin", the

results of these tests were pro duce d and submitted to the Tes t Supervisor- In addit ion, line checks were performed on

the geophone arrays. and the perfo rm ance of indiv idu a l geo phone groups w as che eked a t random . Reco rds doc ument ing

the resu lts of these checks were als o su bm itted to the Te st Supervis or , who placed them in the fireproof file cabinet at

the H LA fiel d o ffice at the end of each fie ld da y.

Se ism ic Reflection Data Process ing a nd Da ta Ha ndlin g

For each shotp oint, data from the three vibra tion sweeps were stac ked and sav ed as a sing le uncorr ela red record . Nex t,

the stacked data were co rrelated using the sei sm ograph manu fac turer's ins ta lled so ftware, and the resu lting correl ated

record was a lso saved. The purpo se of savin g the unco rrelated da ta was 10 a llow for addit ional data (rejp rocessing.

poss ibly using adv anced techn iques and software that arc as yet und eveloped.

The Se ismog raph Op erato r previ ewed each correlated record on the sei sm ograph d isplay screen prior to saving to insu re

that the data were ofacceprabl e qua lity. In add ition, selected corre lated rec ords . genera lly for ever) 10th shotpoi nt .

were printed om to provide hardcop y records to doc ume nt data qu ality. The large vol ume of da ta obta ined fo r th is

su rvey precluded printing eve ry sho rpoint rec ord .

As w ith the Walkaway Test, the reflection da ta we re sa ved into the seismograph' s computer memory. an d the pert ine nt

in form at ion (c.g., fil ename and shotpoint location) recorded on Se ism ic Obse rvers Lo gs . Th e Observers Log s wer e

sub m itted to the Test Supervisor who photocopi ed them each ev en ing . TIle se ismographs were transported to

Blackhawk ' s hotel room ea ch evening. and the Test Su rvey data were d um pe d from seismogra ph memory to -lrnrn DA T

tape. N o furthe r pro ces sing was performed in the fie ld. A back up copy of eac h tape was made and g iven to the Test

Superv isor. who placed it in the fireproof sa fe the nex t morning. Upo n complet ion o f the field work, DAT tap es w ith

the seis m ic reflection data , a long with cop ies of the Observers Logs, were hand -carr ied to Blackhawk' s o ffice for

proc ess ing and analysis . Data process ing deta ils and the results of the se ism ic re flec tion survey are presented in the

Blackhawk Geometries report (Blackhawk. 1997),

Seismic Re fra ct ion Su rvey Procedures

The seism ic refr ac tion su rvey \\ as performed concurrently \\ ith the reflec tion su rvey . .Although the sa m e rece iver ar rays

and record ing equipment \\' '15 used for both surveys, the Betsy Seisgun ~.v3S used Cor the seismic refract ion energy

source. in general. the seismic refraction su rv ey proceeded as follows: first. the Minibuggy was shut do wn and the

prc- onty /Imtext/sect -J .duc
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Betsy Seisgun was mob ilized, N ext. the ap propriate rec e iver array ( i.e.. gc ophone groups I to 120) was selected with

roll switch, an d the Bets y Se isgun fired a :3 ounc e lead projecti le at fiv e shotpoint locations space d 120 feet apart and

cente red on the rece iver array. On e shorp oint wa s pos it ioned in the cente r o f the array. on e shotpo int w as positioned on

eith er en d o f the array. and one sh orpo int was placed 120 feet off each end of the array (Figure 3-3 ), Count ing all five

shorpoint locatio ns. the length of eac h refraction spread was 480 feet.

The se ism ic refl ect ion survey was then resum ed. Whe n enough ge ophone grou ps we re in place fo r the next refraction

rece ive r array (i.e .. ge ophon e groups 121 to 2..10), the Se isg un was again mobilized and fir ed at five shotpoints centered

on the second receiver array. This proc ess was repeated. as the refl ection survey progressed, until the end of each test

line was reached. In th is manner. se ism ic re fr act ion data co verage W;IS obtai ned a long the entire leng th of each test lin e.

The seism ic refract ion data were handled in the same manner as the reflection data. i.e., se ismogra ms for se lected

shotpoints we re primed. data wen: d igually re corde d and dow n loaded to DAT tape , and Seismic Observers Logs were

ke pt. DAT tapes wi th the re fraction data were han d-ca rr ied to Bla ckhawk's office for processing and analys is. Data

process ing detai ls and the results o f the seismic refraction survey are pre sented in Bla ckhawk 's re port

(B lackhawk. 1997),

3,7.2 Vert ical Se ismic (\ 'S P) Su r vey

The \'SP survey comprised three elem ents: I) VS P Survey preparat ion, 2) a VSP lest su rvey, and J) a VSP producti on

su rve y. V5P Survey procedu res are de tailed in TP-31 . In the same ma nner as w ith the sei smic re flec t ion /refra ction T est

Survey, sei smograph ca libra tion was per form ed tw ice dai ly, V SP data were dumped onto DAT tape dai ly. and backu p

tapes were made. Hard copy printou ts (se ismograms) of the VSP data were ou tput in the field and rev iewed for data

qua lity. V SP da ta were returned to Black hawk 's o ffice in Go lden. Co lo rad o , fur process ing an d interpretation. The

results o f the VSP sur vey ar e presented in Blackhaw k ' s report ( B lackh awk. 19lJ7).

3.7.2.1 VSP Su rvey Preparation

Bo reh ole W205CH I was used for the VSP survey. and wa s prepare ! expressly fo r tha t purpose. As spec ified in TP-3 I.

the Tes t Supervisor and the Seismogra ph Op erato r inspected the caliper log, dev iat ion survey data. and viewed the hig h -

resolution borehole video ( BIPS) fo r W20.5 CH I pr ior the VSP survey, Al thou gh the caliper log.sh owed a fe w breakout

zones with in the bor ehole . th e de viat ion survey showed that the bo reho le was w ith in 10 deg rees o f ve rt ica l. a s requ ired

by TP-:3 L Overa ll. the ca liper and 8lPS da ta showed smooth borehole wa lls . ind icatin g the potential fo r good geopho ne

coupling to the borehole W;l!1. It W;::5 noted. however. that the HIPS vid eo tap e showed borehole co nd itions to only

n o feet bgs, and not for the entire f i 2-toO[ bore hole de pth sh own b;. the cali pe r log and bore hole deviat ion surve y.

pru-vni: ;fm :C\L s.=ct·J li t>':
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Param ete rs for the VSP test survey are set forth in TP-3 1. In genera l, TP-3 I required that VSP test data be ob tained

from multip le surface locat ions to see if da ta qua lity varies with respect to sou rce po int locatio n. In parti cular. the

natu re of the tube wave noise with respect to source point o ffset dis tance was to be studied . as was seism ic an isotropy

related to off set direc tion. TP-3 1 also specified tha t P-wave data were to be generated usin g the same source and

recording parameters that were used for the seism ic reflection Test Survey. TP -31 furth er specified that an Svwave VSP

survey be per formed to a id in the eng ineering analys is of subsurface materials nea r the borehole.

3.7.2 .2 VSP Test S urvey

The VSP test survey was performe . on May 25, 1997 using, five su rface sou rce locat ions (Figure 3-4 ). The sou rce

locations were distributed along two perpend icu lar alignments roughly co rrespondi ng to the strike and d ip directions o f

the bedd ing at the si te. The sou rces were spaced 10. 30. and 100 feet from the borehole a long strike. and 10 and

! 00 feet fro m the bo reho le in the updip d irect ion . Dow nhole measurements for the VSP test survey we re made at

50-foot intervals to a depth of approx imately 300 feet bgs, Dur ing the test surv ey it was discovered that the boreho le

was blocked at 330 be low ground surface (bgs). An unsuccessfu l effort was made to bump the too l through the

blockage .

v SP D ata Acquis ition S yste m

TIle da ta acq uisition system comprised a Ge os tuff Model BHG -2 14-flz tri-ax ia l dow nhole geophonc. and a single

Geom etries Stratiview R-60 seismograph. In add ition. a set o f three orth ogonal J x-Hz geophones was placed on the

ground sur face appr ox imat ely 50 feet from the boreh ole to mon itor any changes in so urce charac te ristics as the VSP

survey progressed . VSP data were recorded on six channels · three for the downhole geophone, and three for the surface

geophones. The sei sm ograph channe l numbers corr espond ing to the axes orienta tion of each gcophone were recorded

on the Sei sm ic Observers Logs.

vsp Test Survey Procedure

In genera l. the VSP survey procedure entailed lowering the gcophone to the desired depth and then wa ll-locking it with a

motor -d rive n stee l strip. which bowed out from the geo phone housing. The motor was turned off and the geo phone

cable was gently tugged to insure that the geoph onc was ade quately cou pled to the borehole wa ll. Seism ic energy was

then generated at the surface. and VSP data we re recorded: the steel strip was retracted and the geophone moved to the

nex t measurement depth. where the process was repeated. Pvwavc VS P test data we re ob ta ined at a ll five source

location . Svwave VSI> test data were obtained at he tw o lO-foot offset loca tions after the Minibu ggy was shut down,

As w ith the seism ic refle ct ion Test Survey. P -\\ ;l V e energy was generated by stacking three 100- to 400-Hz vibrator

swee ps. The S-wav:: energ y was produced by striking the opposit e sides of an Sswave an vil (a heavy me ta l box coup led

PI -cntyi frntex!Jsect· 3.d 
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[0 the ground by -l-inch sp ikes) w ith a 12- lb sledgeham mer. Str iking one side o f the an vil produce s a horizonta lly

polar ized S - W :l VC: st riking the opposi te side of the anvil produces an S-wa vc th at is po lar ized in the oppos ite (revers e d)

d irec tion (Fig ure 3-5). For QC purp oses, Svwav es we re identi fied in the field by no ting phase reversals (tra nsposi tion o f

peaks and troughs) be tween data pr intouts from forw ard and rev ised hammer blows. Svwnvcs were also ide nt ified by

stac king forward shots then subt rac ting reverse shots directly Oll the seis mo graph ; the resulting waveforms were then

v iewed on the se ism og raph d isplay screen .

Downhole d ep th mea surem ents were made us ing the 5-foot marks on the geophone cab le. and also by us ing a fibe rg lass

tape meas ure fastened to me geophone cable. Th e tape measu re served to verify the geophone ca ble dep th m arks, and

prov ided dep th measurements for interv als sma ller than five feel.

3. 7.2.3 VSP Test Result s

Se ismograms from the VSP test slIrvey were rev iew ed by the Te st Supe rv iso r, the Se ismograp h Ope ra tor, and the DRP

QA geophysic ist. Th e: follow ing conclus ions w crc drawn:

P-'.\ 2Ve arr ivals from the :' lin ibu ggy were pickabl e: tube \Q es could also be identified and w ere gcn....rally

d istingu ishable from Pvwave arrivals,

S-wavt: arrivals were easily visible [ 0 300 feet bgs.

Pr im ary re flect ions were not seen: a poss ible tube \\ vc reflected from J fault intersect ing the borehole \ \":lS

noted.

0:0 significant horizonta l an isotropy wa s observed.

Ch anging the offset di sta nce o f the so urce po int from bo reho le docs no! appe ar to affec t Pvwave cha rac ter .

Blackhaw k expressed confidenc e that the tube wave ca n be fil tered to help make P-wa ' cs more re adily

iden tifi ed .

With absence of re flec tion events in both the reflect ion and VSP test d;HJ. the VSP production survey sho uld

use near-offset sour e points to obtain better \ clocity and engineering information

A check-shot survey using the Betsy Scisgun should be performed to help identify and time Pvw ave arr ivals

from the ~1 i ni buggy vi ratory source.

pro ~~)nf :../ lm CCXt/ 5I:CC-3.doc
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3.7.2.4 VSP Production Su rvey

On the bas is of the VSP test survey results. a three-phase VSP production survey was per formed. The VSP production

survey co ns isted of: I) a near-offset P-wave survey. 2) an S-wave survey and . 3) a limited far-o ffse t VSP survey . In

add ition . a ch eck-shot survey us ing the BelSY Se isgun was also performed

Ncar-offsct Pvwa ve VSP Survey

The ncar-offset P-wave VSP productio n survey used IWo source po ints : on e poi nt 10 feel from the bor ehole in the strike

d irect ion. an d one 10 feet from the bo reho le in the updip d irection (Figu re 3-4) . Downhole measurements were made a t

2- foot intervals in the uppe r 100 feet. and 5-foot intervals below 100 feet (Figu re 3-3). Th e survey was perform ed 10 a

depth of 3 30 feet bgs , where the boreho le was block ed. After co nferring with the project managers at HLA ' s

Morr isv il!e. North Carolina office. it was dec ided that the field crew should com plete me VSP prod uction survey to

330 fee l. not standby for the borehole 10 be cleared . VS P data bel ow 330 feet was deemed les s cr itical bec ause the depth

o f inv est igation for the associ ated shallow seismic reflection Test Survey was only 150 feet: addi tio na l VSP data below

330 feel co uld be obtained later. if required.

The two-foot meas urement interval in the upper 100 feet was des igned 1O provi de the resolut ion necessary to del ineate a

th in. sha llow weathered zone ihar is believed to trans ition sharply to less-we athered bedrock . The two-foot spac ing was

also design ed to pro vide su ffic ient data density for a det ailed engineering analysis of the shallow subsu rfa ce. VSP data

from the seco nd near- o ff se t source localion was obta ined to che ck repeatabili ty. and for red unda ncy in the e ven t that

Pvwave arr ivals were diffic ult to pick on the first data set.

S-W;\YC VSP Survey

The S-wavc product ion VSP survey was perform ed using the same source point loca tions as the near- offset Pvwavc VSP

survey . Downho le meas uremen ts were made at 4-foot intervals in the uppe r lOa feet. and tO- foor intervals from 100 to

3.30 feet bgs . The 4- and l O-foc t measu rement interva ls provided S-wave data at the same depths as the Pvwave data to

facil itate the ca lculat ion of elas tic prope rties for the engineer ing ana lysis o f subsurface materia ls adjacent to the

borehole.

As with the VSP test survey, Svwave energy was generated using the S-wave anvil. In general, energy from five

successive hammer blow s was combined (stacked) to produce one data rec ord . At each measurement depth. separa te

data rec ords were made for forward and reversed shots . Se ismo grams from selected pairs of forward and reversed shot

records were output in the field and superimposed (0 verify phase reversal and insure that adequate S-\\'Zl \'e energy-\ \ ':15

being prod uced.
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Li mited F;lr-Offsct VSP S u r vey

A limited fa r-offset VSP su rv ey was performed us ing tw o sou rce p ints pos itio ned 100 feet from the borehole in the

strike and updip direc tion s ( Figur e 3--+) . Do wnh o le me asurem ents were made a , l Ovfoo : in terva ls fro m 200 (0 33 0 bgs.

The purpose of the far-o ffse t VSP survey was to furth er evaluate hor izontal aniso tro py rel ated to geologic struc ture. and

to aid in th e analys is o f rube W ::IW noise .

Chec k S ho t S u rver

A check-shot survey us ing the Betsy Seisgun as a Pvwave so ur ce was also performed. Do wn hole measurements were

m ade e very 50 feet to a dep th of 300 feet bgs. The purpose o f the chec k sh ot survey wa s provide pre limina ry Pvwave

ve loc ity in fo rm ation in the field . and to help identify Pvwave arr iva ls on the- VSP seis mogra rns during subsequent data

pro cessing and analys is .

3.8 Da t:l l\1:w:lgcmcllt

Data m anagem ent tasks were conducted. in accordance w ith th e Te chnica l Proced ur es appropria te fo r th e field task . and

in acco rdance with Tp·13 (E lectronic Data M anage ment and Preservat ion ) and the Data M anagement Plan .

3.8.1 Field Da ta Managem ent

Overs ight of field data manage ment was the responsibility of the Field Activ it ies i\lanager and th e F ie ld Operations

:' lanager. A t the end o f each wo rk day all field logbook s . fiel d form s, d iskettes. video tapes or other fie ld da ta were

pla ce d in a locked. tire-resista nt safe located in an ensue , access- comrullcd area D:' the HLA personn el responsib le fo r

those da ta . Each morn ing o n ly the items necessary to co nduc t that Jay ' s work (e.g .. field logbooks, relevant field forms)

were taken out to the work si re by HLA personnel.

Upon the co m plet ion o f the field wo rk an d co mp ilat ion of the Data [k!iverables, the- Technica l In vest ig ato r subm itted

all fie ld data del iverab les to the Projec t t\ la nager for incl us ion into the Proj ect Files o r Proj ect Database, as a ppropriate .

3.8.1 El ec tronic Da ta I\Ia n:lgem en t

Proce d ure s for the man agement and pres ervation of electron ic data are descr ibed in TP-23 (Elec tro n ic Data "-Ianagcm em

and Preserva t io n) and the Data ;"lanagement Plan. In su mma ry . the se document s. final ized during [he G:'I-1 Pilot Study

fi del activi ties, de scr ibe how it Tec hnical lnv esr iga tor compiles a 0 :1:3 Dcliverab!c con ta in ing field data. office data. and

othe r in forma tion. and transfe rs that Data Deliverable to the Proj ect ;.l ::mager for incl us ion in the Project Data base and or

the Proje ct F iles .
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Because H L:\ is still in the process o f ide ntify ing the Data De liverab le format an d content for each field activity, much

of the data generated during the GM - I Pilot S tudy fie ld activities arc no t yet loa ded into the Project Database. The

process o f writi ng de scrip tions o f Data Del iverab le format and content is ex pected to be completed by mid-November,

199 7, and w ill result in d eta iled descriptions that can be inco rporated into each Technical Procedure. As the Data

Deliverab le descript ion s arc completed. the rema in ing data generated du r ing the G"-l- I Pilot Study field activities will be

compile d into a Data Del iverab le, transferred to the Proj ect Manager. an d up loade d int o the Proj ect Datab ase and'or

Proje ct Files.

3.9 Q ual ity Assurance

The Gtvl- I p ilo t study was conducted under the cont ro ls o f the Project quali ty ass urance program. Th e objective of the

quali ty assurance pro gram fo r a ll phases of the Proj ect is to prov ide assurance that technical requirements . and ultimately

the operation al Facility ' s pe rfo rm ance objectives wi ll be mel. Proje ct quali ty assu ran ce focused on data gather ing. data

processing and dat a an alysis as the primary qual ity affec ting act ivit ies for the pi lot study. To su pport th is. su rveillances

we re perfo rm ed to ver ify compliance with proc ed ural requirements for var iou s fiel d activities.

The fo llowing su rveillanc es of field activities were con ducted as oversight o f a representative sam ple o f the quality

a ffecting wo rk un der the G"-l- I Pilo t study. Opportunities for improv ement ide ntified during these su rv eill a nces were

pr esented as either a Recommendation. a Concern, or a Nonc on fonnan ce(NCR}. Recomme ndat ions are for

co ns idera tio n only an d there-fore-do not require a written resp onse from the rec ip ient. Rec ommendations are. how eve r,

tracked by Q uality Assurance to support trend ana lysis . Concerns ident ify a condit ion requ iring a written re sponse and

positive co rrective act ion from the rec ip ient to correct or avoid a work activity de ficiency, and NCRs identify procedura l

viola tion s that m us t be formally addressed wit h docu mented. planned and impl emented cor rective ac t ion. A ny s trengths

ident ified duri ng the su rveillance are a lso docu mented to record no tewort hy aspects o f an act iv ity 's per form ance.

Su mmary of surve illances:

O bserved the setu p and start of the dr illing activities at the Site. Adequacy of procedura l contro ls, as well as actual

drilling pract ices were observed and evaluated. Thi s work was performe d under HLA procedures TP-I (Drilling

Procedures). TP-S (Field Logging of Core), and TP·l l (Core Transfer). Th is surveill ance reported the following:

Recornmendat ion s 1

.-\ Wor k Ins tru ction was incompletely fi lled om in that som e spaces on the form were left blan k . O n any

document that \\ iii become a record of Project activities, all app ropriate spaces on [he form should be either

till ed in. or 01' .:". marked in that spa ce to provide for completeness or closure o f that do cu ment. If the space in

question is de termined to be unnecessary, then consideration should be giv en to modifying the form.
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S u m ma r y ofGi\ I- \ Pil ot Study A c t ivi t ie

Re co m rncndano n ::2

T?-I i Appendix A fO:::1 I refers co "Tcchni -.I! Program Direc to r". Th is tnle is no longer app licable and sh o u ld

Strength

The field logbook entries made wen: thorough . neat and leg ib le and documented in ac o rdance with section . 1

of Til-I . The entr ies provided a clear ch rono logy o f work performed. env iro nm ental condi tions and o the r

po tentia lly usefu l information nOI d irec tly relatcd to the techn ica l asp ec ts of th e wo rk. such as a notation uf

v is itors to the d rill s itc.

Concern i! I

Section 6.1 o f T £>-1 req uires that the Fie ld Activities Manage r (FA1'- I) be resp on s ib le fo r chec ki ng the

tho ro ughne ss of field documentation and corre ct Jny noted defi c ienc ies. Wh ile d iscussion with the F.-\;\ I

re vealed that thi s requi rcm ent refl ected actua l pra .tice. TP- l d QCS not currently pro v ide d irection for th e

step descri cs a d iscrete quali ty co ur c l he ck fo r the dr illi n~ activit:- , it i. importa nt to estab lish a systc rnat :c

a t preach :0 its impler ic nration. Th is Concern is applica ble to both the review o f the Fi 'hi logs as \\' ::1 1as the

Boreho le R... o rd f rm s TP- I should be rcvised to " [(1\ ide this req uire m ent. To ad Iress th is Con cern. the

F.-\ \ I sho uld prov ide :J memo 1O Qu ali ty Assura nce iocu menting the act ion that \\ ill be taken an d it' s associ .n ed

cornp le io n da te.

Reso lut io n:

T P- I wa s r... vised on 5/5 ,97 to pro vide c learer :;uil!.lnc r.: for the st: checks

Noncon form ance Re port NC R-97 -00I

The indivi.iu..1 igning as R...viewer of TP-S II .b no; en record as having. co m pleted the req uired lr::lini n:; [0

perform this function :15 re [uired b:. se ctio n J.5.1 0·- Q.'"\ P-5. Preparat ion of Q ua lity A 55c r ance Proced ure s .m .I

Work Ins ru e ions . Th e Q ' ::Iii,, ' Assurance :-'l:!n.:gcr is responsib le for ensuring that Project person ne l ar e

designee) as proce d ure :\ppro';::'! .:; t:thor i::. for 111.:\ pr cedu res . is resp ris ib le for ensuring [hal the se s i ~n i : : =.:
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Summar)' o f G M - l Pi lot S tudy Activ i ti es

Reso lution:

The NCR W ;l5 responded to on 6/1/97 , w ith the immediate tra ining of the tec hn ica l reviewer invol ved, as well

as a commitme nt from Project management to maintain a stronger aware nes s of me training needs for new

Project team arrivals, The NC R was d osed on 6 '1/97.

Observed Site tren ch excavation and mapping act ivities; rev iewed and evaluated adeq uacy of proced ural control s

versus actua l prac tice . Th is work was performed under HLA procedures T P-6 (Trench Excavation) and TP·9

(Trench Mapping and Documentation). This survei llance obser-ved trench excavat ion ac tivit ies on ly, and nO

d iscrepancies were not ed du ring the surveillance .

Ob served Site trench mapping ac tivities; reviewed and ev aluat ed adequacy of procedura l controls versus actua l

practice. Th is work was perform ed under HLA procedure TP·9 (Trench Mapping and Documentat ion). Th is

su rveil lance reported the fo llowing:

Rec om men dati on # I

T he records of the tra inin g provided to personnel perform ing tre nch map ping wor k sho uld be ge nerated by

TPFG and maintained as Project records . The Geosciences Discip line Lead is respo nsible for ensuring that

documen ted training takes place on th is and other s ite geosc ience stud ies pr ior to the stan o f that activ ity .

Recommendarion s 2

Tp· 9 shou ld be re vised at the earl iest opport un ity lO restruc ture it to fo llow more clos ely with the Proje ct' s

s tanda rd procedure tem pla te. Th is act ion will h ilp cla rify actua l implemen ting steps for both the use rs and

re viewe rs o f the procedu re.

Recommen dat ion I; 3

TP- 9 should be revised at the earl iest op po rtun ity to clari fy th is step ' s intent.

Concern s I

T P-9 does no t cu rrently provide clear d irec tion fur the mechan ism for documentation or period icity o f the QC

rev iew s called out in section 6.2- Since th is procedural s:ep de sc ribes a d iscret e qua lity co ntro l check for the

trench mapping activity . it is important to establish :':. systematic approach to its implementation.
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S um ma ry ofGM-l Pilot Study Activities

Re solut io n:

TP-9 is being revised for pu blication pri or to the stan o f si te -wi de charac ter iza tio n.

Observed AlPS activ itie s and related acti vity control s. Th is work was perfo rmed under HLA procedures TP- I3

(Geophysical Logg ing) and T P- ! -4 (Borehole Image Processing Syst em [BIPSj). This surveillance reponed the

fol lowing:

Rec ommendation :.i I

Any rec or ds that rep resent instrum ent or de vice culioration/comparison check traceability to known standards. an d

co uld be co ns idered important records for the validation of activity delivcrables sho uld be identified and inc luded

as part of tha t del iverable.

Reco mm endatio n #2

The individual in charge of an ac tivity at the site sho uld coor d inate w ith the office document d istribution staff to

have an appropriate number o r" con tro lled copies of nec essary documents in place in th e rie ld prior to start o f work,

Strength

A designated lILA sta ff mem be r actua lly a t the wo rt site wi th d irect superv ision ov er. and resp onsibil ity for

subcontra ctor work in progress represents a sol id activity controls approach.

Observed the sta rtup of geop hysical logg ing work performed by Sch lurnbergc r and evaluated re lated activ ity

control s . This work was performed under lI LA procedures T P- 13 (Geophys ica l Logging - G eneral Proced ure ) and

TP-n (Schlumberger Bore ho le Logg ing). No dclicicncies were noted d ur ing th is s urve illance .

Observ ed hyd rophys ical logg ing performed by COLOG and evaluated related activity contr ols . Th is wo rk was

perfo rmed un der HLA procedure T P- J9 (H yd rop hys ica l Logg ing for Aqu ifer Chara reriza t io n). This su rveillanc e

repo rted the fo llo wing :

Rec ommendaiion s I

Discussion sho uld take place be tween Hl.A and the COLOG O LS 10 ident ify an d correc t any conflicts be twee n

proc edur a l work sequencing requirements and actual needed field prac tice s :0 avoid the potentia l for procedural

nonconformance
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Data A n a lys is

4.0 DA T A ANA LYSIS

Th is sect ion de scribes the da ta ana lysis and int erp retat ion process co nduct ed by the HL A projec t team w ith respect to th e

tech n iques described previo us ly in Section 3.0. Th e descr iption of analytical work is included in th e follow ing s ix

sub sec t ions:

• An alys is o f Hydra ulic Respon se During Drill ing and Te sti ng

A nal ysis of BIP SIFMI Image Data

Analys is of Boreho le Geophy sical Logs

Hydrau lic Testing Analysis

G eo chemical an a lytical results

Se ismi c Refl ect ion

Based on our ev aluation o f the results o f the Pilot Study and the various too ls use d. a discuss ion of ou r rec omm ended set

of too ls is prese nted at the end of se ction 4 .0. The analytica l results are the n integrated in Sec tion 5 .0 wh er e an

interp retat ion is also pro vided .

4.1 A nalysis of Hydraulic R esp onse During Drilling And Tes ti ng

As discu sse d in Sectio n 3 .2.2 ( Hydrau lic Monitor ing), the presenc e of d istinct wa ter los s zones . and the volume of water

lost or produced at each bore hole was noted du ring fie ld work. These field ob se rvations, such as field ac tiv ity

chronology, cumu lative water usage or prod ucti on at eac h boreh ole. Ap ril and May, 1997 meteorol og ica l da ta, and

hydraulic responses to field act ivities are assembled on Plate 4- 1 an d d iscussed bel ow.

·U . l W a ter Loss Zones

Observ ations o f the rate of water usage or prod uction du ring drilling were uti lized to identify wa ter loss zo nes. Use o f

dr illing flui ds, alth oug h be neficial for cor ing and for produci ng a clean borehole suitable for wirel ine log g ing . ten ded to

mask mi nor water use fluctuat ions and mad e it di ffi cul t to identify the lower yie ld wa ter loss or prod uction zo nes during

drilling. Addit ion a l in form ation. inc lud ing the monitori ng we ll hydrau lic resp onses dis cussed below, were a lso used to

idcn tify sign iIican! zones of water loss .

Based on these fi eld observations, two distinc t wa ter loss zon es were identifi ed at Bor ing W205 CH I. The zones are

pre sent at ap prox imatel y 157 and 321 fee t bgs. Dur ing coring work at Boring \V205C H! . circulatio n wa s suddenly lost
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D ata An a ly si s

at the 157 foot depth. w hich gene ra lly corresp onds w ith a beddin g- p lane frac ture presen t at the base o f a san ds tone un it,

and w ith hydra ulic respo nses at ;"lont tortng We ll W 3i\-ICI2 , first no ted wh en th is zo ne W:1S encountered. T he wat er lo ss

zo ne at 32 1 teet bgs was charac te rized by a s low increase in water us age d ur ing coring or an inc rease in water

prod uct ion during re am ing , o nc e th is de pth was en counte red . Thi s zon e appears to co rrespond 1O an inte rval o f hig hly

breccia ted be drock. and possibly anothe r bed d ing p lane fractu re. tha t are pre sent dire ctly above th e W S fa ult a t th is

location .

The on ly other obvious water lo ss or pro d uct io n zo ne observed d uring d rill ing G0.1-1 Pilot Study borehole s is p re sent at

Boring W: OJAR I A. Boring s \\'2 0 l.-\R IA an d \\'20 1AR j B were the o nly bo reh oles drilled dry. wi th o ut th e addi tion o r

wa ter in to the co m pr essed air st ream during a ir ro tary d r ill ing of the co m petent bedrock . Th ere fore. it was eas ier to

ident ify lower yielding water pr odu iion zo nes in th ese borin gs. than in the other t orings. where sma ll quant ities of

water were added to the compressed a ir to prod uce a m oist a ir stream du ring drilling. However. because o f evaporative

losses into the ai r stre am. ve ry low y ie ld water-bea rin g inte rvals cou ld still not be identified. At \\'20 IAR IA a small

prod uc tion of water was not ed \\ he n air rotary d rillin g at a ppro ximately 88 fe et bg s. Geophysical iog g ing an d

hyd rophys ical logging discussed in Sections ..L] an d .~ .4 respect ive ly did no suppo rt the ex istence of a wate r y ield ing

zo ne at thi s depth in Boreh ole \\'20 i A R 1.-\. but d id ind ica te low- yi e lding . w atcr -bcarin; intervals at dept hs o f ..[ 5 .::: and

~~ S.S teet bgs.

4.1 .2 \ Va ter Usa ge a nd Product ion

Reco rds of wat er usage d ur ing fie ld act iv ities allowed co rre lation of water usage and prod uction ro sp ecific fie ld

activiticv, In general. bedrock co ring activities (wh ere drilling flu ids we re circula ted during coring) wou ld ge ne ra lly

res ult in a net loss o f dri ll ing flu ids to the fo rmation, Whe reas . ai r rotary dr illing or ream ing (where la rge quant it ies o f

air wa :; injected in to th e borehole) generally resulted in a ne t produc tion of water fr om the format ion ( Plat e 4- 1) .

At a li d rilling locations exce p t Boreho le \\ '206A R I . fie ld acti v it ies ge nera lly resulted in a ne t product ion o f wate r fro m

lhe boreho le. o r in one ca se . a m inor loss to the format ion ( 109 gallons were loss to the form ati on at Boreho le

W20·1 ,.\ R I ). Field records indicarcd th a t Iie td activ ities at Boreho le W:;06:\ R I resultcd in a ne t loss o f 1.":'+9 gallons of

wate r to the f rrna tion . T he mo st sign ifi cant exchange of water occurred at Bore ho le \'.;20:iC H I. A t th is location

approximately 1~,~35 gallons o f dr illi ng fl uids we rt: los t during co ring activities. whereas approx imate ly 3..1.098 gal lons

of rorm.uion wa ter was lat er p roduc ed du ring air rot ary ream ing. ai r rotary drilli ng . and packer testing . resu lt ing in J net

prod uction o f j 9,'63 gal lons o f wate r fro m W2 0 5C l i I .

4.1.3 H y d ra u l ic Res po nse An a lys is

The produ ct ion and loss o rwater in the boreho les produced measurab le hydra ul ic resp onses (chan ges in head) in some

o f the wells mon itored d uring fie ld acti vit ies . Table 4 - 1 and Plate ~ - l present the hydrau lic re spon se data co llected
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du ring the G:-'-I- 1 Pilot Study'. For the purpose of analysis and discussion. the observed responses we re numbered from

oto 25. as ind icated on Tab le ~ -I and Plate 4-1.

Th e majority of the noted hydraulic responses represent natural gro undwater recovery ill the borehole after dri lling

(Responses O. 4, 8. 10. 13, and 15). packe r testing (Responses 6, 11a. 16.2 1:1. 21. 24. and 25). or geochemical sampling

(Re sponse 23) at those locations. Two of the no ted responses represent a lower ing of groundwater head ill Borehole

\\:105 C H I after a ir rotary drilling (Response 9) or reaming (Response 7) at tim location . The rema ind er o f the

hyd raulic responses were interpreted to represent hydrogeologic interconnect ion between boreholes, and are discu ssed

below.

Hydraul ic responses interpreted to be related to Borehole \\/205 CI-I I field acti vities were observed at Boreholes

W203AR I , \V206AR I, W I09VS 3. and W8MC 12 Crable 4-2). The most complet e data set show ing hydraul ic responses

to W205CI-I I field act ivities is the hyd rograph for Well W81\ \C I2 (Responses 17 through 20), wh ich is located

approx imate ly 500 feet nort h (along formation strike) of \V205CH I. Daily rises in head related to co ring acti vities as

well as fa lling head responses related to air ro tary reaming and drilling are apparent in the W8 i\-lC 11 hydrograph. Initi a l

hydrauli c responses to coring activiti es occurred on April 7. 199:, at the same time that it bedding plane fracture was

encountered at a depth of appro ximately 157 feet bgs in Bore ho le W205C H I (observed to be pre sent at 16 1 feet bgs in

core samples). Th ese responses corre late well to the daily cor ing acti vit ies with an averaged increase in head of 0.2 feel

a day'. The air rotary ream ing event (April 14 through April 16, 1997) at Wl 05CH 1 prod uced a :;.2 foot dr op in wa ter

level at WSi\lC 12. whereas the ai r rotary dri lling event (April 21 througIl April n . 1( 97) produced J 2.5 foot dro p in

water leve 1.

Well W i09V 3, located ap pro -imarely 1\0 feet west (up dip) of W205CH I. also exhibited hyd rau lic responses

(Response J Ib). The observed changes in head occurred dur ing packer tes ting of Wl 05C ll l . Dur ing this period

(April 16 through 19. 1( 97 ), several drops in head (up to 2 1.7 fed ) and rela ted recovery responses we re measu red.

Water levels were not moni tored in W I09VSJ during W205CH 1 drilling activi ties.

W206.cl.R l , located 350 feet east of \V205CH 1 (down dip and across the \VS fault). ex hibit ed hyd raulic responses to

drilling act ivities a! \V205C ll l (Responses l? and 1-1 ). but did not have observable change s in hydraulic head dur ing

packer testing of W205CH I. The observed responses occu red during air rotary dr illing act ivities (April 21 and

22. 1997). in which a total of \-1 .500 ga llons of water was produced from the formation at Wl 05C H I. Decrease s in

head of at leas! 9A feet were obs erved at W206A RI at this time . It is likely that no responses were observed during

packer resting be cau se cons iderably less wate r was produced frorr; the form ation rJt \Vl 05CH I Ju ring th is act ivity.

At Boreh ole \V20 ::; AR 1, loca ted approximately 530 fee! west (up dip) of \\'20:,CHI , h} drau lic responses to both

drilling activities (Responses I throu gh 3, and 5) and packer test ing (Res ponse I Ic) were observed. Drops in head of lip

to 22 .2 feet were mea sured dur ing air rotary dril ling or reaming activities. wher eas increases in hea d o f up to 9.7 fee!
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we re measured du ring coring activities . Smaller respon ses were me asured during pack er testing. A drop in head 01

approxi mately ..t 7 feet was observed at \1,:203.j,. R J a t [his t ime.

The on ly other hydraulic respo nse interp reted to represent a hydrogeolog ic conn ect ion be tween boreholes occurred at

W10 1AR I B. Th is response ( Response Num ber 2 1b). appea rs to be re lated to packer testing con duc ted at Boreho le

\V10 1ARIA,located ap proxim ate ly 10 fee t west o f W20I AR IB. TIll: response is ch aracterized by an ini tia l rise in

head o f approx imatel y 0 .6 fee t, probab ly due to the insta llation of the packe r in Borehole W::OIA R 1/\ , fol lowed by a

drop in head o f approximately 1.2 feet. cau sed by the wit hdrawal o r wat er from W2 0 IAR 1:\ during the pa cker test.

This is fo llo wed by a slow recovery of the water level afte r the packer test was com pleted.

4.2 An alysis O f BI PS/FM I Image Da ta

Image da ta were recorded in boreholes d rill ed du ring the G M- l Pilot Study (Sch lum berger and COLOG) to evaluate th e

stra tigraphic, structural, d iagen etic . weathering. text ura l, and minera logi ca l fea ture s dete ctable in the boreho le wall . It

was used to loca te and orient fractures and bedding planes to aid in the analys is and interpreta t ion o f in-situ physica l an d

hydro log ic propert ies . Further. th is data was used to perform direct co m parison of wellbo re images to recovered core

from the same coreho!e and ma y be used to or ient rec ov ered core . The results o f the assessm ent of the imaging tools a s

a tech nique for the sitew ide investigation is presented in Sect ion 4-7 and summarized in Table .1- 10.

The B1PS image data analys is was per fo rm ed by Geox lechan ics Inte rnat ion a l (G i\. ll) us ing an image analysis so ftware

package G 0. II-Im3 ge r with assoc iated conv ert rout ines for HIPS and Fi\. ll da ta wh ic h run on a i\l;;cOS CPU. However.

the F:> l l data co llect ed to date b:. Schlumberger Iu s not been released in a forma : that em be analyzed us ing the

-J. .2.1 HII'S Da ta C al ih ration

Anal y s is otthe BIPS da ta requ ires <I n independent di ameter (ca liper) determination. Th is ca liper da ta was re corded by

COLOG d irect ly after BIPS logg ing wa s comp leted for each boreh ole . Th e cal ipe r and RIP S d ata were offset b;.

..! .1 5 fe e t from iHOS I data se: s . Th is o ffset is the re su lt o f the diffcr~ r1 c e in the gc orn::iry o rthe BI P~ :!nJ c alipe r probes

In some boreholes , however, the ca liper was offset by more than ,L ::' 5 feet an d the so urce of th is o ffset is un known. All

dan fi les were aligned with the bo ttom of cas ing to as sure accurate ca librat ion for bo rehole di am eter. Th is resulted in an

acceptable level o f depth matching throughout the logged interval in J II \\ el ls .Th e beginning and ending depths of the

digital image da ta files were ver ifi ed against ca liper (cas ing lies. fract ure s) to en sur e proper depths of di g ira I data. The

orientat ion of the dig ital BlPS data wa s ca librate d ag.:tinst the mCJSUrt mClH obta ined durin g the ins rurnenr cal ibrati on in

the fie ld ca libration lan k be fore and after logg ing to check color accu rac y and light ing int nsi ry. Figure 4 - 1 shows the

ca librat ion image recor ded be fore an d aft er the W20SCH I logging run. These imag es provide ver ification then tilt tool
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was functioning properly during the entire loggi ng run . The Bll'S ima ge was a lso checked o ver the same rclogged

wel lbo re inte rval for cons istency.

Th e we llbore image data was corrected for magnet ic decl ination direc tly a fter con vers ion from ra w data format to the

format of Gi Il - Irnager . The BIPS image dat a required brightness en hanceme nt pr ior to analysis to improve feature

visibi lity.

-t.2.:! BIP I Geop hys ica l Log Integration

As previo us ly stated , the F:'.II da ta w ere not analyzed using the G:'.II Im ag er so ftw are. Rather , the data were provided in

ha rd copy fo rm at which was used, in co nju nct ion with the l3IP da ta, for the stra tig rap hic analysi s. A full analys is of the

FM I data was perform ed by Schlumberger and provided to G:'.l L allowing for a co mparison of tile tw o data s ets . In

comparing th e two da ta se ts, the only prob lem \\ hic h affects data integra tion is an approx im ately o ne foot d ifference:

between depths m easured by CO LOG and those measured by Schlurnberg er . Th is C:I sed r g is tration mismatch be twee n

SIPS and Fi\ l l images. and betw een 3-arm cal iper ( \\ hi h was used as a wash out ind icator) and the Sch lurnberger logs .

Co rrect ion req u ired depth tie chec ks :uTlong the E3 IPS, F:'.II and log data us ing fea tures such :IS casing and clearly

id ' mi ll ed fra tures.

·L2 .3 . ( r :lt igr:l ph ic A nalysis

To analyze the stratig rap hic un its . an intera ctiv e so ftw are rou tine i used whi h al lows the: use r to fit a s inuso idal tra ce lO

both the be d d ip and in erv a l he ight. Once the unit is sele cted, the so ftwa re rec ords the contact d epth. be dd ing

orientat ion and thickne ss correct ed for apparen t dip. Litho logic contacts and s tratig raphy were: c lass ifi ed acc ord ing to

the proj ect Geo log ical Lexicon o f T erm s using the digita! HIPS and analog plots of the Fi\ II da ta . In add ition. the

spectra l ga m ma logs were used to he lp identity litholog ies . Strata were classified accord ing to ro c k type (s andstone.

muds ton e, et c.i) , mod ifiers (sa ndy, s ilty, CIC. ), color. bedd ing fe atures (lam inated. graded), co ntact ty pe (sh arp.

gr ada tiona l) and assoc iated fea tu res (b urrows, bleached zon es, etc).

It was gene rall y poss ible to d isc r iminate changes in lithology in a stra igh tforw ard \\3Y using both the SI PS and the F"-I1

data sets. Bec ause most o f the litho log ies at this site ha ve a s imilar co lo r ra nge , the d istinc tion between s ilt stone and

very- fine sa nd ston e and be tween the var ious sandstone classi fication s (fine- to med ium-gra ined ) was d ifficu lt based on

the BIP S d ata alone . Stratigraphic interp re ta tion required the use of the FM I data to d istingu ish re lat ive gra in size

changes :1- th is too l is a sens it ive indicator of lithologic co position chan ge . As d isc ussed in the G . I- I Pilot Study

Work Plan . the F. II 01operates usi ng AGC and 4:JiJ rn ist be normalized for interpreta tion . B ccause o f th is

normal izat ion. it is not poss ible to use the F\ I\ data 0 de termine grain size in an absolute sense. Hemever. rela tive g ram

s i..z doe s map to a consistent fa lse-c olor range for a give n loggin g run .
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Usi ng the BIP- im age data, accessory fe atures such as bu rrows, co lor mottl ing . etc.. could be reso lve d w hich is not

po ss ible wi th the F~II data . It is poss ib le to d irect ly measure clast size and estimate clast pe rc ent from the SIPS ima;cs

which is no t possib l . us ing Fi\1I data. The reso lution o f the Bll'S is, of co urse. Ie . tha n the resolution ava ila ble through

d irect inspectio n o f the core and it was di fficul in many case s to d ist ing uish burrowing fro m roo t ca sts or from areas tha t

a re stai ned o r color mo nk .

Th e gamma ray log an help del ine ate con tac ts and constra in F1\ ll rBIPS interpre ta tion s. However . it is pos s ib le to m iss.

identify " sha les" unless the so urce ofth e gamm a signature can be clearly identi fied .

Fo r the purpose of th is re port. the n\lf8IPS I;;:lmm a ray interp ret atio n da ta were export ed to the A pple Core graphic lo g

package to prod uce a se t o f graphic log s. These " interpr e tive gra phic logs " used on the F:' IUBIP Sigamm a 1":1:; analys is

ar e pres ented at a scal e of l -inch = lO-feet in Appendix B-::: .

Co mpa riso ll o f G r a p hic Logs

Lit ho logic g raphic logs were generated for a ll boreholes dr illed in the G:' I- 1 Pil t Study, Graphic core logs we re

pr duced fr o m \\'2 05C H I and \ ':: OSCH I COf<: - and rrorn rcq ualitied cores ( HLA. i oq, ) In c. rc ive graph ic logs were

produced by an alyses of g -ophys ical "0-4 o rehol e im rrging ,1t:1 for a ll \\"200 ser ie s ' oreholes dr illed durin" the G1\ - I

Pilot Study. Both t) pes o f gn ph ic logs \\ ere prin ted using he Apple Con: gra ph ics program, i\ lc thod s of produc ing

graphi c logs arc d iscus: cd in section .3 .J .1.5 an d -1 .2.3. G rap hic logs are included in this re po rt (Append ix B).

Reviews o f graphic logs gen erated by the A pp le Core graphic package indica te the fo llowing req uired adj ustm ents:

G ra ph ic C re l.og grain siz e cur. e do no t a i\ ays ac urate ly portra y litho log ic typ es. 111is is espec ia l::. noted

in the ca se of co ng lorne r,n '5 .

Inte rp retive g ral hie logs need explanations o f rod; col ors and a bbre via tio ns.

The fo llo w ing observations su gge st adj ustm ents mal be req uired :

Interpretive :;1:1 h ie logs su bd iv ide the siltsro ne/ rm d stone litho log ies int o fou r un its w ith IwO si ltst ones colo re '

tuscan red and two mudst o nes co lored purple. Th i two -color ap proac h create: confus ion when com paring

int erp ret ive g raphic logs w ith graphic core logs on which siltsto nes and m udstone s are lum ped toget he r an I

co lored tuscan red .

Both grap h

si zes col or ed ycl lo« an " tine- to \'::ry fine-gra in siz es co lored o range. Tii is yc llo« -o ra ngc boundary a: til>
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medium- to fin e- grain size break is not co rnpa ib e with the ye llow-orange boundary in the trench map wh ere it

occurs t the medium- to coarse - grain size brea k.

A comparison of interpret ive graphic 10",5 wi th graphic core logs fo r W2 05CH I and W2 0SCH I in di cates tha t

information provided is not eq uivale nt. Interp retive graphic logs report more fine-gra ined sa nd y lithol og ies than graph ic

co re logs ind icati ng that the sand content o f mud to ne ten ds to be underestimated during core logg ing . In genera l, .

co mpa re d to g ra phic co re logs, interpretive g ra ph ic logs prov ide better res o luti on o f the very fi ne- gra ined lithogies, ie:

roc ks in the range o f very fine sa nds to ne to claystone. On the oth er han d, b iogen ic, cp igcnic an d diagnostic fea tu res are

bes t observed during core logging .

-U .5 BIPS i\H Fracture Ana ly s is

Structural fea tures ob serve in the F:'lliB IPS images were analyzed using an interactive software rout ine which a llows

the use r to fit a s inu oid a l tra ct: to tile fea ture. Once the feature is se lected the soft ware reco rds the depth. or ientati on

and appare nt aperture of the fea tu re . TIle term appare nt aperture is used because the apertureof a fracture ca n be

me cha nical ly enl arg ed at its inte rsection with the dril lho le by the dr illi ng process. Fo r th is reas on , ap pa re nt a pert ure as

measu red by the BIPS is not nccess rily re lated to an d should not be used to pro vide :J measure o f hvdraul ic aperture . It

shou ld also be noted tha t variat ions in mechan ica l propert ies of different rock [) pes may allow for co ntac ts [0 be

preferentially eroded dur ing the dri lling proce ss and. thus. the se zo nes may mistakenly be interp re ted as be dding- plane

fr actu re .

Frac tures and Inuits imaged w ith the SIPS system have been me asure d and class ified a co rd ing to the p roject l.ex i on .

Du ring the BIP_ ana lys is, the depth . d ip. d ip di rc cr i n. aperture ( if me asurable . fracture type (i. e .. normal. she ar .

bedd ing) and Ira tu n.' Iescr ipt io n ' i.e., op en. c!OSl'J. m inera i filled ) were determ ined lor each p lana r featu re. To jua lify

as an "open" feature the fru lu re o r fau lt had to sat isfy ['10 cr iteria : I ) th e feature had to exhib it a sharp. well-defined

break, wi thout ev iden ce of sca ling or indurat ion and, 2) the feature had to m aintain a co ntin uou s trace fo r o ver

SOpe rcen t of the bor eho le ci rcum fe ren ce. Ste reonct plOIS of the fracture data are pre se n ted in A ppend ix E. T he Fl'.!1

an alys es presented in these plots were obtain ed by Sch lumb erge r wi th the ir proprietary so ftware sys tem.

In add it ion to assess ing the propert ies of ind ivid ua l f act res. fra cture s \\ ere a lso ana lyzed with res pect to th ir

oc urrcncc in a part i ul ar lithology. Bas ed on In e 'a l arion o f th e tadpole p lots sh o vn on th e montages and pane l

d iagrams an d thei r associated graphic log. there do es not app ear :0 be a irec r corre la ion betw een fracrure densi ty or

fracture o rientation and litho logy .

A com par at ive analysis be twee n BIPS fractures and the F\II fracture dat a provided by chlurnberger w as perform ed fo r

boreholes \\'20 IAR I thr o ugh W20SCH I. In ge nera l, us ing the BIPS image data , it is po s ib le to clearly d istingu ish

, eddi ng parallel fractures from the actual bedding co ntacts. w her eas the Fi\1I ana lysis picks boundaries between beds as

pro -only[msext sea-s.doc
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bed bo undaries a nd does no t di sc r im ina te bedding para llc! fractures. For th is reas on. the numbe r o f fr ac tures me asured

from th e BIP S im age dat a ar e signi fican tly great er tha n tha t m ea sure d us ing the F,,1l im age dat a ( i.e. , Bll'S data set

in lud es bo th high-a ng le and bedding para llel fractures). Ho we ver , the populat ion o f beddi ng paral lel fra ct ures detec ted

in the op t ica l image da ta is represented by the populat io n o f the bedding fabric an d bed contac ts m eas ured in the

electrica l im ag e data, In comparing the two data sets , it is apparent that the ove rall stru ctu ra l trends o f the fractu res an d

stra ta a re qu ite similar for both im ag ing methods .Many of th e differences betw een th e me thods are d ue to diff erences in

the d ispl ay a nd ana lysi s tools used to interp ret the data . Differen es in the clas s ificatio n o f planar fea rur es ma y a lso b e

the resul t o f d iffere nt interpretat ions of these featur es by the ana lys ts. A de rai led d iscu ss io n o f the fra cture ana lys is

co m pariso n is pr esen ted in Append ix E.

The RIPS tool pro v ides geo m etr ica lly accurate da ta and it is the re fore poss ible to directly measure appare nt frac ture

apertur e , Fi\lI data requ ires substan tia l p rocess ing to determi ne frac tur e a pertu re bu t these meas ure ments will be

av ailab le to com pa re to the di rect aperture m easu re ments made using the mps dat a. The I3lPS da ta d o not pro vide

fracture hydra ul ic aperture.

Whe n int erpret ing the F\ll hydraulic frac ture aperture da ta it is un portan t to consider thtH F~ 1l frac ture ape rture is

ca lculated from e lectr ica l co nd uc tiv ity ano m a lies. Sinc e cb:- 5 are ve ry conduct ive re lat ive to the po re fl uid. a d ay filled

(sea led ) fracture may appear 10 be electrically co nduc tiv e and hence to 113v,: a h igh hyd raul ic conduc tan ce. Ho wev er ,

the fracture may not be hydrau lica lly condu ctive. bu t just sea led by the clays. The importance o f th is effect depends o n

the speci fic cond uctance of th e ( lay relative to that of the pore flu id. Although mi neralogy of the fractu re filling cannot

be dis tingu is hed using the image tec hn iques, it m ay be po ssible 10 assess the prese nce of a condu ctiv e clay us ing the

A se pa ra te an alysis of th e fu ll w a ve fo rm Stone ley da ta em help d iscr im inate wh ich fractu res detec ted in Fi\'!J data are

fluid fi lled, Reflected S tane k ]' waves (s ee Se c t io n ·1.3 . 1) emanate from fluid-filled fractures o r fro m boreh ole washouts.

Thu s, Srone ley da ta m ay be ex tr -rncl y usefu l w hen used in conj unction w ith the Fi\lI im age da ta to detect the

hyd rau lica lly im po rtan t fracture s. A n important caveat in lltiliz ing Sro ne ley re flec tions to assess frac ture pe rmeabi lity is

that Stoneley reflection \·. ill occu r at borehole washo uts. even if the associated fractu re' is n OI a fluid so urce . The caliper

da ta can a lso be use d 10 help llSSeSS wh ich fractur es m::lY be hvdrau lica lly importan t if the assumptio n is m ade that

W:1ShOlllS corre sp o nd to t1 l id- fi lle d fra ctu res .

·L3 Analy sis of Borehnle Geophysical Logs Ih t:1

Stu dy. It is broken into a discussion of log handling and post-logging process ing. the presentauon for tnt logs. the type
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of data obta ined from the logs. results of the log ana lysis, and sign ifican t observa tio ns abo ut the GM -I Pilot Study area

based on log interpretat ion s.

·D. l Log Hand ling a nd Post-l oggin g Data Processi ng

The format and hand ling o f the field data has been described in Sec tion 3.4 of this re port. In most cases. the fie ld res u lts

we re used fo r ana lysi s w ithout modification . In o the r ca ses. post-log r processin g w as ne ces sary to en hance the

usefulness of the final data , Post-log processing was required to obtai n some results because the computat ion s canno t be

performed in the fie ld, Interpretations o f image data to provide fracture orientation s and stratigraphic detai ls are

described in Section 4 .2 and in Appe ndices D- I and D-2 ).

Th e fo llowing logs w ere reprocessed prior to use :

• DS [: DTCO , D'TSxt . an d DTS T were rec om puted from the mon op ole waveforms and from the Stoneley-wave

loggin g mode data. The reprocessed va lue s appear to have been smoo thed more than the field d erived data and

therefo re have less vertical reso lution. In places whe re the data reso lu tion is good , the results are similar to

those prov ided in the fiel d .

TIl t' fo llowin g 10 ", curves were computed by Schlumbergcr at the ir computing c enter:

S tone ley-wa ve reflect ivi ty : This is computed using the wa ve form data obtai ned from the low- fre que ncy

" Sroncl cy-wave" DS I logg ing mode . Processing of the Stone ley-wave da ta all ows ext rac tion o f the amplitude

o f the d irec t arri val an 1 of energy reflected from impedance contrasts a long the boreho le. Stone ley-wave

reflect iv ity is the ra tio o f re tl eeted to inciden t amplitude . Because reflect ions are generated at the inte rsection

o f pe rmeab le fractur es with the borehole . it is tem pting to use this an a lys is to ch aracterize frac ture pe rm eabi lity.

Ho wever. when do ing th is it is important to realize that hole si ze changes asso c iat ed wit h mec hanica lly wea k

fractures (th at is. those which ma y in fac t be perm eable ) also cause large imp edance contrasts and mak e: it

d ifficult to usc this method to quanti fy fracture pe rmeabi lity . Because the same fractures can be detect ed in

3-arm caliper logs. the informa tion from th is analysis is largely redundan t.

C~IR Pcrmeabiliry : C: IR permeab ility is computed from CdR poro sity an d th e sp ectrum of T: t ime s. as

des cribed in Appe ndix D- !. Th e equat ion is generally calibra ted us ing. labo rato ry data. In this s tudy , defaul t

va lues were appropriate. 35 revealed by d irec t com parisons o f log-d erived pe rmeab ility an d gas pcrmcabilities

measured in m ini -cores .

F\ II frac ture apparen t aperture or appa rent tra nsmiss ivity: FM l images provide relative va lues o f e lectrica l

resist ivity usi ng an array of e lectrodes spaced approx imarely i ern apart . The d :H3 are usually displayed 25 a

pro-onlyifmtextssect-; doc
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fa lse -c o lo r image. Fracture apparent el ec trica l aperture can be com puted using f f\H im ages wh ich have been

calibrat ed to pr ov ide abso lu te me asure s o f res ist iv ity . The RXOS curve can be used for th is purpose . Once t he

image is calibrated, the ap parent fracture ap erture can be co mpu ted by integrating the e lec tr ical condu ctiv ity

a long the frac ture . di v id ing by its length, an d sca ling by an assumed value of the condu c tanc e o f the ma teria l

w ithin the fra cture . A parall el p late mo de l fo r fluid flow ca n then be used to compute hyd ra u lic tr ansm iss iv it y

fro m the appa rent apert ure. Unfo rtunate ly, if clays are electrically conductive and fi ll a fract ure. it will appear

to have a large hydra u lic apertu re when in fac t it doe s not. It is possib le usi n g: gam ma or ot her logs to identi fy

fra ctu res when: th is occurs .

S eism ic co rr ela tio ns were prepa red by G i\ll usi ng the reprocessed DTCO da ta and the RHOZ fie ld data .

Ti me-to -depth : T ime- to -depth cu rves used to correl ate reflections ill seism ic data 10 lithol og ic feat ur es

ide nt ified usi ng logs a rc ob tained by int egrat ion of DTCO . Bec ause no data are ob ta ined above the water ta ble.

an arbitrary offset is applicd to ob tain a tic poin t to the s... ismic da ta . { s ing dens ity and DTCO to gether. a

synthetic se ism ic trace can be computed to make it eas ier to corre late the log data to the se ismi c im age . An

accurate sou rce -t im e fu nct ion con vo lved with the reflection co efficient rime se ries is ne cessary to o ptimi ze this

pro ce ss.

-U.2 Prcsemuuon of Geophysica l Logg ing R es u lts

Due to the nature and design of the G:-'I- I Pilot Study . ge ophysical logg ing resu lts are and have been availab le in a

i\ lom a \!e Plo ts . I lontage p lots were prepared h) Sch lumbergcr Wire line Ser .. ices for W20 5C H 1 and W~ORCH l . The

montag es ha ve he-en transmitted un d er separa te co ver , A desc ript io n o f th e da ta d isp laye d in eac h track o f th e fn un l :t ~ e

plot s has been incl uded in Append ix D- I to th is report . Many o f the tracks d isp layed in these plot s ar e identical [ 0 tho se

dis p lay ed in the pane l d iagrams described below. In addition. however , the montages d isp lay quality contro l

information and raw da ta from \\ hich some o f the results disp layed in the panel diagrams we re obtained.

ELAN and n \ll Loe s. ELA:--: and FI'-I I logs were prepared by Schlurnb erger for boreholes W20 I th rough \ \/208. The

results ofthe ElAI" and F:-'11 interp retation for \\'205 and W~OS are pres ented on the 1\lontages (Appendi x D-I )

ment ioned above. Se parate EL:\ N sn ip log s for boreholes \\'20 1 thro ugh \\'20·1and W206 an d W20 7 ha ve been

transm itted under se parate co ve r at a scale of I -inch " lOvfeet. Separate F1\ ll str ip logs fa r \\120 I th rou gh \\'208 ha\ c

also been transm itted und er separate' cover at scales ofboth l- inch = IO- i'ed and l- inch > [ -"X l! . : \ full descr iption o f

the F:-'ll image J ~Ha int erp retation process is incl uded in Append ix 0 -2.
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Panel Diagra m s. Panel d iagrams were pre pa red fo r each well by GMI which include relevant ind ividua l log cu rves and

interpretat ions based on the ge op hysica l data. in add ition to the resu lts o f image and core ana lyses and hydrol ogic and

hyd rophysic a l me asurements . The ge ophysical logs wh ich are presented in the se panels are those which prov ided the

best dat a fo r the pu rposes of sire characterizat ion .

Data from approxim ately the lowermos t ten feet of log ged dept h in a borehole is oft e n corrupted by bad nucl ear dat a.

This is pa rt icu lar ly apparent in the NGT curves. These intervals have been ed ited our on the panel diagrams . The pane!

diag rams are presented as Appe nd ix D-3 alon g w ith a detailed descriptio n of each track shown on the d iagrams (for

convenience. the panel d iagrams a company th is report in a ma p tube),

Fide! Strip LOi!s. Copies o f the strip logs for W20 l AR IA th rough W"208C H l tha t were orig inally delivered in the field

from Schlumberger hav e been transm itted under sepa rate cover. The sca le of these logs is l- inch = l Ovfeet.

Son ic Wave fo rm Analvs is. Separate Son ic Wave form Analysis strip logs including Stoneley re fec tivity for boreholes

W20lARI thro ugh W204A R I and \V20GA RI and W20 7A R I have been trans m itted under se parate co ve r. Th e scale o f

thes e logs is l -inch = lG-feet.

..U .3 Data Obtaine d fro m Ceo phys ica l Logs

Data obta ined from the geophys ical logs include ph ysical propert ies , lithol ogic and m ineralogic data .. an d structural da ta

as descr ibe d below.

4.3.3.1 Ph ysi cal Prop erties

Phys ical pro pert ies de rived di rec tly from ind ivid ua l logs recorded during the G iVI- 1 Pilot Study inc lud e:

I . Elastic -wave ve loc ities. which are measure d by the DSI too l an d prov ided as DTCO (compress iona l-wa ve

inverse ve loci ty) , DTS M (shea r-wa ve inve rse ve locit y ). and DTST (Stone ley-wave in verse vel oc ity). In th is

s tudy, exc e llent compress ional- wave and Sto neley- wave veloc it ies were ob tain ed thr ou ghout. Howev er, shear

w ave vel oc ities were poorly determi ned above approximately 200 feet and adjacen t to fracture s asso ciated w ith

hole en largemen ts. Velocities pro vided an extrem ely sensit ive ind icat ion of the depth o f the "weathered zo ne ' .

2. De nsity. which is measured by the PE X combinati on sui te and is provide d as RHO Z and RHOS .

Porosity. which is meas ured directly by the C :-' IR tool and is provided as C MR P. Porosity \':15 als o comput ed

\\ ith su fficien t acc uracy fo r the purpose s o f this study from dens ity using an average gra in den siry o f

2.71 gnvcm' , as determ ined from core measurem en ts and from log analys is. O n the ot her ha nd, ne utron logs .

which provid e a measu re o f the volume concentration of hydrogen in the forma tion and are somet imes referre d
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to a5 porosity logs. are dominated at this site by the large amo unt of hydrogen in and close ly bound to the

surfaces of clay minera ls and phyllc silicmes. The CMR W.1S useful during the G:> l- J study beca use it revealed

that porosity in the mudstones and claystones is extremely low. But because porosity is so low. it W :l S not

possible to ca lculate permeab ility or grain s ize distribution using the CMR tool. There was loa litt le s ignal

energy. One additional concern whe n using the CMR at this site. is that fractures and the associated ho le

enlargements generally caused anomalously large CMR porosity read ings beca use the volume samp led b:- the

tool is too close to the pad surfa e. Because of these issues. and because dens ity porosity appears to be

adequate for site characrerizauon purposes. C\ IR is not considered to be necessary fo r further s ire

ch arac teri za tion work.

4 . Resistivity. which is provided by the AIT and on the PEX tool string as RXOZ and RXOS. Resist ivity provides

a measure of the volume of pore fluids (porosity) using Archies law, and of conductive particles (pr imarily

lays and very fine sands. along whose surfaces current can be conducted ). The AIT is inappropriate for use a t

this site beca use it requ ires thea fr om ::H least 35 feet above a give n measurement point. RXOZ is su ffic ient

becau se of the relatively small invasion and formation damag e and beca use resistivity is primari ly used for

litho log ic des cription ra ther than quantitarive data.

5. Permcahility. which is calculated from C\;IR porosity and the T: relaxation time spectrum. C:-dR ·der ived

permeability in highe r porosity sandstones '.I";lS comparable to gas permea bilities measured in cores . but ill !O \\ -

porosity intervals which comprised the majority of the study volume pcrrneabi lities were lower than the

measurement threshold o:' the log. Because hydrologically important intervals arc tested using pack ers. this log

is no: critical to sit e- act ivu ies. Rather. It is sufficient to ident ify highcr-porosi ry So. nds from the other porosiry

logs and to test these inter- als dnring hydrophysical Jogging or packer test ing.

-LJ.3.::! Lithol og ic a nd M in e ral ogic Da ta

Litho logic and mineralog ic da ta obtained from the an:!lysi;;of individual logs recorded during, the Gi\.l Pilot Study

includ e the follow ing:

I. Spectral g ::lnll11.l . which could be used to determine the reb :!\ e volume of minerals containing rad ioacrive

d ements. This log indicated that illite is the primar .. clay component at the s ite. Gamma logs were a lso used to

perform well-to-we ll correlations, as described in Se lion 5..J.

.., fiEF from the rE X tool. which is a rough measure of average atom ic number and is 10\\'::: r in quartz-ric h

intervals and higher where larger amounts or clay, mica and rnafi miner als are present. U, 1\ hich is he

product of rE F and density. is a sensitive measure of the relative vo lume o f qu artz because quartz has it lower

dcnsi:« and rn C3.:1 atom ic number than most rock-fo rming minerals.
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3. ECS elemental y ields, specifica lly Si , Fe, and' Ca. which were use d in ELAN calcu la tions to quantify feld spar

an d muscovite content. A lthough EL AN resu lts (Sec tion 4 .3...1 .3 ) wh ic h incl uded the ECS were s imilar to core

de rived m ineralog ical analyses where these were obta ined, in genera l the resul ts appear to y ield va lues o f

muscovi te content wh ich are to o h igh in most o f the logge d inte rv al. For th is and for reasons di sc ussed further

below the ECS is not co nsi dered to be necessary for further si te characterization wo rk.

-1 .3.3.3 S tr uc tura l D:lta

Structural data were obta ined fro m the FM I and BIPS imag e data and. indirectly, fro m the cal iper log. as fo llows:

I. F:-'Il and BI PS - Fractures ca n be identi fied and orientatio ns obta ined usi ng image da ta . These logs and the ir

ana lyses ha ve be en de scribed in det ail in Section .t .:? Th e Fr-II has be en sel ected as the imag ing to ol for the

si tewi dc characte riza tion because the requ irements fo r optimu m data c ollection are d ifficul t to obtain wi th th e

Bl PS. the data process ing and in teg ration for S IPS requires excessiv e time and cost. and bec aus e the F",l1

prov ides tilt: sam e (and more) information considered im po rtant 10 he project as the BIPS .

., Ca liper - Hel ped to identify washouts ass oci ated with fracture s whi ch affect C:>t R-derived data and the sho rt -

detect ion PEX curves (RHOS, et c. __ ).

·U A Res ults of Log Analysis

1. 0;;$ can be interpreted e ither si ng ly or in com binat ion . Inte rpr etati on s ca n be made usi ng the actua l me asurem ents o r

w ith va lues ca lcu lated fr om the me asureme nts using cert a in assum ptio ns whi ch ma y or ma y not be valid in all cases .

Furthermore, cond itio ns in the hole {fo r ex ample . ho le eulargerncms associated with fra ct ures) may affect log response .

These issues a rc addressed bel ow in specific cases where they a ffec t the int erp ret at ions. Analys is o f the ind ividu al logs

were used to provide data on the litho logy , rock pro perties . and stru cture o f the G !'vl-I P ilot Study a rea . In add ition . the

ELAN mu lti-log an a lys is was pe rform ed to provide ad dtional da ta on various rock prope rt ies. including m ine ralogy.

4.3...1 .1 Lit hologies a nd Asso cia te d R ock Prop er t ies

Geop hys ical logs can be used to ide ntify boundari es between roc k unit s wi th d iffe rent properties. but because most o f

the se logs have vo lumes o f inves tigation with rad ii grea ter than one fo ot.it is not poss ible to ch aracterize fin... -sca le

s tra t igra phy within a sing le well. The FM l/BIPS ima ge log. a di scus sion o f whi ch is presented in Section ·L ? sufficed to

ide ntify and character ize sub-foot -scale bedding stra tigraphy and tine structu re In combinati on . the logs and images

wer e su ffic ien t to ide nrify and ch arac te rize the propert ies o f the important lithostrat ig rap hic interv al s at the' site.

It is su ffic ient for si re ch aracteriza tio n to d iscr im inat e bet we en " log-sands" ( tha t is, in te rvals w ith relative ly sma ll

amounts o f cla y m inerals and sub-sand-si ze particles ) and " log -sha les" {tha t is, more d ay - rich and fine r-g ra ined

pro-orl!.~·Vfn:t.~X :\!t.·ct- -: doc
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interva ls) . Log-shale s are c ha ra c terized by den sity greater tha n 2.6 gmr rn", U ab o ve 7 .5, h igh gam ma. and high neu tron

poros ity re lat ive to the porosity derived from the de ns ity log . Log -sands h3\'C lo wer den sity. gamm a an d U. and more

s imi lar neutron and de nsity poros ities. Log-sha les are gcner:..llly less resist ive than log -sands,

Va riations w ith dep th o f the relat ive vo lumes o f "log-sa nds" and "log-shal es" pro vid e character to the 10 ",5 . Correlat io ns

be tw een boreholes a re improve d by us ing the verti cal va ria tion of ind iv idual log respo nse . For example. c lay -r ich

int erv a ls, m assi ve san ds , fin ing -upwa.rd seq ue nces, and intervals of mi xed "sand" a nd "shale" can be identifi ed and

correlated between bo rehol es , even whe re the response wit h in indi vidual uni ts ch anges .

In co mbin at ion . densi ty. neutron, resi stivity , so n ic and gamm a logs can be used to im prov e lith o lo gi c and ph y sica l

propert ies determined from analy sis of ind ivid ua l logs . Simple invers ions of the r EX logging suite allow app rox imate

determi nat io n of the vo lume o f " log-sa nd", " log -shale" . and porosity. T he majority o f the logge d sect io n at thi s sit e is

c lass ified as a "log-sh ale". Poro s ity is less than 2 percent. and permeab ility is less th an 0. 1 mi lliD:J rcy (a lien seve ral

orders of magn itude lower). A lth ough log-sands genera lly were easy to d ifferentiate fro m log- shal es. using ei the r the

gamma curve , U. or PEF, their pro perti es appeared to be more variabl e. Particu larly, the porosity and apparent (C ",lR )

pe rmeab ility di ffered s ignificantl y for d ifferent log -sa nd uni ts. and in som e ca se s even with in a s ing le uni t ide nti fie d at

more than one borehole . Po ro s ities in log-sands generally range from 5 percent to 10 percent and ra re log -sands havc

poros it ies approach ing 15 perc en t. Ve la ities in hi gh -porosity sands ·were lower than in adj acent sha les. Tot:' ra tio of Vp

to Vs. wh ich can often be used to con strain qu artz volume because qU2ITZ has a ve ry 10 \\ Vp lVS in com pariso n 10 ot her

m ine ra ls. was not by Itsdi' a usefu l parameter 2t thi s s ite .

-t.3.-L! . S tru cture (Iru c tu res)

Fractu res ca n be ident ified and orie nted using image da ta, as di scussed in Sectio n 4 - ~ . In ad d ition. fractur es affect logs

in a variety o f ways . For example. Figures 4- 3 ami 'f --i illust rate the ob vio us assoc ia tio n o f ho le en largements w ith ;!

variety of ge o physical lv-derivcd ind icators o f ele vated permeab ility . In Figure 4-4 , all of the conduct ive features

ident ified by hyd ro physica l loggi ng are a lso sho wn . The fl pL r ' l -der ived conduct iv ity o f mo st of the se fea tures is

roughly proportiona l to the hole size increase and St ncley-wave reflectiv ity.

Figu re -1 -3 illustra tes the reasons for some o f [he mo st important effects o f fra ctures on log res po nse. Hyd ro logically

important fra ctures ar e likc lv to be: mechan ica lly weaker than tho se which arc not . Th ose fractures te nd !O be assoc iatc. I

w ith ho le en la rge m ent s w hich can be ob serv ed en 3-arm caliper logs; the larges t o f the se w ill also be seen on 2-arm

cal ipe rs such as HeAL. Wa shou ts wi ll ge nerate Stone ley-w ave refl ect io ns . Pad too ls wi ll les t.' con tac t w ith the ho lt:

\\ h ich can be m isinterp reted to infer a hi gh ly permeab le and po rous interv a l. A lso , if the hol e is s uff ici ent ly en larged the

Fi II pad wi ll lose con tact and the image wi ll have less reso lution. Howeve r. if a frac ture is permeab le it will ge naat::

rt"o-o!t!)-'Vi!l (~XJlsec! - ';' doc
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Stoneley wave reflecrions and may be associated with lower dens ity and higher po ros ity rocks. In addition. the zon e

surrou ndi ng the frac ture ma y he affected by flu ids which flow through it. and thus m ay have lower seismic vel oc ity.

high er (o r lower) porosity. and elevated (o r de pressed) gamma ray activity. In ge neral. elevated gamma is associated

w ith deposition o f uranium in a reducing env iro nm ent. and thus th e uran ium curve is use ful in thi s regard.

Perm eab le fractures w hich contain fluids will be more electrica lly conductive. as will fractures which contain clay

mineral s or metallic su lfides. Th e gamma re sponse surrounding a fracture can he lp to d ifferent iate between clay - till ed

and open fractures . . PEF or U ca n help if su lfid es are respo ns ible for th e excess co nd uct ivi ty. Thus frac ture ap ertures

de term ined using calibrat ed FM l data sh ould be evalua ted in com binat ion with the se logs .

·U.4.3 E LAN M ulti- Log A nalysis

Com bined ana lys is o f a group o f logs ca n provide info rm ation wh ich canno t be ob ta ined thr ough anal ys is of the

individual logs in isolation. Sch lum berger offers an analys is techn ique ca lled ' 'ELAN'' wh ich was used in this stud y to

invert the log data for mineralogy. ELA N logs fo r \\:'205 and W208 are presented on the previously tran smitted

Montages for these corcholes. ELA N logs at the sca le of I - jnch = l Osfeet fo r . W206 AR Land Wl 07AR ! have been

previously su bm in ed under se pa rat e cover. TIle ELAN logs hav e also been included in the panel d iagrams pr esented in

Append ix 0 -3 . When exam in ing the panel d iagrams it shou ld be kept in mind that the ELA N wi th ECS in W205 use d

the CMR porosity curve . whereas because CM R wasnot run in W208. a d ifferent cu rve re p laced it. In \\'208 the

porosity wit h EC S is larg e r than w ithout; in W205 CH I it is sm aller. con s istent w ith the ge ne ra l observati on that C r.lR

poros ity is genera lly a low er bo un d in th ese roc ks. Exception s include inte rvals whe re C r.IR po ro sity reads anoma lously

high due to the pr esen ce of large wash ou ts ( fo r exam ple , at 330 feet in \l/ 205CI I 1).

Several important results were found usi ng ELAN. First. there are defi nite d iffe rences be twe en the volumes of clay

mineral s an d gr a in 111 inerals de ter mined using the diffe ren t inputs. Figu re 4-5 compares the to tal vol um e o f qu artz

hematite and al b ite from the ELA N da ta derived without ECS inputs [0 the to ta l vo lume of quartz calc ite hematite and

albite from the process w ith the ECS inputs . TIle res ult with ECS is cons isten tly smaller than that wit hout the ECS. The

additio n o f m usc ovite to the ECS vo lume is also illus trated in th is figure: it doc s not im prove the co rr elat ion to the sum

\\ ithout ECS. It is not cle ar which inversion is " bett er" . Both reveal intervals of hig h an d low "san d" fract ion; these

intervals corre late quite wel l. Examination of the , Ion tages (Appe nd ix 0 . 1) revea ls that the inve rsi o n with ECS

prov ides a "s and" volume which is more consiste nt wi th the dir ec t resul t o f ECS anal ysis alone ( th e

"quart z/fe ldsp ar /rni cu", or QF:'> l). This is not surprising as the inve rs ion was carri ed Out with the goa l o f matching this

va lue wh ere possib le.

A second concern w ith the EL A N inv ersion is tha t the vo lume o f muscovite deriv ed ECS is qu ite high in many

plac es. Core a nalys es han: revealed fin ite int ervals of lith ic sand stones with larg e am ounts of phy lli l ic sch ist. Th ese

pro-oniysfmtcst'sec:-; doc
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may ha ve m us co vite content approac hing 25 pe rcen t. How eve r. they are les s com mon than the ELA N resu lts would

suggest,

It is important to adequate ly d ean the inrut data pri or to the EL AN analys is. in part icu lar to eliminate effect s due to

frac tu res. A correl at ion which appears in the da ta is that higher volumes o f montmorillon ite ar e predicted in inte rva ls

wi th high er poros ity (fo r example. in \\'20 7AR 1). espec ia lly those adjacent to fractur es. This may be a rea l phenomenon

as the roc k surround ing fractures o ften d iffers in importa nt ways fro m the adjace nt intervals .

O ne ad di t ion a l fea tur e of the ELAN data is that the uppermost interva l im medi atel y below casi ng is somet imes

cha rac ter ized by m uch hig her montmorillon ite vo lum e than els ewhere. It is poss ible that th is is d ue to the presen ce o f

the grout used to plac e the casin g. In W20lAR 1A it is associ ated w ith e levat ed FEe.

An ELA N-s ty le ana lysi s is valua ble [ 0 quantify the log ana lysis. However . the above observat ion s suggest that it cann ot

provide quant itat ive ly accura te m inera l vo lumes throughout the site. Th is is becau se a lthou gh m ine ra lo gy is restr icted to

rela tiv ely few speck s. variat ions in the propert ies and ch em istry o f some o f the majo r species mak e it impo ss ib le to

:1. sociate :1 un ique and invariant log response to eac h m ineral. In spite of tile fact that the precisi on po ssib le wi th the

ELA)': techn iq ue is misleading . appropriate use o f simi lar invers ion schem es would fac ilitat e rap id log analys is and

in terp re tat ion in a site-w ide study. Bett er vert ica l reso lution in the ou tputs could be obt a ine d using 3.5 inpu ts logs \vi:h

the high est possible vert ica l reso lution.

-u.S S ign ifican t Obse rva t io ns Based O ll Geop hysi ca l Log Analysis

..\.3.5. 1 Variation in M lncral ogy Across th e Si te

By p lou ing h is tog rams of va riou s log-de rived measure s it was possible to identify a d istinc t d ifference between the rocks

0 11 the east and west s ide o f the WS fault . Th at is. logs recorded in W20 l A R I. W202t\ RI . \V203A RI, and \V20,~ /\IU

d iffer ed from sirn ilar logs recor ded in W206AR I_ W207:\ R I. and \V20SAR 1. These difference s we re first identified

using ELAN quartz and clay-bound water content (Figure .1-6). In the ho les we st of the fault quartz content ranges from

3Dper cent to more than 60 percent. whereas on the east side of the rculr the range o f values is sma lle r and clusters

arou nd a m ean slightly ab o ve 50 pe rce nt. Cl ay-bound \\ ater contents higher than 10 percent are more comm o n on the

we st tha n the east side o f the fault . B3.Sd on these data, the material on the east side of the fault appears to be less clay

rich and more si lica rich and to h:lve a smaller range o f day contents. such that there arc fewer ex tremely day-ric h

interval s on the east compared to the wes t side of rhe fault.

Differences highlighit:d by the his tograms shown in Figure ,,~ -7 CJ!1 be seen in 3 number of (he logs disp lay ed in the

panels, but is easiest to detect usi:1:C; gamma (CGR). For example, in W::02AR I a th ick log- sand a: 92 to 96 feet has

CG R les s than 60 APlun ib, but a los-shale immediately below that interval at 110 to 11·1 ft;et has CG R above 120 APt.

pnJ· (jn!y~J; '!!exl t}2ct- .1 _ doc
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In contras t, CGR in W206AR I and W207ARI on ly rarely approaches 120 AP I; it is genera lly less than 100. Although

there are some interva ls with large di fferences in CG R below a dep th o f 330 feet in W205AR I, the interval above that

depth is more similar to the da ta to the west side of \VS, and the interval below that dep th is mo re similar to the data

from boreholes on the eas t side of \'/3.

~ .3 .5 .2 Sha llow Zone of Relatively Hi gher Porosity

A number of logs revea led the presence of a near-surface interv a l extend ing to approxima tely 50 to SO feel. with

properties di st inct from those of materials below this dept h. In this shallow interval, den sity is low er and porosity is

somewhat h igher. The dam which best delineated this interval were the sonic DTCO and OTST cu rves: DTCO was

generall y greater than SO ps/ft and DTS T was greater than 250 Jlslft in this zone . In general. the bas e of this zone

co inc ides w ith a fractu re I hole enlarge ment and ass ociated zone of high DTCO (low velocity ). Exam ination of the

panel diagrams reveals that this zon e some times coinc ides with the base of a "log-sand" ( for example. in \\"203:\R I) . In

other cases it does not ( fo r example , in \\"20 IAR I) . In most cases, the base of this zone coinc ides w ith prod uc ing

intervals based on hydrophysica l logging . In this upper, sha llo w zone. CMR porosity is slightly less than density

poros ity (u sing a gra in den sity of 2_1 I gm/cm'), which suggests that the proc ess that created the zone decreased the

mean gra in dens ity sli ghtly. This sh allow zone recognized from geoph ysical logs has been inte rpre ted to represent the

weathered zone. A detailed d iscussion of the weathered zone is presented in Section 5_I .3_

-L4 Hyd ra ulic T estin g Ana lys is

As discu sed in section 3.: , the hydraulic res ting program conducted during the Gi\!-l Pilot Stu dy incl uded

hyd roph ys ical and packer test ing. This section is div ided into two pan s to present the analysis and results o f

the hyd rop hys ica l and pack er testing program .

·IA. I Hydrophysica l Loggin g

Docu mentat ion and result s of the hydrophysic a l loggi ng prog ram condu cted by COLOG during May 199 7 were

incl uded in the ir 2 June 1997 report which W:1 S transm itted under separate cover (COL OCi, 1997 ). The sectio ns be low

with refe rence to Appendi x F of th is report prov ide a summary of data and results. The reader is re ferred to the full

report for further details .

..L-t.l.l A nnlysis M eth od

i \ general de s ription o f the steps for process ing the HpL : ',1 da ta follows:

I. The digi ta l data was downloaded to a processing work station.

4- 17
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The hydraul ic resp onse data was pl otted and rev iewed .

The Hp L 1\, J J t;] wa s pro cessed. This processing invol ved the applicat ion of CO LOG 's proprietary

vers ion o f the U.S. De partmen t of Energy ' s ( DO E' s) code BORE (Ha le and Esang, 1989 ). Th e res ults

o f th is proc es sing were both tab ular and graph ical pres enta tio ns orthe d epth of the hy drau lically

conductive int erval s and the associated interval spe ific infl ow rat e. In addit ion . the field FEC logs

were compared with th e syn the tic FE C logs generated by code BORE.

4.·U .2 Results

Table ..J-3 and plo ts of FEC wi th time and depth from each borehole a re provided in Appendix F and su m marize the

results of the hydrophysical logging stu dy. Two types o f well test ing were per formed for the G:-'I- l Pilot St udy dur ing

hydrop hy sic al logg ing : S lug withdrawa l and co nstant d ischarge tes ts. Sl ug test s were perfo rmed at s ix wellbores

(W20 IARI A. \\'20 IAR18 . \V202AR I. W203AR I. W20..J AR I, an d \1/206AR I I and constan t di sc harge pump ing tes ts

wen: pe rformed at tw o we llbo res ( \V205CH I and W207AR I ). The maxim um drawd own ranged from 2. 8 to 8.5 feet for

slug tests and 5.6 to 10 .8 feet I'm pump ing t:':515. Tota l inflow rates obse rved dur ing the slug tests o f wellbores

W20 I.\ R 1.\ . W20 ! AR m. W202.·\ R I. W203A R I. Wl 0..J AR I. and \Il206AR 1 ranged trom O.(J1 -+ to 0.160 gr ill

(Tab le 4-3). Total infl ow rate s obs erved du rin g the pum ping tests were 1.391 gpm for we llbo rc W20 5CH I and

0.570 gpm fo r wel lbon.. \\/:::0 7AR I. Th e tota l inflow rates est imated by model simu lati on ma tch c losel y wi th the

observ ed total in! ow rat es (Tab le .r. 3 \.

As seen in Tab le 4- 3. hyd rau lica lly conductivc in tervals were identified in a ll e ight wc llbor es. We llbores \\"20 l A RIA.

\\/20 l: \R IB. \V202:\ R I, \\'203 :\ R I. W204A R i. and W206:\R I conta ined hydr:w lic:dl:- conduc tive int erva ls wi th ve ry

low to low in flo w rates « 0.0 5 gp m). We ll bores W::; 05CH I and W20 7AR I conta ined hydrau lical ly cond uct iv-..

interva ls w ith wi de ly varyi ng flow rates ra-ng ing fro m very low to high. The hydr a u lica lly condu ct ive zones identi fied

during the hydrophysical logg ing were use d as the bas is fo r packer test inte rva l se lec tion.

-4.4.2 Pa c ke r T es t ing

A total o f 2 1 pac ker tests we re perfor med in the seven boreh oles along the G~l - I Pilo t Study . Th es e pa cke r tests wen:

con ducted w ith packer inte rvals ranging. fro m 13...J to over -+ 13.9 feet O f the 2 I tes ts performed. 1S o f the tests were

conducted with the pa cke r interv al less than or equ al to 2 1 feet, Th ree type ; o f tests were em ployed during the packer

test ing prog ram : S lug. PUlse', or Co ns tant Rate . A tota l o f 10 slug tests, 9 constan t rate tests , and 2 pulse tes t wer e

prO~f;; in co nd ucted

were included in Go lder 5 June 1997 dr:!!1 report wh ich W:l S rran sm ined und er separate cover (Golder. 199;). The

prO·f)J1(~ ·Vin (ex : ~€Cj-'; doc
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sec tions below wi th re ference to Appendix G of this report pro " ide a summary of data and resu lts . Th e reader is refer red

to the fu ll repo rt for furt her details.

.fA.2.l An alysis i\le thod

Th e pre ssu re-time da ta w as ana lyzed usin g two analys is software tools. FLOWD IM and INTI . FL OWD I1\1 is a

so ftware package des igned to analyze for change in flow dimension and or ch an ge in the hyd ra ulic prope rtie s away from

the boreho le. [NT2 ap p lies a specific geologic mode l to the test data, r\ de taile d desc ription o f the test methodolo gy

and the steps of tes t analysis are provided in the fo llowing sec tions.

So ftware

Th e ma in software package used lor analysis was Gol der's in house program FLowDI1\!. Th is program was used to

analyze slug /pulse test data and on-site analys is of constant rate tes ts. FLowDD.l is a modular well test interpretation

program wh ich can be used to analyze constant rate . constan t press ure and slug/ puls e tes ts in both sou rce and

observa tio n zones . Th is softwa re incorpora tes the generalized radi a l fl ow mo de l o f Joh n Barker ( 1988) . It can hand le

se veral flow mod els fo r an y n ow geometry betwee n linear (d imens ion = 1) and spherical (d imension = 3) . In addition .

the program conta ins a composite mode l whic h ca n be used to ma tch test dat a wi th either a chan ge in fl ow dimension o r

a change in hydraulic properties away from the bo rehole. Other feature s include two-step superpos ition o f constant rare

events ( i.e .• now period fol low ed by a bu ild- up) and aut om at ic curve fin ing using a non -l inear reg ression algorithm.

The det a iled ana lysis o f con stant rille per iods was performed wi th 1~':TERPRETi2 (!?'-:T:2 ) Of SC. ENT !FIC SOFTWARE

I>-:T ER CO:'I P. Windows vers ion 1.6. [;-,: rl is an interactive program tha t uses a constant rare so lution to provide

optimized hy druu lic param eters for a wide range o f potentia l reservoir models. Som e o f the features o f Is r2 include

ex ten sive superposition of constant rate events. non -linea r regres sion and m ulti-e vent val ida tio n p lot s. Add itionally, it

ca n accommod ate changing we llbore storage and skin between the test periods. Another usefu l fea ture is the cal culation

of equ ivale nt drawdown respo nses to reduce some of the ambiguity in identifica tio n of the flow m odel.

it is important tv emphas ize the d iffere nce ber vvcen the two p r.H:~ k 2ge s FLO\\/D f ~ l examines the data in 11 g~n ~r~ 1 5cnse

wh ile I?'-:T2 use s a spec ific geologic mode l to match the tes t dat a. For example. take the case for a restrict ion in tlow

away from the borehole a fter a homogeneous formation response. In using FLOWDl~1 the test data wo uld be mat che d

\\ ith composite now mode l with an inn er flow di mension o f 2 and an ou ter flow d ime nsion o f less then 2. The model

doe s not d istinguish between a restriction in flow from 3 less wel l conne cted frac ture s: stem away from the borehole . or

a restr ict ion due to the intersection o f the pre ssure transient with a relativelv impermeab le rock o r s tru ct ure such as ~l

fault. Th is d is tinct ion ca n only be made by exam ining suppo rting data.

4- 19



Data Ana lysis

Both programs inc orporate the pressure derivative for enhanced te ogni tio n of th e flo w m od el. On th e log- log p lot, the

change in pressure (Theis type curve) is acc ompanied by the derivat ive o f the dimen s io nless pressure w ith res pe ct to the

logarithm o f d im ensionless time as proposed by Boude t et al., 1984 . Th e advant age of the de r iva tiv e pl o t is that it is

abl e to disp l y many separate flow reg im es that wo uld o therw ise req uire different plots and uses transition al data to

optimize paramete r re liability. The stable s lopes of the deriva tive data is used to di agnose the formation response. A

syn thet ic da ta set was sim ulat ed to illustrate the derivative plot (Fig ur e 4 -3). A un it slo pe o f the pressu re and pressure

der ivati ve data in early t ime is diagnostic o f pure wcllbore sto rage effects. After we llbore storage effec ts cease. the

de rivat ive c urve becomes fla t ind icati ng a ra d ia lly infinite-acting !low reg ime w ith re spect to the geo mdry of the

we llbo re. Boundaries nave var ious infl uences on the press ure de riv ative depending on the number and ty pe and whether

it is a prod ucti on or recovery phase .

In genera l, the forma tion respo nse ma y be d ivided into "ea rly." "midd le" and " late" tim e data . The ea rly t im e d ata is

n ow regimes as oc iated w ith the wcl lbore or featur es connec ted to the wcllbore . After the ncar wcl lb ore response, the

test res pon se is dominated by the undi sturbed form ation response in "mid rim e da ta ." In "Iate t im e" th e te st resp onse

may be infl uenced by bou nda ries depend ing on d uration o f test and distance to the bou ndaries. The cast: illustrated

(Figure -l-S) is ide a lize d and oft en :111thr ee relative l ime reg imes may not be see n due to insufficient rest duration or

mask ing o f the fo rm a tio n respo nse by nea r wellbore and oute r bo undary effects ,

Well Test Ana lysis Approa c h

The analysis of the ind ividual phases \ \ -3.5 started with determination of the best estimate for input param eters . In the

ana lysis of constant rate events . the next step \ \' 21s to d iscreti se the test into a series of co nstan t ra; e even ts . E:1Ch of th e

re levan t te st ph3SCS is subsequently analyzed using the foIlo\\'ing steps:

Ide nti ficat ion of the !l<J\ \ model by eva luat ion of the der ivat ive on the log -log d iagn u,ti c plo t. III il ia l

es t imat es o f the model parameters ar c obta ine d by co nventiona l stra ig ht line analys is.

S uperposi tion type curve m atching in log-log coordinates. A non-linear regre ssion a lgor ithm is used

to provid e o ptimized model par am e ters.

Non- linear regression in sem i- log coord inat es (su perposi tion HOR ;\ER r im ). In th is stag e oi the

ana ys is. the sta tic forma. ion pressure is selected for regress ion .

Sim ila tion o f the entire test seq uen ce in Cartesian coordin a tes using the optimized pa rame ter set

obta ined (rom the anal ys is of the indi vid ual phase . Th is fin:!1step is used to check the consistency 0 1.

the model 10 the enti re data se t.
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Data Analys is

The ste ps are repeated un til a consisten t characte rization of the tes t ev en! has be en ac h ieved.

For slug and pulse tests the analysis progresses as follows:

Ide nt ifica tion o f the flow model by evaluation o f the de rivative data on the log-log de-convol ut ion log 

log plo t.

Match the data to the approp ria te type curves.

Examine the match on RA l\ IEY A. B, and C plo ts (Ramey or al ., 19 75) w ith each plot em phasiz ing

di fferent parts o f the data set.

Ite rate be tween the plots unti l the quali ty of lit is optim ized .

The ana lys is wou ld normally be completed w ith se nsi t ivity analyses 10 examine both the infl uence of uncertain inpu t

para meters on test results , and alt ernative flow mode ls that may be used to match the dat a set. A best estimate of

para meters is ty pica lly derived from the phase that is con sidered to co nta in the m ost re liability and suffi c ient duration to

ident ify the now model. Co nfi dence lim its arc derived bas ed on res ult s o f analyses of individual phases and sensitiv ity

analyses.

In put Parumeters

The phys ical parameters used in the analysis o f the tests is shown in T able -l-t . These inp ut pa ram eters WeT;;' measured

and est im ated using ava ilable da ta, or calcu lated using PVT corr elat ion s.

Rcpreseutative Analyse s

The fo llowing subsect ions w ill illustrate the analysis o f the tes t ty pes in a step by step form at. The pu lse an d slug pha ses

will be fi rs t ex amined wh ich an: typ ica lly performed in low to moderate borehol e tran sm issi vity w ith a rad ius of

infl uence on the order of ft:w feet . Final ly. the con stan t rare analysis of the product ion tests wi ll be exam ined w ith

radiu of in flu ences on the o rder of tens to hundreds of feet. The analyses of all the prod uct ion tests w ill be desc rib ed

here as the se tests were pe rfo rmed in the h igher transmissivity zon es . The ident ific ati on and characterizat ion o f lhe

higher cond uctiv ity zones is a primary objective o f this investigati on.

Pul se Ph ase

A pulse phase was per fo rm ed in test 7 in borehole W205CH I (Append ix G Figur e3-2A) based on the pre lim inary

relative now rating o f "v ery low" for the conductive feat ure 203 .0 to 207 .0 feet BGS. The lest was sta rted w ith a

pro-o nl... c1fm:e'(r'seC1--:doc
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Da ta A nalysis

0.6 hour shu t-in phase 0 allow the test section pressure to partially equilibrate . .A pulse phase was starred with an

instantaneous drawdown of approxi mately 9-+ feet and laste ~ 0.8 hours with a final r > e very 0 \ er 93 perce nt.

The first step in the analysis of pulse phase was to ca lculate an equivalent radius that is based 0 0 the boreho le

compres sibility as the recovery takes pia e under shut-in condit ions. Th is value may be measured by taking fluid

measurements before and after the shut-in tool is op ' ned and closed. The diffe rence ill fluid level is due to the

com press ibility o f the test interval itthere is no t ow from the formation. Alternat ively. the equivalent radius may be

computed from so ca lled casing tests or a defa ult value may be chosen . 10 this cas e the borehole co mpre ssibi lity was

assumed to be equivalent to the compressibility of water. : .5E-10 I,Pa. multiplied by the interval volu me.

The nex t step is to examine the forma tion response in the log-log deconvolut ion plot (Appendix G. Figure 3-2B) to

identify the flow mode l. The fo llowing flow model W:lS used to aoal:.ze the rest response:

Inner bou ndary :

Formation mode l:

Outer boun dary :

skin

composite with increase in transmissivity away from the boreho le

infinite in latera l extent

In this mode l. the levcling off 0 the derivat ive C;:ll J in mid time JaD is assumed to be: the ra.ha l tlow SD: iliza ti on for the

perrncal iIi::. ~ The derived parameters for this CJ~ C arc onsidered high!:.. uncerta in due to the non-un iqueness of the

fiow m od e l. TIl e early time data o u ld als o be ma tched with a t ow dim nsion o f 1.5 \\ hi h wo u l result in a higher

transm issivity.

The nex t step is to look at tilt: match to Ramey A. B. and C type curves (Append ix G. Figure s 3-2C-E) with the

parameters derived on the deconvolution plot . The R ;lI11CY B and C type curves arc sensitive to the late and early time

data, respectively. The Ramey A curve is eq uiva len t to Cooper type curves .

The results for the .ornposit model show an inner zone transmissivity o r'2.3 1£ ·09 [;1: / 5 and an outer rransrn issivIt;- 0 ;

: .S5" E-Dl) rn : 's at i is .o ru in u ity r:1;.:'U5 o f ::ppr xan:lt::!y I foot .

Sl ug Ph a: e

Test -4 in borehol e \\"207CH I (:\ pcndix G. F igt:~': 3-3..\ -C) '.\as selected to illustrate analy is ' f a slug test in a

moderate trunsmisstvity te t section. The packer depth was selected to encompass the wate r conduc tive feature. -1 0.0 to

~7 .0 feet bgs, ident ified in the hydrophysical logging. The preliminan.. relative flow rating is " 10\\ ."
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Data Analysis

The tes t was starred w ith a 0.9 hour shut-in phase to allow the tes t sect io n pressure to part ially equi librate. A slu g phase

was started with a instantan eous drawdown of approx imately 17 feel. Upo n reaching 64 percent of the tota l drawdown.

the dow nh o le shut-i n tool was closed. The subsequent shut -i n las ted 1.0 hour and recovered to wi thi n 0. 5 feet o f the

condition s prior to the init iat ion o f the s lug. There was no suggestion o f packer byp ass during the test.

Th e analysis was started w ith exam inati on of the da ta on the deconvol utio n plot (A ppendix G. Figu re 3-3B) to identify

the flow model. The early time data sho ws a leve ling off of the pre ssu re de rivat ive data that was ass umed to represent

infinite-acting radial flow stabil izat ion. In late t ime , the pressur e derivative dat a sho ws an inc reasing s lope wh ich

indicates a res trict io n in flow away from the boreho le. This parr o f the data set wa s not matched. Th e result s show a

ne ar we llbore transm iss ivi ty of :'i .SSE -07 m1is with a restriction in flow awa y from the boreh o le.

As a co nfi rm atio n for the parameters de rived in the sl ug period the shut - in phase was ana lyzed wi th const ant ra re

solu tio n. The first step was to discret ise the test into 3. se ries of con stant rare periods as shown in Appe nd ix G

(Figur e 3-4:\). The next st ep wa s to exam ine the format ion response on the log-log plot to identi fy the now mode l. T h e

fo llowing flow model was chose n to ana lyze the data set:

Inner boundary :

Formation mode l:

Outer bou ndary :

wel lbore storage and sk ill

homogeneo us

ch annel boundarie s (no fl ow)

TIle forma tion resp onse on the deconvolutcd s lug claw and cons tant rate analys is o f reco very phase snow s imilar

character \\ ith tw o exceptions : I) the near wel lbo re rad ial How stabilization is masked by wcl lbore storage e ffec ts in the

recovery phase and 2) the late l ime restric tion in flow in the recovery period shows a lon ger perio d o f response due to

longer dura tion o f the phase. Hence, the near wellbore properties sho u ld be: taken fro m the analysis o f the s lug phase

d ue to lack o f wel lbore sto rage e ffects and the outer zone pa ram eters sho uld be derived from the analysis of the recovery

phas e due to its longer du rat ion . The results of the recov'cry phase sh o w a near we llbo re transm iss ivity of 4 .39 E-0 7 m el s

with a restrict ion in flow (lV\ ay fro m the bo rehole tilat was ma tched with channel boundaries of the no flow type.

Cons tan t Rate Analysis

This sect ions re ports the detailed an alysis for the packer tests pumpi ng as the hydraulic stress. These pumping

tests contain a pr od uc tion phase of up to"! hour s in du rat ion and recovery da ta tha: was measu red overnight. The in itia l

t \ \ 0 tests wil l be discussed in derai l 10 illustrate the analysi, methodology of represeruat ivc format ion responses, The

discu ssion on [he latter three tes ts will be restr ic ted to a d iscussion o f the fo rm ation response all the log -log p lot.
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Dura Analysi s

Te sr -t in Bore ho le W2 0 5CH I is shown in Append ix G. Figur d -.JA-C. The packer de p th was se lected to enco m pass the

wate r co nd ucting fea tu re, 3 13.0 to 334 .0 fe et bg s, identified in the hydro phys i '::1 Jog ging. The prel iminary relati ve n ow

rating is "moderate."

Th e tes t was in itiated w ith a 0 .3 hour shut-in phase to a llow th e test s ection pressur e to part ial ly eq uilibrate . .oX

prod uct ion phase was subs equently starred but was soon terminat ed du e to el ectrical inte rference between pum p and

do wnh ole gauges. Il was decided to shut-i n the test section an d repa ir the prob lem . The main prod uction period last e d

2.0 hours a t a flowrate o f approximately 5 gallons per m inute (gprn) w ith a to tal dra wd o wn of 25 fee t at the end of the

pha se . The subsequ ent shut- in period was 9.S ho urs in duration and recovered to wi th in I fo ot o f the initi a l shu t- in. T he

test was term inated w ith a s lug phase . The annu lus press ure mim icked the test zone pressure dur ing the production

phase but sho wed a lo wer magnu ude of change. This sugges ts a possible d iffusive hydraul ic communica rio n through

the formation between the lest sec tion and the annulus.

The anal ysis o f the res t was started w ith d iagnosis or tile: formation resp ons e o n the log-l og plot (Appendix G .

Figur e 3-.tB ). The fo llowing mode l was used to analyze the test data:

Inner boundary :

Format io n m od e l:

Outer boundary:

we llborc storage and skin

dual porosity

in fin ite in lateral ex en t

The next ste p was to regress on the Horner plot by selecting only th e STatic formati on pre ssure (Append ix G.

Figure 3-"+C ) . 111e model and par am eters derived from analy sis of the re co very ph ase were then compared to the: ent ire

s imulation plot (A ppen d ix G. Figun: 3-.t D). The m atch is reasonable confi rm ing till' selection ofb oth the flo\\' mo del

;llIJ tho: parameters . A poor match to the initial product ion ph as e is attr ibutcd to e rro neous p ressure m ea surements due

to ele ctrical inter fe re nce pro ble m s that was su bsequent ly corre cted.

T he d ata e m also be ma tched w ith J now dimensio n app roach, Append ix G. Fi gur e }-.+E shows a go,) d match to the

d.ua set us ing a co m pos ite fracti onal d imension model. T he inner zone n o w d imens ion is 2.3 an d the out er n o w

d imens ion is 1.7 w ith a d istance to the d iscontinuity o f :2 fcer. T h... de rive d transm issi v ity is 1.9·:E-06 m ciS and

Test 6 in Borehole \\r?05CH I shows a formation response wit h a res tr ic tion in fio« a\V3Y" from the borehol e

fo ll o« ing mode l:
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Inner bound ary :

Form at ion mod el :

Durer boundary:

well bore storage and skin

homo geneo us

open end ed recta ngle w ith three no flow boundaries

Ihea A na lys is

The respo nse shows a log cycle ofa nat derivative data in early time wh ich wi ll resu lt in rel iable derivation o f the nea r

wellbore transm issivity . ln m id and la te time, the derivative data shows an increas ing tre nd tha t suggests a restr ict ion in

now awa y from the bore ho le. In th is cas e three no flow boundaries at various distances were used to match the test

response. The relati ve dis tances to boundaries are highly co rrelated and therefore non-unique . 111e ab so lute distance to

bounda ries is comp uted based o n an assu med storativiry.

A me th od to inc rease reli abi lity in der ived parameters is to show consisten cy of formation response s bet ween various

phases in the test. Th is ca n be achieved w ith a mult i-ph ase diagnost ic p lot. Append ix G, Figu re 3-5C show s both the

producti on pe riod an d reco very phase on a sing le log -lo g plo t. As can be seen, the fo rm ati on response are reasonably

consi sten t except the production data is nosier due to small flucruations in the rate. This illustrates the reason for

emphas izing the anal ys is resu lts from the recovery period. In add ition. the produc tion period sh ows a longer period of

wcllbore storage effec ts.

Appendix F. Figures 3-7 . 3-8. an d 3-8 show log-log an aly ses for the recovery phases for the remain ing product ion test s .

Test 2 in Boreh o le \\'207 A R Iwas matched w ith a du al porosity fo rmatio n mode !' A co m posi te mode l was also sh ow n to

ma tch the da ta SCi w ith an increase in tran sm issivity a way from the boreh o le. Test 3 in Borehole \V20 7..;R I and Test :2

in Borehole 205CH I were both m atched using a homogen eous formation mode l wi th open ended bo inded system in

late. 111e bou nd aries an: al l of the no flow [ypc . Test :; shows a skin e ffec t in ea rly time, fo llowed by a log cycle f

radial flow w ith ;J restric tio n in flow in late t ime . Th.... bounda ries are c loser to the bo reho le in test 2 wh ich nearly

co mpletely m ask lite formation respon se.

.tA.2.2 Res ults

The summ ary o f pac ker test results are summariz ed in Table 4-5. In ad diti on , numerous observati on bor eho les we n:

monitored in the a rca wit h pressure transd uce rs and recorded electron ica lly at 2-m inllte inte rval s du ring the testin g

pro gra m. Fo r this report . observat ion boreho les W20 IAR 1..\ through W1 0 7AR 1 wen: exam ined and are describ ed ill

this section .
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Data An;llysis

SO LIrce Zone

Pack er Te st FI ll W l\l odel Interpretation and Ana lysis

The conccprua l models used to interpret packer tests should be exam ined with respect to scale. TIle slug and pulses are

consid ered to have a re latively small radius of in fluence due to their relati vely shan durat ion comp ared to production

tests and are typ ical ly performed in lower transmissivity units . The interpretation may be summarized as follows:

! . Early time data which ma y be matched with either type cu rves with a fl ow dimension less than 2

and or may be attributed to wellbore effec ts. In this study. the ear ly time data was in mos t cases

matched a- wellbore effects , The early time data in some tests is parl:a ll) masked by inertia effec ts,

2 . The m idd le da ta shows a leveling o ff ofthe derivativ e data wh ich ind icates a rad ia l t ow response.

J . The late time data shows either an increas ing or decreasing trend in the derivat ive data whic h may be

transiti ona l da ta to the next now regime or a change in flow dimension away from the bor ehole. The

data in this study W :l S marched with a conceptual composite now model character ized by either 1) an

increase in transmissi vity away from the borehole for the case of decre as ing trend in the derivative

data or. 1} a red uction in transmissivity for the case of an increasing Jeri\ auve trend . Tl:e parameters

derived for the outer zone arc less certa in compared to the nea r wc llbore propert ies due to lack of an

outer zone radia l 110\\ stabilization to con firm both the model and the parameters. In the som e cast s.

there is an increase in the transmissivity away from the boreho le. These results should be viewed with

cau tion as this may be due to end effect from nearly complete recovery in the slug test.

:\ tot al or5 product ion tests wcr ... performe d. all in boreholes W205CH I and \V207.-\R I. These tests encom passed the

"moderat e to high" conductive femmes identi fied in the hydroph ysical logging. A production tes t was also conducted in

borehole W202,\ R I but W :l S examined as a s lug in the analysis. The der ivative plot showed pure wcllbore storage

during the pum ping: phase ind icating the borehole was being emptied with no flow from the formation.

The radiu s of influence (d ) in a produc tion test is directly depe ndent on the du ration of the period and di ffusi viry (TID )

as shown below:

IT
d = .'I V5 t , STRELTSOVA (19 SSj

It C311 be seen that for s i n g I..~ \vcH rests the radius of influence is a ....unction of the elapsed rime when the response occurs
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Data Analysis

d istances to boundaries. The coeffic ient ' A ' is a constant dependent on the defin ition for the rad ius o f in ve stigation.

Tnt; .t\ ' con stant us ed in the INTI analyses is 1.89, correspond ing to a di m ension less d rawdown o f ap pro x imate ly 0.3.

The com put ed radi us of influen ce for pum p ing tests varies betwee n 2 13 an d 6792 feet. As stared above, the se val ues a re

depe ndent on the assum ed storativ ity which is typica lly no t known w ithi n an orde r o f magnitud e w ithout observation

well data . In add ition. many tests show ed no n ow boundaries during the test . Accord ing ly. the rad ius o f in fluence w ill

no t be symm etrica l away from the borehole .

TIle test respon se fro m th e 5 production tests can be classified into tw o gro ups. G ro up I shows a homo ge neous

formatio n model with a restr iction in flow away from the borehole tha t was matched in INT :2 wi th J no flow boundaries

in the shape of an open rectang !e. An analys is in FLO \VDIM sh ow a composite mode l wit h a near w el lbo re now

d imens ion of 2 and an o ute r zone n ow di mens ion o f less tha n 2 .

The Group :2 was marched w ith a dua l poros ity formation mode l, in fin ite in late ral exreru, II was s hown th at the data

may a lso be equally well matched wi th a com pos ite fra ctional d ime ns ion m ode l. Additiona l geo log ical an d geo physi cal

data is neede d to constrain the nu mber of via ble How models due to the inherent non- un iqueness in we ll test ana lys is

T ra us fTl iss iv]tY

The trans m iss ivi ries derived in the analyses range between 2.13E·09 and 7.r cl E-05 m :;s . There is a good correlat io n

be tw ee n the re lat ive n ow ratin g derived from th e hydro phys ica l logg ing and transmissivities derived in the tra ns ien t

analysis o f pack er tests (Table 4-6 an d Figu re 4-9). The on ly ex ception are high transm iss iv ity values derived relat ive to

the flow ra ting for test 6 in Boreho le W205CH 1 an d test I in Boreh ole W203A RI . The flow model fo r bo th tests sh o w s

a restri ct io n in flow relatively close to the bo rehole . The de rived trans missi vity fo r bot h o f these test s re presents J

re lat ive ly smal l radiu s of infl uence while the hy drop hys ica l logging averag es the properties w ith in the rad ius o f its

in fluen ce to derive the rel ative rat ing . lien ee. the d ifference ma y be a ttri bu ted to difference in the radi us of influe nc e .

Pressu re Hea d

The sta t ic heads were ty pica lly co m puted from the av erag e of the fin al pressures measured at the end o f the initial sh ut

in and from the fina l pressure mea sured at the en d o f the main lest phase. The pressure in the fi rs t sh ut - in was typicall y

stab le o r fa lling rel at ivel y s lowly at the en d o f the phas e and provides an upper lim it for the stat ic form ation pressure .

The pressur e was increas ing to equ ilibra tion at the end of the main tes t phase arid there fore pro vide s a lower lim it for the

stati c formation pres sure. The static formation is normally derived from the extrapolat ion of the sh ut-in data on a

He rner p lo t. However . the tina! pressure s me asured a t the end of the shu t-i n phase s typ ica lly sh owe d o v er 90 percent

recove ry to prov ide reasonab le approx imati ons for the static formation pr essure. In add ition. complex pressure

transie n ts are not expected due to the re lativ e ly h igh rransmissiviries encounte red .
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Data An alysis

For bo reh o les w ith mo re than one test. the head dam was plotted aga inst the m idp o int of the interval to access vert ica l

grad ients (Append ix G. Fig ure s 4-2 thru 4 -4). The plots sh ow a decrease in he ad with dept h a lthough there is sca lie r in

the d ata , No head was computed fo r test in Borehole 202AR 1 as the te st wa s pe rfo rmed over the entire open interval

and the static head ma y be an avera ge o f seve ral conduct ing fea tur es at var ious de pths .

O bserva tinn Zon es

Th e o bservatio n zo ne s were mon itored \\ ith a pressure transduc er that re co rded water le-, el changes in the o pen boreh o le

at 1 m inute increments. Hence, al though sp ec ific co nduct ive fe atures were tested in the bo rehole . the ob serva tio n zo n e s

wen: m on ito r ing all the conductive fea ture s in the ent ire ope n interva l in adjace nt bo ring s. This set-up m3Y m ask

respo nses in observation bo reholes with vert ica l grad ient due to "cross n o w" effe cts.

No observat ion zone responses were e xpected for slug o r pulse phases d ue to the relat ive ly small ra d ius of influence.

The on ly excep tion was in Bo re ho le W2 0 1AR 1B d ue to its pro x im ity to th e source Borehol e W10 1AR 1.-\ , 9.4 feel to the

A respo nse in the o bse rvation zo ne is defi ne d as :

I . ..\ drawdow n abo ve backgro und no ise

Th e first a ppe ar ance o f the d raw down a fter the stall o f pum pin g in the tes t interva l

3. Th e first appea rance o f reco ve ry afte r the stan of the recovery r in se in th e tes t interval

Tw o pressure respo nse s were obse rv ed in the obs ervati on boreholes d ur ing the ent ire test ing cam pa ign . Both resp onses

we re not an a lyz ed as th e first res pon se was attribute d to ev ents prior to the sta rt o f a test and the second resp on se cnu ld

not be corr e lat ed to a s ingl e produc tion event.

Pr io r to th e start o f th e s lug test in boreho le \\'2 0 IAR !A ther e was a rela tively rap id 0 .6 feet increase in the water leve l

in Bore ho le W:20 JA R I B. loca ted 9 ,4 feet to the west. Thi s ma y be attr ibu ted to d ispl ace m ent o f flu id in th e so urce

bo reh o le wh ile runn ing the tool s 10 test depth. Both boreholes contain co nduct ive featu res at appr oxim at e ly 45 feet bgs.

The o nly borehole wh ich sho wed :1 response during all the product ion phases was ob se rv atio n bo reho le \\.-'20.3 .-\R I

d ur in g test in g: in Borehole W205CH I. The sta n o f the drawdown appeared to be con sistent wi th the ini tia tio n of

pum ping for test 2 in W205CII I. The drawdo wn co nt inue d fo r som e 50 hours at d iff erent ra tes that were not corre la ted

to spec ific produc tion c \ ems in the lest interval. The d rawd ow n COntinue d so me 1I) ho urs aft er [he rinal product ion

peri od in Borehole \V205CH I. Accordingly. there m:lYhave been an o th er so urce affecting the test respon se outside of

the hydraulic tests .
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Data Analysis

Lack o f respon se in the other observation zones may be attributed to :

I . No flow bo unda ries

2. Observat ion zone outsi de o fthe radius of influen ce

J . Lack of connect ion between feature in the source zone and obs ervation zone

4A.2.3 Co nclus ions

T he objective of the program was to demons trate that the proposed packer te sting methodology was v iab le and could be

em ployed to determ ine the hydraulic properties and geometry of tile ident ifi ed higher conducti vity fea tures . The

program can be viewed in terms of equi pmen t perform ance, test design and analys is techniques.

The eq u ipment were ab le to prov ide re latively "c lea n" data with minimal influen ce from tool op crnrio n. The shut- in to o l

was essentia l in reducing we llbore storage effects for improved di agnosis of the flow mode l. The data acq uisition

system was able to record at J ra te o f ! secon d intervals In the start of phases to red uce amb igui ty in the analysis. In

add itio n, the data syste m W;;5 able to record data ov ern igh t to maximize the efficiency o f the rest ing program. TIle use

o f rel atively h igh accuracy 110\\m ete rs and pressure transducers with e lectronic output provided a good basis tor all the

ana lyses Packer 0) pass pro blem s were experienced during some ofthe tests. Thi s was artr ibu red to a diffuse hydraul ic

connec tio n thro ugh the formation be tween the test inte rval and adjacent zone, ra ther than to leakage o f the pack er

systems.

Th e test design WJS show n to be appropr iate for tht' rela tive range of transm issivity encou ntered du ri ng the testing

program. The o verall desig n was to optim ize the rad ius of in flue nce for the rests that encom passed the h igher

conduct ive fe atu res to see the formatio n flow mod el and boundary effects. On a test bas is. the de sig.n inc luded an initial

shu t- in phase to part ially dissipate any pressure history effects. A pulse phase was used for rel atively low transm issi v ity

cond itions that enhances the recov ery compared to slu g tes ts by chan ging the well bore storage from open tubi ng 10

bore hol e com pressib ility. For mo derate range tran sm issiv ity cond itions a slug a nd shut- in phase was carried OUL This

design provides two phases for analysis with different inner bound ary con d itions that may be analyzed and reliabiliry

ca n be es tablished by show ing con s istency in res ults . For high er transm iss ivity conditi ns, .:l single rate wa s selected to

provide sufficient drawdown at the end o f the phase that was aboxc backg round noi se to reduce arnbigu ity in mode l

rec ognition. The maximum drawdown W :i5 limited to app roximately 150 feet to minimize any porenual s tress effects .

The du ra tion of the rec overy period \,'as optimized within the constraints of the program to i<.h:nrify boundary effects,

On-s ite ana lysis wa s important in determi ning the durauon of ind ividu al lest phases.
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The analysis te hniques were sho wn to op timize both test des ign and derivation of hydrau lic parameters. The slugpu lse

deconv olut ion application was sho wn to red uce amb iguity in deri ved p: ra rneters through improv ed d iagnosis o f the

forma tion respons e and with a long er duration of forma tion response in comparison 10 constant rate tes ts due to lack of

wellbore storage effects, TIle detailed constant rate analy sis method ology prov ided a good tool [0 recognize the flow

model , derive reliable hydraulic paramw :rs and 10 quali tatively examine the inherent ambiguity in we ll test analys is.

Two com pl imen tary software pac kages were used during the program. [NT2 provided a variety of now models and full

superpo sition to analyze the data set. In this approach the flow area is assumed to be infi nite acting rad ial now and

changes in geome try are match ed with single or intersect ion of boundaries of the no flow or constant pressure type .

Contrary to this approach. FLO \I/DIl'- 1derives a now dimension in the analysis which is a parameter that describes the

flow through area with distance from the borehole . Th is is a more general techniqu es that does not use specific geolog ic

model (s) to describe the data set.

The da ta obt ained during testing program prov ides important inform ation for furthe r refinement of the conceptual model

for the sigh: and provides input for regional model ing. The high lights from the packer testing program can be

summa rized as fo llows:

1. Th e relative rating from the hvdroph ysical logging shows go od consistency with the tr.m srni ssi v itv

derived in the transient anal: sis of the packer test data .

Fro m the five rests enco mpas sing the highes: rated conductive featu res, three show a restrict ion in 110',\

after a homo geneous form ation model that \\ as matched with three no flow boun dar ies. The two other

produc tion tests were matched with a dua l porosity formation mode l. The responses may also be

equally well matched with composite fractional dimension model showing a reduct ion in flow

d imension away from the borehole . Add itiona l geological and geophys ical da ta is needed to discern

which flow model is most approp riate.

-.! T he stat ic formati on heads show 3' dec rease with dept h based o n the in formatio n from the three-

boreh oles with more than one test.

On ly one observation well from the seven examined sho we d a response durin g a ll the pumping per iods.

-1.5 G eo chc m ica l A nnlvt icn l Results

As described in Section 3.6. groun dwater samples were co llected for geoc hemical analy sis as parr of the packe r testing

program describ ed elsewhere in this report. Sampl es were shipped under chain-or-custody to three separate labs for

pro -oci; ',/ m:exi"..!t cr-.: ..ioc
tor :»: 1 5 -- P~!

-1-30



Data Analysis

m ajor- ion, isoto pe , and rad on analyses . Table 4- 7 pre sents an inv entory of sample designat ions. dates and time s of

co llection. an d ge oc hemic al res ults ob ta ined in SUppOI1 of the packe r test ing program . Analyt ical results are presen ted

and discussed be low.

4.5.1 Discussion of GI\I- I Packer-Test Field Param eter Major Ion Results

Figu re 4- 10 is a Pipe r diag ram (Pipe r, 1 94~) illustratin g [he ran ge of chemical co mpos itions o f the packer tes t samples .

a long wi th two samp les from the production well used to supply wa ter fo r all d ri lli ng a t the Wake Site. The product ion

well is located mo re than one m ile so uth of the proposed footprint of the disposa l area, and procedures from ge ologic

ma teria ls tha t are not found with in the area un der inves tigation during the GM- I Pilo t St udy. The production well is

com ple ted w ithin a d iabase dike that cuts discordantly through bed s of si lic iclastic se diments . Analytical res ult s from

the p roduction and site well s a re plotted usin g d iff eren t sy mbo ls, so that the d iag ram prov ides not on ly a graphic

representatio n of the chem ica l signatures at a g iven wel l. but a lso a basis of compari son betwee n the production and site

wells .

The d istribut ion of po int s w ith in the tril inear cation field (TC F) indicates that sod ium is the do m inant ca tion am ong the

pa cker tes t sa m ples. acco unt ing for between 55 and 95 perce nt of the equ iva lent weight among the majo r ca tions.

Pota ssium, which is plotted alon g w ith sodium, is a re lat ive ly mi nor consti tuent. at less than I percent o f equivalent

weight in 4 1 sam ples. Ca lcium range s fro m less than 5 to approximate ly 30 percent. and magn es ium from less than I to

appro x im ate ly 20 percent.

Within the trilinear an ion fie ld (T AF) . the do minant ion is chlor ide, fo llo wed by bi carbonate and sulfate . respectively .

A mon g 47 o f the 49 sam ples . ch lor ide as a per ce ntage of eq uivalent weight amo ng the major anions ranges fro m

appro x imately 45 to 90 per ce nt. T he lowes t va lues for chloride are around 13 percent in tw o sam ples fro m W204 :\R I .

Bicarbonate ran ges fro m less tha n 10 to ab ou t 85 pe rce nt. wi th most betw een 30 and 50 percent. Su lfate ranges from

zero to 10 percent in all but a few samples . and the highest values arc arou nd 13 pe rce nt in sam ples from W205AR I.

Fo r the tw o samples o f water from the producti on well , calcium is the predomina nt ca tion at approximately 4 7 pe rcent.

fo llow ed by sod ium and magn esium at about 2 7 an d 26 pe rcent. res pectively. A s th e pri nc ipa l an ion , b icarbonate

acc ounts for around 8-1 pe rcent of the equiva len t we igh t. Ch loride averages abo ut I I p rcent. and su lfate ab out

5 perce nt.

The location s o f the po ints w ithi n the d iam ond-shaped fiel d (DSF) of [he Piper d iagram ind icate that chem ica l

co mposition s v:!ry am ong the wel ls. but are re latively uniform for inte rva ls from which multiple samples were co llec ted .

Table 4-8 lists the chem ical com positi ons of the sampled intervals fro m each well. T he nomenclatu re is adapted fro m

Back ( 1960 and 196 1). Car ions <Ire listed first, accord ing to decreas ing pe rce ntages o f equ ivalent we igh t. A nions fo llow

the sam e pattern. Only those ion s w ith equivalent we ights exc eeding 10 perce nt of the tot al for eac h maj or gr oup are
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included in the class ifica tio n. For inte r va ls from w hich tw o or m ore samp les wen: co llec ted . the c lass ificat ion is base d

on th e average percentage o f each ion.

The Piper d iagra m (Fig ure .1- 10). an d the c lass ifica rio ns reporte d in Table -f-8 re vea l d ist inc t differences in the chem ic a !

com posit ions o f sam p les collected during the pa cker tes tin g pr ogram and water us ed as dr illin g flu id, O f the 19 inte rvals

sa m pl ed d uring th e pro gra m . 11 yielded water classifi ed as i\a·CI-HCO;. six produced w ate r domin ated by so diu m.

calci um. ch loride. and bicarbonate . w ith minor perce nta ges o f magnesiu m; one y ielded wa te r o f Na-Ca-Mg-C!

com position; and anoth er pro duced water w ith a Na -Ca-i\ lg -HCO;-C l signature. Poi nts represent a tive of most of the

packer tes t samples are located nea r the lower righ t leg o f the DSF. re flec t ing the stro ng in flue nce of sod ium . chloride

and bicarbonate. Poi nts influen ced by h igher percentages o f chl or ide a long w ith calcium and/or magnes ium lie c loser to

the r ig h t co m er o f the DSF a nd rou gh ly sub pa ra llel to the uppe r rig ht leg of the DSF . The points ind ica ting grou nd wa ter

of Na-C a- Mg-HCO )-CI co m posi tio n arc located a long the lo wer left leg of the DSF. The tw o poin ts rep resentati ve o f

dr ill ing fl u id water . wh ich is of Ca-Na- .... lg -f1CO j -C I composit ion. are loc ated ncar th e le ft corne r o f the DSF.

The distribut ion o f the po ints on the Pipe r d iagra m ind icat e not on ly marked d iffer ences in the c hemical make up o f

drill ing w ater a nd Wak e Si te groundwater. but al so suggest that the samples collected 3 S pa rt of the packer te sting

prog ram (1) do no t re flec t th e com posi tion o f di ke wa ter. and (2) are su irably representa tive o f local g roundwater

ge o c he mi cal s ign atu res to wa rran t their use in su pport of the development o f a s ite conceptual model . To help bet ter

des c ribe c han ges in the chem istry of water w ithdrawn during th e packer resr. rime -series plots o f p H . tempera ture. and

sp ecific condu cta nce were construc ted from interva ls tha t prod uced su ffici ent volum es of wate r to suppo rt pum ping

tests .

4 .5.1. I Ti me-Ser ies P lots

T ime-seri es pl ots us ing th e result s o f repeated samp ling dur ing packer test s were cons tru cted for si x interva ls a t

W205..l. R I and for IWO interva ls at W207AR I (Append ix I I). The frac ture d zones o f int erest al the o the r five wells

e val uated we re ne ithe r porous nor permeable eno ugh to support pumping tests. The plo ts trace changes ill spe cific

condu cta nce . pH. tem pera ture. and the vo lum e o fw.u er pumped fr om each interval during a packe r ! c~L The plots art:

di scussed below in the orde r in wh ich the pump ing tests w ere conducted .

W ::: t)7:\ R 1/67.5 - 77.5

A packe r te st w as co nducted over the interval fro m 67 .5 to 77 .5 feel at Wel l \1./20 7A R I on 5111'9 7. In itia l fie ld

pumpin g a t 12:50. :\ Iter the sample w as collected, the \\ e li W:lS sh u: in. a nd a pumping test was ini tiated at 1 ~ : 3 .1. at H

flo w rate or 1.07 gpm . The we ll sto pped flowi ng at 1 "::-~3. a nd [he we l] was sh u t in once again . The rest resum ed at

! 5:08 at a How rate of 0.4 5 gp rn.

pro -only'frntex t 'sect-: doc
10/17/97 rs :1'.\ 1



Data An:ll y si s

Th e plo ts show d iffe rences between the in itia l and subsequent measurements of spec ific conduc ta nc e, pH, and

tempera tu re during the tes t, Spe cific co nductance inc reased from 1.84 5 m icros iernens (mS ) to 2,5S0 rnicros iemens Cp S) ,

and then steadily decreased to 1,845 mS by the end of the test Th e change in speci fic conductan ce was ac co mpanied by

a sl igh t increase in pH (Appendix H) at the beginning of the test, and then again during the test fro m 7.62 to 7.93.

Tem perature measurements dropped fro m 19.8 "C in the first sample a t wa ter to 16.9 "C IH the beg inning o f the

pumping te st, and the n settled at betwee n I7. S and IS "c. Th e tota l vo lume of water pu mped du ring the test was

estimated to be 69 gallons, based on flowme ter readings.

Sam ples of wat er for ana lysis of maj or ions were co llec ted at 12:50, 16:05, 16:2 0, 16 :45, and 17:00. The major ion

chemi ca l co mp osition of the wel l w ater from this interval collec ted dur ing the pump lest are sh ow n in A ppend ix H in the

form o f Stiff diagram s. These Stiff d iagra ms show a relative ly consistent pattern . Table 4-S lists the represen tative

com pos ition for th is inte rva l as Na-Ca -C1-1ICO].

W2 07ARI /153

Time-series plots o f spec i ti c condu ctance, pH, temperature and the volum e of wa ter pumped for the interval 153 to

46 5 feet total depth co llected on 5!l 2197 are sho wn in Appendix II. Th is test wa s originall y se t up to evaluate the

interva l 156.1 4 to 166.54 feet at a flow rate of 2.04 gpm. How ever, leakage around the low er packer forced

abandonment of the test after about 5 gallons had been d isc harged, Go lde r's representat ive dec ided to de Hate the lower

pac ker and !O conduct the tes t o ver the interval 156 to -l65 fee t to tal depth. The second test, ho we ver. was aban doned

aft er less than 10 m inu tes, because me pump bec ame clogged. By this time, approximate ly 15 ga llons o f wa ter had been

d ischarged. The upper pac ke r was res et at 153 fed. and a th ird test was ini tia ted a t 16 :55 at a flow rate o n gprn .

Specific conduc tance was relative ly stable through out this pu mping test. Spec ific co nd uctan ce starred at 1.573 !IS.

decreased to 1,454 p S a fter 10 m inutes. and then stead ily increased to 1,545 uS by the end of the lest. Th e initia l pH

measu rement wa s li.02, and subs equent measure men ts stabilized at approximately S.3. Temperature va rie d be tween

16.6 an d 16.S"C. Includ ing wat er d ischarged du ring the abo rted pumpin g tests, the to tal volume of water pumped wa s

esti mated to be 170 gallo ns . Spec ific conduc tance and temperatur e measurements ap peared :0 be lower for th is zone

than for the sh allower test int erval. but pH was higher.

Samples o f wat er for analysis o f maj or ions we re coll ected at 17:20. 11:35. an d 17:45. :\ sam p le was also collected at

the beg inn ing o f the first aborted rest at 15:25 . TnI.' majo r ion chemical co mpo sition s arc shown in Append ix H in the

fo rm o f Stiff diagrams . The patterns fo r these four sam ples are simil ar to those from the first pum pin g test. bur the

a ver age co mpo sition is Na-O-HCO;, as shown in Table .l·S.
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W 205ARl iI-45.1S - 166

Time-series plots of specific conductance. pH, temperature and the volume of water pumped for the interval 145. J8 to

166 feet in Well \V205ARl and collected on 5/ 12/97 arc shown in Append ix If. This test was termi nated after

90 m inutes because of leakage aroun d the upper packer. Specific conductance started at 26 1 ~S. and then j umped !O

804 ~S seven minut es later. Specific conductanc e then decreased 10 754 IlS by the time the test was aborted at 17:15

The initia l measurement of pH was 8.S!. and subsequent measurements varied from between 8.25 and 8.3 .2 . The fir st

tempe ratu re rneasurerneru was 17.6 "C. and all other measu rements were either 16.9 or 17 °C. An estimated 2S8 gallons

of water were discharged at a pumping rate of app roximately 3.2 gpm.

Samples for analysis of major ions were collected at 15:..P . 16:0 I .. 16:3 1, and 17 :00. The chem ical com pos itions are

repre sented by Stitt diagrams (Appe ndix 1-1 ). The diagram for the fi rst sample is s ignificantly different from subseque nt

diagrams presumably due to the gradual introduction o f formation water. The composition shirts from a relatively dil ute

Na-C1 water to a dominantly Nll-CI..HCO, s ignature. The larger Stiff diagrams representing the second through the

fourth samp le-s are consistent w ith the increase in spec ific conductance discussed ab ove.

W:!05AR Iil 48.2 - 169.2

Packers wen: rese t for a second pumping test over the interval from 10.18 .2 to 169.2 feet, overlapping most of the interval

from the previous test. Th is test was initiated at 18:.3 0 on 5/1 6:97 and ran for 3 hours and 2 minutes. end ing at 21 :.3 2 .

Time-se ries plots of speci fi c conductance. pH. temperature. and the volume of wa ter discharged are shown in

Append ix H.

Speci fic con ductance decrease d from an initial measurement o f 757 l1S to app roximaic!y 7.30 uS aft er abou t one hour.

and pH fluctuated between 8.:29 and 8.16. Temperature from between 16.9 and 17.6 "C in the first tw O measurem ents.

and then stabi lized at between 16.::; and 16 °C after about 90 minutes. The volume of water discharged dur ing the test

was estimated to be 1,443 gallons. at a fl ow rate of 7.9 gprn.

Samples 0:-w ater \\ ere co llected :l\ IS 30. 19:0 9. 19;.: I. :::'0 : 13. 20 :50. and ::; 1:::; 2 Th e chem ica l signatures of the six

samples as sho wn by Stiff diagrams (Appendix H) are similar to the pre-..icu s group of samples for the interva l 1-1 5.1S to

166 feet but the composi tion is -:\J-HCOj..Cl (Table -1-81.

Specific con ductance was slightly Iowa in this interval. with the measure ments leveling out within an hour after [he: first

readings. During this test. pH values are slight ly lower by 0.05 to 0.10 standa rd units. The greatest differe nce. however.

is in the Iowa temperatures recorded during the test. The tempe rature or' groundwater was consistently arou nd 17 "C

ncar the end of the first rest, but dropped ~pprox imnte i: i "C by the end of the second rest.

pro ·(m~t ifmfexl \..5t!cl-': doc
! tJ!17/ r;- 1.5 ; PJ!



Dat a Ana lys is

W205r\R I /J1J - JJ~

Th e next pumping test at \\/2 05AR I wa s conducted with the packers set ov er the interval 313 to 334 fee t. The test was

ini tiated at 14:59 on 5/17/97. and was term inate d after 22 min utes because of leakage around the lower packer. Tim e 

series plo ts of specific co nductance, pl-I, tem pe ra ture, and the vol um e of water discharged dur ing the tes t are provided in

Ap pendix H. The plots revea l marked chan ges in specific cond uctance and pH. and relatively stab le temperature

me asurements. Specific conductance started out at 58 2 ~S, and dropped to 5S5 ~S w ithin 14 minutes. Subsequent

read ings rem aine d stable to th e end of the tes t at 15:2 1. Measurements of pH fluctuated ben....een 8.56 and 9.24 during

the first 14 minutes o f the tes t, and then settled at around S.7 when speci fic conductance reached 58 5 j.lS. Te mpe rature

d isp layed re lat ively litt le variabil ity. ranging from 17.1 to 17.4 cc. The vo lume of water d ischarged during th is lest w as

44 gall on s, a t an average flow ra te of1 gpm .

Samples of water were col lec ted at 15:0 1 and 15:2 1. The chem ica l compositi on of these sam ples is re prese nted by Stiff

d iagrams (A ppend ix H). Th ese Stiff pa rrerns are rep resentative o f , ' a-C I-HC O l water (Table 4-8). and are sim ilar to the

pauerns o bse rv ed for sa mples collected during ea rlie r pum p ing rests ov er the sha llower frac tured zones. The Stiff

di agram represent ing the sec ond samp le, however, indi cate s a trend toward lower tota l d isso lved so lids. and lower

concenrrruions of sod ium and chloride in part icu lar. Th is is consisrcru ',\ ith the decreas ing trend o f s pec ific conduc tanc e

measu rements made ove r the firs t i 4 minutes of the test.

\V21l5:\RI /JOI -715

After the previou s test was ab orted . the upper packer w as reset at a depth of 30 I fe et, and the lo.....er packer was left

open. The interval cov ered by this test W:IS from .30 1 to 715 feet . the to tal depth o f the well. Measurements offi e ld

parame ter were made between 17:55 and 20:36 on 5117/97.

Time-se ries p lo ts of sp ec ific conductance. pH , temp era ture, and the vol ume of wa ter dis charge d d uring the test are

shown in Ap pe ndix H. Spec ific conductance. pH and tempera tur e fl uctu ated sharp ly w ithin the firs t 30 m inutes .

Spec ifi c co nductance jum ped from appro x imatel y 570 to 700 lIS and th en dropped to 581115. Th ese measur ements

increa se d to 693 pS by the end of the test at 20:3 6. Me as urem ents of pl-l increased from S. 12 to 3 .84 wi thi n the first

30 minutes. dropped to 7.98 . and ro se again to 9.2.3 by the end of the tes t. These were among the highest pH read ing s

fo r an y of the pumping tests . Te mpe ra ture dropped from 19. 1 to 17.9 0c. then ranged between 17.6 to i 7.1 DC ov er the

remainder of the tesL The vo lume o f wa ter d ischarged was es timated to be 677 gall ons .

Samp les o f water w crc co llected at 13:·12. 18:49. 19: 13, 19:4 .:5 , 20 : 16. and 10:36. The chem ica l co mposi tions a re

represe nted by Sti ff di ngrams (Appendix H). These Stiff patt erns ind icat e s igna tu res that are ind ist in guishable from

thos e o f the previous test (Na-CI ·HCO J . ind icating no app reciab le cha nge in the compos ition ofthe groundwater
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The fig ures in Append ix II ind ica te marked differences in the trends o f all three field parameters be tween the.. first and

secon d tests conducted ove r this S:1m::: basic in!ervaL Th;: most apparent changes appear to be related to specific

conductance and pH. TIle sharpest change in spec ific conductance oc cu rrc ' du ring the first test. w ith a decrease of more

than 300 u S in approx imately 20 m inutes. The tren d over the second tes t is less irr egu lar. as spec ific conductance

increased. but at J decreas ing rate . The cha nge in pll W(lS irregu lar throu ghout the first test, and at the beginn ing oft he

second. However, p H increased in a more regular pa ttern over the las t two ho urs o f the second test. Tem perat ure s we re

genera lly highe r a t the beg inning o f the second test. and gradually decreased to measurements s im ilar to those o f the first

test.

W205AR 1 _62.88 - :::83.89

The pack a s were res et over the interva l 161.88 to 28 3.89 feet for a packer test conducted between 9:33 and 9:57 on

5/18 /97 . The test, however. was aborted after .:' .~ minutes bec ause o f lea kag e around one o f the packers. Changes in

specific conductance, pl-l, temperature. and the vo lume of wa ter discharged dur ing the test are show n in Appendi x H.

Spec ific conductanc e decreased from 67 to 650 flS wi th ill 7 m inutes afte r the first measurem ent. and then increased to

804 at the time the tes t was term inated. The tren d fo r pH was tow ard lo wer val ues . as the read ings decr ea sed modera te ly

fro m 3.97 to 872 within the fi rst [.2 minut es . and then to S. IO at the end o f the tes t. TIle temperature ofgroundwater

dec reased fr rn 19. 1 to 17,.. 0C by the end o f the test. and the vol ume o f wate r discharged wa s .;2 gallons, at ::IP. avera ge

flow ra te o f I 75 gprn . Sam ples DfV'",1tCT were coll ected at 9:3 3 and 9:51 . Stiff di agrams pro vided in Appe nd ix II show

thes e sam ples to be Na -C l-HCO , in com po si tion .

W::: 05AR It::: 66.S8 - 2S7.SS

Th e fina l pumpi ng test at \\'20 5,\ R I cove red the interva l 266.88 to lS i .XS feet, The ,cst was conducted bet ween I I :0 3

and 13:50 on 1/ 1319 7. Th e inte rval overlap ped the zon e from the pre vious ly ab orted pum ping test. Specific

co nduct ance va ried moderatc ty dur ing the test. increas ing from 794 to 322 u S in the first 10 m inutes, and decreas ing to

762 u S at the end of the test. T he pll increas ed from S.! I) to 8..36. Temperature decreased from 13.9 to 17.S°c. an d the

volume of wa ter d ischarged wa s 29$ gallons 3.! an ave rage rare o f l ,7S gpIT1.

Sa mplesofwilter were collew :dat I !:03 . i l :13. 11:-J 7. 12: 15. 12 :.J5, J3::15. :md 13:.:'0. TheStiffdiagrams

(Ap pe ndix H ) show the se samples to be ?\a-Cl -H CO , in composition . Th is is consisten t w ith the ch em ica! signa iurcs of

wa rer from rhe aborted pum ping test 0\ er the interva l 262 .33 to 283 .8 9.

Spec ific conduc tance ex hibit ed changes of as muc h a, 200 uS dur ing the fi rst test. wi th rc lati ve lv little fluct uat ion during

the se cond. Th e trend shown for the second test was dow nward . but a t J de creasing and ap parent ly reg ula r ra te . The

sha rpes t ch ange in p H wa s obs e rved during the first test , as pH decreased from approximately 9 to 8. I. The trend sh own
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Da ta Ana lysis

fo r the second test is toward slow ly inc reas ing p H. Fina lly, the highest temperatures were recorded at the beginn ing o f

each tes t. at ap prox ima tely 19 cc.

4.5. 1.2 G cnemlObserva tions

Intervals from on ly t'NO we lls ( W205A R I and \V20 7AR I ) we re su fficiently porous and pe rm eable 10 support sus tai ned

wi thd rawal o rwater, an d. at th is tim e. it is not poss ible to extrapo late an )' of the results from sp ecific in terva ls in these

wells to th e s ite as a wh ole . The d istribution o f points on a Pipe r diagram, however, ind icate s rel a tively un iform

chem istry in each well . w ith moderate to significa nt d iffer ences observed between wells. Non e of the sam ples has a

signature th at appears to have been infl uenced by water from the productio n wel l. and it is po ss ible that some o f the

chem ical va riabil ity lo r samples co llected during pumping tests may be attr ibu tab le to min or d iffe rences in the

co ncentra tio ns o f majo r ions as funct ion s of loca l rock-w ate r interacti on. res ide nce time. and poss ib ly m ix ing of

groundwa ter a long flowpath s. However, it is no t currentl y poss ible to sp eculate on the util ity o f thes e ana lyses fix

del ineating flowp aths o r degrees o f hydraulic intercon necti v ity be tween d ifferent fractured int er vals.

The che m ica l s ignature of these sa mples ar e not d issim ilar to those of wells sam pled during the 1993 and 1995 He ld

pmgrarl15. \VC will compare the se analyses w ith those of the earl ier fie ld prog rams 10 as ce rta in whether and to wh a:

extent d iffer enc es or s im ilarities can be docum ent ed based on depth and loca tion o f we lls, a lon g wi th the m ix of

li tholog ies penetrat ed by the we llbores.

Further work w ill als o in volve the deve lopment of q uantitative geochemica l mod els to cv al uat e the influence o f mix ing

of wate r of differ ent composi tio ns. along with effo rts to ac co unt for spec ific ran ges of roc k-water inte ract ion on

chem ica l com pos ition s .

4.5.2 O xygen De uteriu m Results

Samp les we re co llec ted dur ing the packer testing prog ram lo r ox yg en an d deuterium wh en su ff i c ient water wa s

ava ilabl e. Resu lts we re the n plotted aga inst groundwate r. su rfac e wat er, and ra in wat er , ac ross the site to ident ify

whether re sults ga ve an ind icatio n o f communic at io n be twee n wa ters wi th d iffer ing isoto pic sig natures w ith in the

aquifer system . Append ix H incl udes a plot and table of res ults used to ma ke this compariso n . Results fo r the water

co llec te d during the pac ke r tests ran ge from -5 .3 to -6.3 fo r LiO and between -26 and -J 5 to r ~D. Th ese va lues p lot

s ligh tly abo ve the local me teoric lin e and in the vicinity o f o ther gro undwa ter sa mples fro m th e site . Like most o ther

groun dwater samples fro m the site these values are slightly below those values reponed for surfa ce and rain water .

sample results plo t low on the local meteoric line aw ay fro m site grou ndwater presumabl y because they rep resent

di still ed waters from an ou tside sou rce.

pro-onlyifmte xt -sect-s .doc
l Oi17/ ?? 2.'5 7 !' .\{

11-37



D ata A nalys is

Resu lts for oxygen and deuterium are consistent wi th the overal l site conc ept ua l model an d suggest that mi ;(!ng o f

sur face and rain water with groundwater did not occ ur during the pump tests .

4.5.3 Radon Res ults

Rado n analyses were collec ted during the packe r tests to eva luate the ch ange in rad on concen trarions with depth to

e ....alu ate the use o f rad on as an ind icato r of groundwater and surface-water sys tem inte rac tion s, Appendix H includes a

plot sho wi ng the change in radon concentrations w ith depth , As expected. radon concentration s appear to incr ea se with

depth . Values repon ed range from 70 to 1.'100 peid. These val ues ar e consistent with results re poned el sewhere en the

site for groundwater; however. ins uffici ent co ntro l is curren tly ava ilable to confirm that th is observatio n holds across the

entire site. Re sult s are ons isrerul y above the detect ion limit in the gr oundwater sa mpled. Th is su ggests thai

groundwater from the pack er tests has not come from the surface, Because o f the re lative ly low co ncentra tion o f rado n

in the sha llo wer interva ls. radon is considered 10 be a poor ind ica tor o f the mi xing be tween groundwate r and su rface

water.

-t 5A Qu a lification and Valid at ion of Ana lyt ica l Res ults

Analy ses 'were qua lified for usc bas ed on ( I) eva luation o f elec trone utra lity by cha rge ba lance for major ions. (2) an

as ses sm ent o f the degree to wh ich charge imbala nces likely affected the ut ility o f the se results. and (3) validat ion of the

raw data in acc ordance with met hod and project Q A requirement s.

Electronc utra lity. a fundamental con ce pt in water chemistry , requi res that the sum of the ca tions be equal to the sum o f

the an ions (ex presses in mi lliequ ivalerus). Large dev iations from clcctroncu rrality are interp reted to si gn ify ei ther

( I) ana lytical errors or (:2 ) ionic spec ies at s ign ificant concentrations thai were not inclu ded in the ana lysis, TIle:degree

o f devi a tio n fro m clcc troncutraliry is g iven by the ch arge-ba lance equation. wh i .h is descr ibed in several wide ly used

sources on the e va luation of water chem istry and wat er qua lity ( Freeze an d Cherry, 1979; Hem , 1955: Tchoban ogl ous

ami Sc h roeder, 19::> 7: Mazor , 1991 ), The ion ic spe cie s listed at the begi nning of th is doc ume nt typ ically accou nt for the

maj ority o f dissolved ionic spec ies in groundw ater. For this reason . cha rge-bala nce analyses do no t usua lly incl ude tra ce

elements, ra re earth elements. or tra nsit ion metal s. So lubil ity co ntrol s and the relat ively low cru stal abundance generally

renders lhe imp act o f these elements on ch arge balance neg ligible ,

Procedures used to val idate dat a and method olog ies used to analyze the data include . but are not limited to. an evaluat io n

of he follow ing:

Co nfo rmance with procedures

p ro-oa t: :Jm :t!:J:'J~c : ..: ;10:
/ rJJ1:"',9 - : : j - 1'.\ 1

-Z- :;S



Data A nalys is

Rev iew raw data to evaluate tech n ica l de fen sibil ity of th e repo rted re sults

Sample collection, hand ling, identi ficat ion, and sh ipping pr ocedures were performed in accordance with the QA

Prog ram as described in Proced ure S70-QA-OO l , Quality Assurance Program, formal ly the SECD NQA-l QA Plan,

NUREG-l383 (NRC, 1989). and ap p licable EPA protoco ls to assure that the in fo rm ation, data , and resul ting decis ions

comp ile d un der a spec ific acti v ity a re techn ically so un d and properly do cumented . In add ition , th e sa m p ling proced ures

for the more inno vative technologies (e.g. , st a b le and rad io iso to pe anal yt ical procedures) are based on the best sc ientific

pra ctices as ci ted in relevant litera ture and as adopted as standards by the o rgan izations perform ing the analyses as

approved by the HL A NQA-l Q A Plan . T he Q Alqu a lity contro l CQC) pro ce du re s implemented dur ing thi s and future

stud ies w ill co nsist of the fo llo w ing:

T ra ining of sam pling personne l o n specific documented procedures . too ls and equ ipment necessary for

performance of the wo rk , cal ibration of fie ld instrumentat ion, and rec ords req u irem ents

Field sam pl ing procedures. includ ing collection and an a lysis of field b lan ks, rinsate bl a nk s, and d upl icate

sam ples

Ma inte nance of prope r field docum entat ion and sam p le cha in of custody

Field recor d val idation

Da ta va lidat ion

Fie ld sa mpling docum entat ion has and wi ll cons ist of completing (I ) da ily logs fo r all act iv it ies, (:2 ) Fie ld Samp ling

Re port forms for groundwate r m aj or ions analys is, an d (3) Onsire Ge oc hem ica l Data Log and Samp le C o llection

Records for stable isotope an d rad io isotope ana lyses, wh ich we re ma intained in the fie ld upo n sam ple col lection. These

logs we re co mpleted to rec ord events , procedures, and data and to provide a permanent record o f a il act ivi ties . Origina l

co mp leted log s ar c ma int aine d in HLA proj ect ti les. and copies o f all completed log s ar e incl uded wi th the da ta

packages .

Complete cha in-o f-custody documen ta t ion has an d wi ll be m ainta ined fro m sample co llec tion to analys is to provide fu ll

trace ab ility o f the posse ss ion of the samples. C hai n-o r-custody doc umentation I13S and wil l be m ai n ta ined in accordance

with Ta ble s 2.6- 13 thro ugh 2.6- 15 of CNS I Procedure S70-P R-OOI an d Proced ure A92 -QA-0 17 . Chain-of-cu stod y

documentation was rev iewed by HLA pe rso nnel up on rece ipt of the ana lyt ica l resu lts to ve rify fu ll tr ace ab ility. No

br eac h of cha in of custody was identified. Chain-or-custody documentation is contained in the su pport data packages.
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4.5.4.1 Field Re cord Vulidano n

Following orn p letio n of fie ld activ ities. fiel d data forms and ac tivities logs are reviewed by HL.-\ pe rsonne l independen t

from the fie ld teams to assure that the reco rds re t ect conforrnan ce wi th procedures.

4.5.4.2 A na ly ti ca l Data Validation

Vate r samples fo r n n-r : diological parameters \',ere anal yzed under trier QA:QC protoc ol at Savannah Laborat ries

and Em iro nrn -ntal Serv ice s (Savannah). .-\ll sam ple h::nJlin,; and ana lys es were oerforrn d in accordanc e ',\ ith

Savannah 's QC . L Level 3, which is eq uiva lent [ 0 EP.·\ Leve l IV Contract Labo ratory Program (EPA C LP) protoco l. In

ad dit ion . an alytical data rece ived from the subcontra r laborat ories were evaluated by HL,\ to compare sample analys is

with sp ecific EPA ana ly tical method protoco ls.

-t.5.4..3 A cceptable Ibnge o f Annlytical Erro r for ;\1ajor Ion An alyses

Analyt ica l method resul ts for major ions are accepted as hav ing an ac 1l.J C:. o f -r; :: to -:: I0 percent, under normal

ope ra tin g ond iti n (Hem . 19S5 _n. 16~ ) _ Th is m eans that the di fferen c be tween the reponed result is w ith in I and

10 per ent abovc or below the con en rra. icn in a sample. An;;l; tic al accu racy is t:. p ical ly bette r than =:; percent for

samples w ith con centr at ion s greater than 100 :n g 'J for an :- 0 :1'; large! ion. an d the limi ts o f prec is ion are similar.

Accu rac y and prec is ion decrease as the on centratio n o f a dissolved specie decrease s.

Based (In iudustry accepted guidd incs (:\b zor. 199 1, p_6:) and the data qual ity obj ectives established by H LA o r th·c

proj ect. ana lyse s \\ uh charge imbalances of between z; 5 percent arc con sidered acceptab le. Errors be tween i: 5 to =:

10 percent arc a lso acceptable, but will be n agge d in the da tabase as est imated based II harge balance e rro rs l eGE.>,

Erro rs with in thi s range may lim it the usc o f the se an alyses to qua litat ive types o j'eva luati ons . Erro rs g rea te r than

:!: 10 pe rcent w ill be co ns idered un acceptab le for most uses excep t those involving pu rely desc rip t ive ana lyse s (eRR).

For exam p le, prec ip itat ion, surface water, and dil ute water o f Zone Zero (see Summary Rep ort fo r Dec is ion Poi nt 2 .

Facili ty Layout Assessment, June 16. 1997) will have the gre ate s t likel ihood or fal ling outside of the::: 10 percent range .

Anal yse s ofth is water are integral to the site conceptua l mode l, and propert ies such as speci fic condu ranee.

tempera ture, and p I! w ill prov ide useful poi nts o f comparison \\ ith the se ana lyse ' regard less of w hether they meet

quant itative cr iteria for inclusion into the final projec t database ,

-t.5AA Dutn Vnli d uti on a nd Qualifi ca tion Res ults

The pr oj ec t ream is cu rren tly nn plem en ting the previou ly desc ribed J :1ta validation program to assure the techn ica l
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Data A nalysis

conducted to assure the rel iab ility of da ta used to make project decis ions at the Wake County site. Se ver al important

changes to the program from that conducted dur ing previ ous eve nts will include:

C heck of 100 perc ent of the raw da ta and pac kages for co mp leteness an d achievement o f the method and

project requi red QC performance crite ria

Deta iled review of be tw een 10 and 20 percent of the raw analytical dat a and reported resu lts for comple teness

and accu racy to assure the legal de fensibility of the results and ide ntific at ion o f systemic errors

Pre parat ion of va lida tio n rep orts for each sample delivery groups (SDGs) analyzed

These elements are critica l to assuring the long-term defensibility ofthe concl us ions made in suppo rt of project act ivities

and are cons istent with HLA ' s longstanding Q AlQC po licy.

Data being co llected and dat a collected by previous parties tha t are of value to advancing the proj ect will be treated as

follows :

Va lidat ion resu lts presented for data incl uded in the 1994 Ch ern-Nuclear License App lication will be rev iewed

and qu ali fie rs in the database confi rmed for cons istency wi th standard EPA an d I-ILA projec t requirements .

Avai lable va lidat ion and nonconform ance rep orts wi ll be compiled and fi led in a fashion consistent with those

for data co llected as pa n of the 1995, 1997. and future an alytica l programs.

Raw da ta w ill be ob ta ined fro m the ana lyt ical laborator ies for the results col lected duri ng the 1995 progra ms

and revie wed and data qual ity verified in a man ner con sistent w ith the prior mention ed program an d

documentation requiremen ts.

Maj or ion da ta from the 1997 prog ram have been validated and qua lifier s app lied 10 the proj ect database and is

unde rgoing secondary rev iew and request s for resubmirta ls as ne cessary' pr ior to inclusion into the execut ive

record for the fac ility .

Radon and oxyge n/deute rium raw data have been rec eived and are under rev iew and wil! be qu alifi ed as soon

as possible when resubm ittals are rece ived and the data archived along wit h the va lidation summaries in the

ex ecut ive record as soo n as possi ble.

Ch arge balance calcu lation s have been perform ed for the major ion data for all avai lable resu lts and a sum m ary

o f tile resu lts and qual ifie rs app lied to [he project database are pro vided in Appe ndix H.
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Based on thi s status summary the foll o wing deta ils the find ings for the va lidation effo rts th at are c urren t ly ava ilable. A s

ad dit iona l da ta becomes ava ilab le HL \ will update the project files and su brn it the resu lts of the o ngoing va lidat ion

efforts to DRP .

4.5 .4 .5 S um mary orDa ta Va lidation Results Presented in the 199 4 License Application

Non-radio log ical data were reviewe d and val ida ted in suppo rt o f the 1994 license ap pl icatio n by SECD. Hl.A is

attempting to locate raw rad iolog ica l isotope da ta co llec ted in suppo rt of th is efforr so it ca n he va lidat ed an d

incorporated in to th e project dat abase. At this time the data a re con s idered to be pre lim inary . The foll owin g

summarizes the resul ts of the SE CO vali da tion effort and the data qual ifiers being verified by HLA fo r inco rporation

into the project dat abase .

Anal yt ical data rece ived from the su bcontr act la borato ries were evaluated by SE CD to compare ac tua l sa m ple holding

times before ana lys is w ith specific EPA an alytic a l meth od ho lding rime s.

Su bsequent to init ia l subm ittal of analytica l dat a, the subco ntrac t labor ato ry identified several labe ling an d re port ing

errors tha t resulted in the su bmittal of inaccurate da ta. Sp eci fica lly. the chlorid e valu es for Sa mp les \V2 0 C4 and

W12DC4 were reve rsed, a sam p ling labe ling prob lem res ulted in a rnisreported sodi um va lue fo r Samp le \\'4 \IC3. and

the sod ium va lue ( 12 .0 rng/L) for Sample \V IO\ IC 13 was reported as 120 mg/L. A nonc onform anc e report

(NCR-93 -0 1-005) for the se dat a was filed in accordance with SECD NQA- I QA Plan. The nonconformance repo rt was

close d upon the rece ip t of rev ised data reports from the subcontra ct laborat ory.

Su bsequen t to rece iv ing anal yt ical data fro m the subc ontract laborato ries. da ta were ev a lua ted by SECD re lative to

prescribed hand ling proc edu res. Spec ifica lly. ac tua l sa m p le holding times befo re ex traction or analys is were com pared

to speci fic EP A analyt ica l me th od hold ing tim es. Ho ld ing times were exceeded fur orthophosphyatc and nit rate analyse s

of g ro un d water fro m Wel l \V2 DC5. total organic carbon an aly sis 01' g roundwater from We lls W4 11.'1C and \V 160 8 4,

serni vo latil e o rg anic ana lysis o f grou ndwater from Well \\I9:'.IC32 , and QAiQC sam ple of gro undwater from

We ll W 160B4 F. A nonconformance report (NC R-93 -0 1-0( 3) for these data wa s filed in accordance w ith S EC D NQA-l

Q A Plan . Eve ry effort was made to val idat e these data to ac hieve max imum data utili ty .

The wells for w hich ho ld ing times were exce eded for o rthophos phate. ni trate. and total org anic carbon ana lysis we n:

resam pled and reana lyzed. O rth ophosphate. n itrate, and tot a l o rganic carbon concentrations in these samples were

co mparable to th e original reporte d results. The w ell fo r which the holding time was exceeded for semivo latile organi c

compounds \ \ 'J 5 nor resa mpied bec ause no analyzed compou nds were present abov e the labora tory quaru itario n lim its .

analyses for this parameter fro m other well s were bel ow quarui tat ion lim its. an d thi s ana lys is wa s pe rformed to

de termi ne qu alitatively the presence or absence of na tu ral ly oc curr ing petro leu m hydrocarbons . The semi volau le

organic data w ere nagged as "es timated" and, cons istent with EPA protoco l. des ignated in the data set with 3 ,, ]"" suffix.
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4.5A.6 Metal s and Mujor Ion Data Validation Results fOI" 1997 Packer Tests

During data validation, Hl A review ed data pack ages for com pleteness and accuracy and listed m ethod non -conform iti es

on method-s pec ific data va lidation rep orts . The re ports , de veloped by HLA , we re designed to con fo rm to EPA guide

lines . HlA evaluated me thod non-c onform ities to assess their impact on the usability of the data rel ative to the ir

intended use. To accomplish this, HlA exa mined ana lyt ica l data packag es to ve rify that the requ ired deliverab les we re

include d, that qual ity con trol (Q C) requ iremen ts were met. and that data use rest rictions were clearly defined . The da ta

vali dati on an d data quality assessment were co nducted according to EPA, Hl.A, and laboratory guidelines fo r the EPA's

Contrac t labor ato ry Program (C l P) Nati onal Functional Guidelines for Inorganic Data Review (EPA. 1994) for major

ion and m etals da ta. H LA applied standard EPA quali fiers to the data as necessa ry to doc um ent the usab ility of the data

and ident ify use restrictio ns .

HLA valid ated analytical results of gro undwater fro m Savanah Laboratories to fulfill the 20 perce nt va lidat ion go a l

establ ished by the project team . At least one fu ll suite of an alytica l resu lts was and will be val idated for a mi nimum o f

one case for each envi ronmental samp ling med ium and sampling ev ent for the 1997 ev ent and other sampling events .

This data val idation sum mary includes a review of resu lts fo r laboratory method b lanks, laborato ry dupl icate samples ,

and m atri x spike/matrix spike du pl icate (~'1Sit\iISD) sam ples. Method blanks are QC sa mples collected and analyzed

intern a lly as part of the laboratory qual ity ass urance (QA) program . Labo ratory method bla nks ident ify samp le

contami nat ion during labo ra to ry preparation befo re an alyzi ng. Dup lica te samp les are co llected for sam ple-speci fic

pararneterfs ) to pro vide information regarding intra laboratory prec ision. Includ ed in this da ta va lidation summary is an

asses sment of instrument ca libration m eth od req ui rements, hold ing times, and report ing requirem ents.

The data se lec ted fo r review are consiste nt w ith CLP data pa ck age del iverable requirements. HL A co nsiders the

following list representat ive of da ta pac kage co ntents requ ired to techn ica lly de fen d the reported resu lts:

Case nar rative

Sample data package

Sam ple hold ing times

Analyti ca l data sh eets

Ra w data

Com pound identification
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Analyte quantitarion

QC su mmary package

Surrogate rec overie s

MSii\ISD and trac er recove ries

Ana lytic al sequence

Standard data package

In it ia l calibrat ion

Continu ing ca libration

Internal standard peak areas

Raw da ta

Quantitaricn

Raw QC data

Overall da ta ass ess ment

Info rmat ion impact ing the quality o f the rep orted results is derailed in the followin g method-spec ific data validation

sec tion.

The fo llow ing s umm arizes the overall qu ali ty an d data use restrict ions for da ta packa ges w ith samples ana lyzed for

meta ls and m ajor an ions in support of the J 997 packer test prog ram.

4.5A.i Meta ls an d G e ne ra l C he mis t ry (M aj or Io n ) Analys is

HLA val idated five cases o f meta ls and general chemist ry sample data in supp ort o f the packer tes ting prog ram. The

laborato ry performed the met als ana lys es usin g EPA SW-846 Meth od 60! O. Gen eral chem istry an alyses fo r anions w ere

performed usi ng EP A 5 \\'-8-1 6 9000 series methods and b icarbon ate was analy zed us ing EPA 5\\'-84 6 Method -' IO. ! .

Water sam ples were analyzed lor total me ta ls and an ion con tent. Metals an alyses using ind uctively coup led p las ma

( IC P). We t chemical and ion chromatography were used for ge nera l chem istry ana lyses .
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Case Narrative

Case narratives were prov ided by the labo rato ry and no major prob lems were not ed du ring the an al yse s.

Sa m ple Data Pack age

The laboratory prepared and ana lyz ed samples with in the required ho lding times . The an alysis data sheets, bench sheets.

and ana lysis run logs we re incl uded in the data package s.

QC Summary Packa ge

The laboratories provided required Q C su mm ary pac kages for the cases reviewed and included resu lts from anal yses of

interference che ck sam ples. t\'15. matr ix duplicates. LCS . method blank samp les as requ ired by th e method. The resu lts

for the LCS met the accept ance crite ria . Preparation and cal ibration check blank sample results cont ained art ifacts o f

calc ium. sod ium. magnesium. potassium. s trontium. and silica. These ani fac ts resulted in the need [Q elevate reponing

limits in so me di lute QC samples (Appendix H).

Standar d Data Package

The initial calibration resu lts me r the method- required ( C acceptanc e cri teria for target analyies and da ta were not

quali fied due to init ial cal ibrat ion problems . Percen t recoveries for continuing calibrat ion verifi cation (C CV ) sampl es

mel the meth od -requ ired criteria.

R aw QC [):It:t

Laboratory art ifact s were nagged by the laboratory prior to submi ttal of the data and da ta qua lified by HLA as show n in

Appe nd ix H.

Ov erall Dat a Assessment

The meta ls an d genera l chemistry' results are acceptable as qual ified .

-L5.4.8 Ch arge Bal a nce Resu lts

Charge -balance errors \\ ere ca lculated for samples collec ted during the 1993. 1995. and 1997 fie ld programs. The

calculations 'rvere made and [ h~'"Cked against output of the geochern leal model ing program ~lETPA.TH ( PhH1H11t.:r. e: al ..

! 99 1). in A ppend ix H charge balance errors are plo tted against the conc entrat ion o f ch loride . Lin es ma rk ing the

::: :5 percen t and z 10 percent ranges are show n on each figure .
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N ine o ft!! c:5 2 ana lyse s from the w int er 199 3 and summe r 199 5 pro grams have charge imbalan ces between =5 and

::: I0 percent , and live grea ter than = 10 pe rcent. These sample analyses ha ve been flagged in the projec t database as

"eB F ' or esti mated and "C BR" val id only lo r qual itative ana lysi s .15 a res ult o f charge balan e con s iderat ions. All

o the rs ar e w ith in =5 percent of e lectro-neu traliry. Thes e ar e based o n sam ples from well s o utsid e of the Wak e S ite

drainages . O f the .t ] analyses from the 199 5 drainage study, 1:5 are be twee n :::5 and ± 10 percent, and nine are greater

than ± 10 percent. Thus, 19 are within z; :5 perce nt of elec tro-neutrality. Th irty- two samples nuke up the 1997 g ro und -

water/drainage study . Nine o f th ese samples have char ge balanc e errors between =5 ands l O percen t. and another II are

greater rhan e 10 pe rc ent. Twelv e are w ithin =5 perc en t of el ect ro- neutrality . The larges t sample gro up of ground-water

sam p les is made up o f .16 an alyses from th e pa cker tl':sts . Th is group has the smallest number o f charg e ba lance errors

ou ts ide of the z 5 pe rcent range. Four are witin = 5 ande 10 pe rcent. and f WO are be yo nd the =10 pe rcent cuto ff.

Surface-water samples ma ke up the largest group. and largest number of errors that require- some type of qualification.

Of the 52 sa m ples th:Jl make up this g roup. IJ have charge ba lance errors of =5 and =: 10 percent. and 30 are bey ond the

z: 10 pe rc ent range. 111c large number o f erro rs for th is group is no t unex pected. because most o f the surface-water

samples ve ry d ilute, and the concentra tions of the maj or ion s aft: cl ose the lim its of detect ion . Tables pro vided in

Appendix if sum mar ize tilt' re su lts o f the anal yse s, and includes the the as sociated data tlags .

Based on the qu.ri iticaticn s tandards proposed for th is inves tigation. it is in ferred that most charge -balanc e errors

(65 percent) fo r gro undw ater analyses lie w ithin an acceptable range (::: 5 percen t) o f electro -neutral ity to warrant the

a ppl ication of these analyses in the deve lo pment of a co nce ptua l grou ndwater ilL'''"model, and for inclusion in

quant itati ve geochem ica l mode ls to be de ve lop ed late r. :\ sma ller num ber o f errors (2 I percent) lie \\ ith in the =5 to

1: I0 pe rcent rang e. This does no t precl ude ana lyses with these errors from be ing used to su ppo rt the development o f a

conceptual model, but doe s re qu ire tha t HLA ( I) !l;lg the analy ses and (2) notify representatives of DRP and the

North Ca rolina Geological Survey of the m anne r in wh ich the ana lyses a rc em p loyed . Fourteen pe rcent of the

groun dwa tCf analyses have charge-baltmce errors that lie outside of the ,J:: I0 percent range. and will there fo re be used

w ith ex tre me caution : the usc orse lected fie ld an d labor atory param eters w ill be cons idered on ly to s uppo rt non-

quan t itativc interpretatio ns.

T he charge- ba lance e rrors ca lculated fo r an a lyses o f surfa ce wa te r are largely outside of the err o r range deemed {Q be

acceptable to s uppo rt the development o f th e si re con ceptua l mo del. T his d istribut ion is fla t unexpected, however.

because o f the lo w to tal-d isso lved-so lids co ncentrat ions in mos t samp les of sur face wate-r. Th e protocol for the use o f

the se sam ple s wi ll be adhered to as de scribed in pr ev iou s sectio ns o f til is re port.
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