
728 State Street   |   Madison, Wisconsin 53706   |   library.wisc.edu

Mechanisms of groundwater flow across the
Maquoketa formation. [DNR-191] [2006]

Hart, David et al.
Madison, Wisconsin: Wisconsin Department of Natural Resources,
[2006]

https://digital.library.wisc.edu/1711.dl/OJ5ZMWLZSFSW29D

http://rightsstatements.org/vocab/InC/1.0/

For information on re-use see:
http://digital.library.wisc.edu/1711.dl/Copyright

The libraries provide public access to a wide range of material, including online exhibits, digitized
collections, archival finding aids, our catalog, online articles, and a growing range of materials in many
media.

When possible, we provide rights information in catalog records, finding aids, and other metadata that
accompanies collections or items. However, it is always the user's obligation to evaluate copyright and
rights issues in light of their own use.



& see r
e Vet 

re: 
ea 

fA 

Ria 
ee ia 

eee 
acetal 

er 

Bite: B
ees GA 

8 a 
eiaeanee

lyoie 
- 

Ep igh ee
e 

ea:
 Roe 

aes eS 
ee 

Bee Oey 
ait 

ee 
ae oe aS

 Ty a 

ae eas 
Rowa

n 
Sen 

Be AN hae 8 ate, 
a RAY

 ae 
bisque

 ci AN Sd 

Aap 
eS for N

R: 
s baa et 

Qo 
ae 

ee ea 
ieee

 cx seapaeo aie 

Be
 

ere apie
} ie SEE a ee 

eae
 SRA 

a 8 Sh OLN 

— Wan e
ee
 

¥ es
 me ee

t 
eae R

ee 
Sys 

eee
 Soe

 ae
 Se

e Bese Ee em 
eek

 ae se
 tee 2 

oe 
ie Ge

 eC 
oy Waee Se 

rege 
ae Oe

 as
 mae CS ae 

IU O
B 

os 

eae
 eee

 se. es
 Seas s

ont 
Ce
 an Sc

 ae Ra
e a

e 
aaa 

Sei 
Be 

Wa fore 
eS 

Daeg
 aa ieaeeee 

ae 
4 Sey 

ante Pe
te 
yn 

TENS 
Poe 

hee a
 baes 

tee 
Re gus 

SS aan R
N 

sy na ee Seas 

Pee 
ea
 Rae 

ee soe ok E
e i 2 

AS 
Pas 

a 
ee e

e 
Me ee

 HRS SS = PSN Seaae 

ask
 ee 

SP ks
 

38 
ES pA 

eens
 Geer 

Re ot
a 

A RS He 
CON 

eae 
Eo 

ay 
ate 

i oe Suarters
 any 

pa 2 
ca 

See 
Serre 

on 
pee 

tai 

¢ 
re 

oa
 

oo 
: o 

e
e
 

i a
s 

oe
 

- 
ee
 Sr a

 
iat 

8 ne
e 

es 
ee
 a

 

‘ae o Se
 aes 

oe, ae eo 
yt 

ee Toe 
os. See a

es 
pase? ee

 
es Loca 

Bigot. 
Ue ee

 

oe 
ot 

ee a aaa 
ee 

Se 
ee oe 

NY ere 
<a 

TN 
i aS

 Bo a
e 

Wee 
pes a

pes 
2 Bae

 Fe 
A 

ae 
ee 

ee 
oo ae oa i 

es 
a 

ue ees
 

Wa 
pate ee

 ea EE? 
See ya 

Cae 
wee 

3 
igi 

FR 
es 

Ca eae, 
3 CVs Ae Bio

s Leak
e 

Renae 
eee 

ae ae
 es eS sg 

ere
 
a 

. e
ee 

ree n
ae
 
Le
 

ae 
a
 

Se
 me. 

eto 
epg

 MOD 
md 
a
 

- 

as o Or cate
r Us iee

e Se acab
a 

Se 
Res 

aun 
Soe 

ee 
Sl eC

 Bg 
on Rae 

ihe AS Eisner 
reig

n se eats
 ae 

5 7.8 Bie, Veg 
sighs 

Ro 
ae 

eat
 sk 

aes 
Soe 

as eke 
a 

aay 
5 ao Reg 

dy F et Wet 
nee Sie 

Re 
cis. 

5 cop 
pee 

ie Sake 

i 
ar ae 

ese 
eo
 

oo
 

Pele ao
n ae cae ea =

e 

ee r
ee 

SS 
Pe 

oe 
; Pe 

= Bk
 

aS L
ee
 
ee
 at es 

er 
Se ape S

a 
a Algae 

ach Oa 
ga hp ieee 3 Se

 as 
Dig ee 

Sa Seeks
 cae 

ee e
ee 

GA oe : 

= Pe
 

eh 
os, R

AS, 
eR 

Pe ieee o
e: Sp

e ke ts pete “a Ae
 

pee
 Rds Beara 

Soe aN Sere L
one ak

 ee
 oh S

G 
= ‘Che 

6 le
 e
e 

Be
 an : ae ek

. 
Fe Se

 CEve h
ehe 

pene 
Nie ee

e 
RON 

She 
eae 

Ce OD kG eek ein
e 

oe 
: ig

o.
 A

a 
ox a

 See
 ee 

Sek 
ee Les 

me 
ae, 

ce
 

oe
 

: Le
 iy 

ae 2 Sor
et 

eg
 a
 

as ce
 

ee 
ey Pex 

Sea
 bt ae

 : ee 
ale 
NS
 

Peo 
Re 

es oy
 

Ok 
Ses

 

Km 
bs a oe 

mies ease 
s 1 

ae eee
 DA oe 

gS Pt earops a
 e

o 
ea
e 

a Eu eos o
S 

He 

cae 
ae 
S
a
 

eee SOR
 

Bree 
doe 

tat Bh
 AS 

Seay tae Ook 
bres oo 

4 e
e 

be ereeN 

pa 
ee ee eo

, nee ee
 Ne

 Gate tes 
a eS

 Pot G
n 

: oe 
ae 

besiens 
ss 

ne Be ae pm aay
 eyes

 
es i or 

oa 
sea) 

Ee 
eS 

* e
et 

Mee, 
eG o

e ee o
e 

Hee 
Se 

aie 
ree 

hea 
ee e

S 
Tas

 
as vee Rea 

Se Bes 
ee 

a 
ae 

oe
 

falta: 
ame 
o
a
 

ri » y 
e tahoe 

SN 
¥ eh

 Oe 
2a eee 

A.
 

ire 
is at ols cee 

ini 
ee ee SaenON

 MO 
ieee 

eS 
cee 

BLY. 
he ase 

aa 
ae Re

e BN 
oe 

ere
 Na 

Bane 
ee a 

tba 
[o
e 

Sees
 

Peas
 = SS

 ee 
ee ie Rr aie Paes

 ah 
hae

 A
e 

iy 
sire 

Ges 
3 

Pa a
e 

See 
ae 

oe ee 
aan a 

poe 
ane Ve ig 

cay w
ee 

sal 
Sages

 P
h 

ee 
ee pe

e 

Pe 
Bee a) Peon 

as 
age 

te Cte 
a 

OMe 
RSS, 

Poe 
eo 

ee Re Fades 
ee 2 

pee 
heh 

ee 

ae
 

oe f
e 

eA 
a 

a 
ol ee 

ete
 4 

Psion
 >.

 oe
 ae 

ee 
oe Be ie 

a as
 alee

 ae 
oe e

e a
 a
 

be 
ea Bice a 

Wie ea
e 3 ceree 

Se 
oe Rete AG 

Coca 
te Te ea arene 

sae etn
 8 fie oe Wea 

ahh ieee 
ele 

Soe 

bey ee 
ear 

ee eaeees
 ae gee aks

 Earene
anug 

rs. Se 
et Nene 

een
 te aah 

aM SS A se 
Peres 

a aaaeeer 
Rees 

ee ihe: 
Soe, 

Fg 
oe 

ot ee meet 
cee 

pata 
er 

Hae 
Pr 

ma 
} ae 

ieee a
e eget

 a 

co 

Soe 
ie 

ae 
eee

 Ei Co Ae
 ae 

eos
 i oe. gs att 

et Be
 ee

n 
Ses 

ate ve 
Seah 

as ea
 

Le? 
ee
 pee 

ee nn 
oe 

oe o
e 7S 

pee 
ae SPS 

ce eee ea ee 
ef 

ee ats 
ee es 

ig 
ae age 

A 
Peery 

Seon 
Reis

e 
rag 

Weare 

é Se 
Be ot as Cs

. 
: Ca 

he en p
oe 

Ras
 

ee
e 

ee 

oe
 
ee
e:
 

aS: 
oe 

ate oe ee 
Ge on

e 
Rs
 ia 

ee 
meat owe 

ae ca 
ee a a

 Kea Pe Cae 
EONS 

Fete he Roe cee 
ghee ee 

ema 
ese 

a a 
hy ee Ste as 

ewer 
3: epee

 ieee 
Be
 a sae Pies 

Moe 
bas 

ibe 
aa teas 

eran 
a aes A 

eS Wee SP 
= aie 

pegs 5g RR 

u pos 
ao 

ded 
Sag

 as 
age ae 

ee 
ees 

S e
e 

me eg 
ee ae ee

 Says 
ass 

ie 
tas ae 

ae 
nos H

wee 
eS 

eas! 
ae ee 

eS 

a cor 
2 aa 

Ba 
Pp iesaw

e R
e 

Ro 
Jae

 ee 4 a 
te 

Coty
 ease 

OF baioai
e 

be 
Shs 

a poe 
oe S

e 

esti e
res

 ae Hl 
ee 

a Mec ae Serie):
 Ps 

eee Ehiter 2 ol Dea a
oe 

eG 
Rte ER

S 
eae 

Ieee
 See: 

IS ae sees
 aaa 

ee Nips le
 eat ke a See Sat 

ote Se 
SG 

BOS c
e ieee 

ens 
ye Re

 pi gta 
Bie snceyae re amt 

= eet 
ae ee

 Hepes 
ar Ae 

CES 
agi Ra

e permit 
a Si wig 

ean 
aes 

ae o
e 

pe 
Sta Be 

a So tan 
Pena: 

| @ age 
mei eg On

s 
do mat a

 
ae
 cae tee ee

 

a
a
 

es 
cdl <a 

4 ee 
eee 

vi eras 
ais a
 

ae
 Ps 

Meio 
pe woes me Ey 

Bee 
ae 3 ta

e 
Ph 
co
e 

a 
ake 

e
e
 

o Raby ae
 

é Be 
a teers

, Rita e
e 

bs ee 
a 

@ a
 

Aare 

We ee OG 
ere

 
ANE eas

 eee Sah
 Be 

as en he Mee 
ee 

se ee es aaa 
are Plues 

ats rage
 Be hee re 

a Bee 2< Rs 

pes ae 
Ene

 
ee ntti 

Pe 
aes 

i an 
Oe as

 lg aR
 Re sey We 

ames a
e 

ce | Seige i
t a 

panes 
eat

 
te 5 Sie 

faye
 rs eae 

ooh sa
e Se 

Reo 
as
 iy a 

Aa 
ae 

= Peg
 

ey
 ‘ Fes: 

- eis
 

gs aS ‘ eer: 
ie 

eS 
is Te 

ai 

Pec 
3 oes

 nee a
 SO Rop

e 
HR 

Ree 
os es 

ue 
dea 

cae 
fae 

at. 
eS aa

a 
om aa 

3 rs 
pee 

te eg ea
 a 

pee: 
ss, E
e
e
 

ate Hee SUS 
Pore 

AAS 
eer 

Be AN SS
 

irae We
e ea 

Cy ae Rae 
oes 

P oe * eae. 
S
e
 

Ae pe
e Dee 

ve RAS 
ah: fos ae B

s 
AD 

none e
res 

he 
ps 

ie 
ee 

eee 4 Res
 Levee 

a oe 

4 a 
ee ‘i 

ae O
at 

ae e
e ae 

are f
e 

ptcat 
tae 

Pt 
ioe rees Rist e 

ene 
Sa Noa

h Pa 
aoa 

oe ee a5 eee
: 

sha een 
gee 

ae Ke
e Stake 

oS ie Perse 
eta 

ee a 
Pees 

tnd 

a we 
ees 

cae. 
et : oe ie 

e ale
e noe) sae S 

3 ai
 

i a
oe 

aera: 
oe 

ee 

= 
og 

es 
aes

 ; a 
3 : 

a. 
fae

 eee CA 
ee R

S beech
 ti Bee 

eri 
een 

Pesee 
RRS 

age Rae 
ok 

Be 
: 

Pea 
es ee

 
ee 3 

Py 
oo 

OS 
Spee 

ke ge 
i mee 

BS 
Ld 

aes e
ve 

pe es oe 

ee,
 

os 
ee 

OS
 

sgl 
hy ea

 es ea
 5 ey 

a 
oe a

: ate 
ae. 

Se 
BS 

y ae 

we 
er
e 

ccpste a) A 
boa

 Sa) 
oo oh a

 ines he
e e
S 

fy a 
Rae 

2h ee
s 

pues 
ee 

gine ae Soar 
Oe eR

e See
 oe i 

Se 
eae bese 

ar ce ee e
e ee Levee! L

e ee n
ee 

eg Pe is ER 8 cB, 

ane e
ee 

Bots 
es ee par 

Hie Ba
e Ses 

ed y
o Bailey

 say ey
 * 5 teapots 

ne HG fon Saa
t oe

 Ue
 Bae 

oe hh M
eg: 

Ss 
ous One Lep

age 
ae a ‘os 

ae, a
n Nee 

Pat
 ats 

SOE 
Bathe 

t ae a a nd C
e 

Reais 
hay ee

ns 

ee f
e e

e 
eS Rees So

 ie ante Pees aee Ca Shas ae ea Bs Aroe 0e ty sae 
neon p

ee 
ones ie

ee? 
oe 

eo 

oF
 

Cee:
 2
 ae AG 4 eS Ba

e ea 
iy 

ees 
nae AG 

‘ PR 
en cae He

a e
s ane 

ai 
ot SS ees a 

hie i ye
 

rae 
ae
 

ae ae) 
ek Wey a, 

aa 

‘ley aes. li
o, Beran

e page 
eore S

e 
se) a

 Wave 
ae sy 

eee
 

eee 
Bee 

Heine 
ae
 

es Gene 
a 

Ve 

o
e
 

= ee ie x ae
 . ee

 — > 
Sa 

ee
 

oe 

i 
oe 

et a
e & Se 

om eo 
tad 

ee e
i 

“ 

oe 
rte 

wae 
a Bo 

Sor er 
mt ges 

ae
: 

oh Se ta 
Ke c

ae
 a 

os bee
ns 3g 

Bay de 
Hew 

ei oe at See a aly a mag ons SP aes 
ae 

ea reat 
aie 

aes eae 
ae ae

 Ss ee 
Se ek 

he eae:
 Br ab tae Mingd 

Sate ee : 

eer ced
e O
e 

| ° se
 ae! 

oS 
a 

ee a a
ay
 

rs
 See oe 

‘ BS ask 

Wee 
Sas 

aN Pias e 
aS e

e ee. G
RD 

Bat
 

coh i A
 SS 

SS 
afc 

one 
ie Bee

 wats 
e eines 

a 
ees 

perc 
EN 

oe Po 
eee 

Be ee Oe, So
e co 

eee Oe ae #8 er
e 

a e
e So 

oi 

oe o
e. 

. a
e
 

Bias 
ee 

ae 
rey 

ogee 

I eee
 oe 

es S
ee 

On 
ee 

PSS sea
n ae

 Pay eg
 Re a

e 
Cope

 ia
d 

oo 
‘ 

ee: 
en 

ae Lae
, a 

SN Le 
e Coe

 See
 rae 

a 
ae a 2

 o
e
 

ie < nH 
poe

 ‘eet 
ae 

ee a Pe
 

hes on TEES:
 pec eee 

ee 
hoe

 ae 

ede 
oe ey

 i Le
e, 

Aas
 S

eo 
eS 

ee 
egeh 

ton Pet 4 eee 
oe, eo 

Were 
ea 

aes Sea 
ws 

hee
 ete ta

e 

ee ee
 ie a

e e
e 

ee 
2 ae 

ae oO oa 
Rea B

ese
 Se ee 

ee 

ea 
ae 

hae Dpeee 
eB 748 ee ce

e Sh
ee e

e Hoye 
eee 

gee 
Pete 

Cas
 ee Fas 

ee 
es 

Pe 
8 

ee ey eee
 

en re 
ae ae h

ee 
on te a 

pei e
e 

Meo ia 
pest G

obe
l 

| S85 
pot Peas

 BAe 
ees 

aly 
hae e A 

oe 
es 5 

See 
De eA e

e 
es eos

 rae 5) Sse Meee taht’ 
4 aa es 

Re G
oan 

Bek gi
 PRR 

fee 
ce Maas 

suey 
ae Se 

“8 ies 
ge ie) 

Ba 

ihe 
Se 

Ne 
eer ss Pe

at 
SO 

Fah sxe 
babe 

tetel =i, 
gdh a 

ee 
a5 ee ie 

4 De ieee 
ete 

4 ee
, 

Ee 
BOK 

ae Sg 
ae 

ohn Fe 
ea 

Ei Bu
e 

ne 
ee Ce

 aie, 
ASN 

eS 
ee Pisa a 

ae 
en B

e 
Ste 

ae wal aoe 
Eeccudy. 

es Cate 
fees ee 

ee 
nae

 

rae oe 
g
e
,
 

ices ee
 % ee 

ee
 ae Ca

 ee a
a <e 

Peek
 conte a 

sgerapee
s ee

 
BN aig aNeee: is rc Wea ane ae 

i osae 
Re 

a 
od 

pice 
cade 

Rc 
Ry 

pra. See 
pa 

hes 
ah) 

te 
AN Be ae Fg SOR ben e

e 
nee 

ie 
oe rae 

Yee ee 
Ree

 as, 

ee a
r | a 

eel Pe
 ote 

Foe 
oS as Ree ra

 a he
a ae, 

teenie:
 |) rae ae Sb 

ak 
Sep 

at Wa ph ey
 ita 

ek hie 
Ohba i

 tee Fee: 
Hs a

y 
ROA ye Sige 

Teer 

aD a
oa
 

* e
a 

ee 

poo aaae,” J
S Ve

t 
OP ae AR 

Eee 
Oe 

Les. 

Aa Pad T
ete 

Caines 
Ae Le 

ras 
ie fo

es 
ae aie

 ee : 

IS 
TE a

e Bic 
eek <> 

ae 

be eb 
ve Vs

 Sake 
he a 

Cans ita
: PENG Oe Nigh sree 

Bees Es 

Fd aSegeesy 
ante e

e 
Cee 

ot Be
 eS

, 

ah 
er 

ce 
Peta se 

Been 
hn 

vs Mea 
iccaemeat

a er 
as 

ns 

ebm 
ae 

Mh Sndi
a , Beta 

Gota
n 

eas ebsactg 
Pere 

Pie 
See

 

ree Ete
 , 

eT ce shee



j rhe a 
Bolas eee Meek ee 

oy Hea 
oe 

ne ¥; 
Ue | a 

ae eas ia e ae ont 

erent Ba, seo a. el wae ou 

ard ci hy ee 

hen, 
E ee 

et. 
me gee 

eb me i = | 

oh nee ee Yd ich 
ROBY 

Pass oe 
Bait 

he 
eS 

ae 
ae 
o 

; 

A fp 
foe 

ati mee 
4 

ae 
| 

ie eit Op 
ay : ie 

ge ee 
sought By) Te ee ee 

ea 
fi ae 

ai Rae” 
ae 

eh Ss Pages 

ee 
es 

ie ead 
er eto et 

ee 
eae een 

E Ae 
ark ete ake 

ea 

eg 
a 

«3 
i Z | ae a : ee, 

fear Pe ee Shale eo AGEOB:: BRE 2 ee pe 

a Bs 
> oe 

ete 
Pai Me 

age 
cate 

e8 ee 
ee 

gine 
oe, ira 

pgrias 
peat ee oh Re 

aly ger. 

bs efit 
ees 4 

AUR 
a eee 

de x peo 
Fe 

Sr 
ey Let nt) 

ate 
pan Cae, 

a ee: ppl 
ed oy Oe aoe 

oe 

a 
ke : ati 

a ie 
¢i Ee 

eae 
nS : GPa 

es Ree a 4, 
ag sae Tee: 

2 

es 
oe eee coher 

= hee 
a ean 

ae nee 
cut 

ae 
Hs cote 

nee cae? 
2 Je 

ae 

e 2 2 is ‘ | ie 
2 eee ee Ee es age 

SN ae ar 
: 

? 
Se 

ae aN a 
ea 

is. 
ey 

ae 
pes 

ee at See 
a 

ot 
saeuay 

4 CL 
RSM 

a 
<a 

. 

Gaui te abot 
sister 

neil ge pe a 
Sea ee BS Ue sae mag 

oy, 
a 

‘ : ‘ 

ohn 

See 
Oh a Pa: ate aR 

ie Bees 
4 Let 

ae ie Bh 
eo a RES 

ee z te 
ee rary, 

ae 
wie 

pte 
Sree 

He 
eed 

Ce 

‘és 
ca 

oR os 
PE ae 

be as a 
one a : shad 

we ae 
Re el, Deca: 

ee fe CP hh 
ae 

: . 

Saat 

yee 
poe Pag 

ed Sey 
Ses 

so 
tae akg 

Ae 
de aa 

he Ss pide 
eee 

2 
< ae 

eg i. PU 
as 

a oe 
ee a (ghee, 

Se 
a eee 

ae aes 
a pare 

= 
a 

. j . 
c Nee 

ne a aa rere. ane Soa a a ‘Se 
Ce eg eee a ore 

Sy tice ae Fe es ae ae ee cy 

ee 
oe 

es 
eee 

oes ENS 2 
Sng 

SE tres 
ay 

Saw 
fe noe Ok a ee 

a 

; ae 

eA 
Fe Seat 

ae the st Bait Aa 
ae: 

Oe 
eae BREN ee Sige 

safle 
shad 

eee 
es, a 

hae 

eke 

ae: 
ee ae 

lew rae 
Se 

Rebs 

ys: Se oe eee 
7 gi oe 

ee) ; te 
fy 

ren 
eee 

ee Es ees boas EN 
aa 

Pest (eR 
pana 

ee 
z Bate 

oes 
ee ’ ee 

3 pret 
ae eae se ec’ Me 

ae 

zw 
F a 

a) amt ba cee Baas 
ite: 

ae 
eure Boe ies DP mas aces eae 

rm bagsh ge ae 
a cent 

pte A Ee easy) 
oie 

tae 
SB 

at 6: ge 
oe 

OE 

he jes 
pass 

Rage: 
ie 

ie Sar, 
Cited 

dee, Sage a 
: 

Re. ay 

Ra RoE oa 8 ses 
ee 

a nl rae gee a ee ar oe oo 
5 rs ie fy ‘ | 

: poe 

3 ee 

ue ce fi ce ace 
A fi 537 Nes tt er eo ip te “Eh ee a ol heel 

Saale 
eg 

igi 
Oh 

es 
oe 

re 
ke 

ye 
ee 

coe 
- eer 

ee 
pia 

bare 
ik cae hr 

| i hy, 
ba 

Er 
ay ey 

om aye 

mee 
iy SA oe 

ae 
2 pee 

cree 
ee oe 

AN 

oe ee 
Pat 

ot 
ae 

an Boys 
prea 

ies ban 
i 

tae 
ee iM 

* AE a 

ee 
i ml 

5 ie ip as nee ce 
4 

aie 
awe Bas, 

si : e 
2 

: - 

see 

ae) 4 pS ae. 
mS 

ea 5 ne 
ees 

iG 
eee 

a 
Bia 

es Coe 

Guciee 
Rs baetaes 

ees 
ee 

eae 
Yan 

Se 
it 

iis 
ae 

oe 
ae 

ee 
ie aly 

4 . oi ae 
exe 

ere 
; BO 

BSE, 
< ee, 

Re er: Oe wae 

_ ee 
ie ae Ca 

ae etd 
es ee 

eee a San 
PP 

pe cys 
ale viper 

ie 
ay (eco 

6 ee 
pe, 

7 ga 

e" 
p 

RS 
oe Rt ce 

eke 

‘Sue 

eee 
ucts, a s ef ES nes ie ee ee Shae, 

x ‘gs 
eee 

Bae 
a 

Bagi 

rates Gr 

eee 

- 
oe 

ae 

ees 
is 

58 
ee 

tee 
pee aie 

ad x esta 
Raters 

; 
er 

Bare 

att 
eee 

EE 
S 

: 
eee 

Be; 
ee eg ess 

of ae PO 
so 

ay i 
Hy 

Boe 
as as Te 

AGES ae 
Beh prea 

ge eee ; 

= “ 2 ea 

4 ace cag 
ye os 

a Pe 
es hee. 

ee 
ae Psa Sto 

- 
2 

sg 
ue 

eae 

oy rey Ah 
ake 

Pgs “el ica kee By et gig 
des 

ee Hae 
ee 

e 
ee 

AEE 
3 A 

Pa 
Be Cee 

al ey 4 ee 
ety 

tae ae Bae 
aS 

é 

rae 
eee 

2 
. 

nee 
ee 

See ae aes 
Ai enn Bee 

coe 
igs 

re es 
one 

“oe 
« 

. es 
: 

ro eae 
i pe eo 

i ae <craen 
ee ate ih ee oe OS Se 

ee 
: 

| 
. ; e 

4 

sais a pee Abe te mee na eae era 
ea ie ee ae yes Ecc 

Re na oo oes Cn 
at 

ea 
| 

r o 
’ Ca 

fous ee re 
$e ol ca sd 

Bett a a aes 

| : 
3 ui 

: : 
| : | - 

| 
: 

, é 
Sek a i ‘ Ban 

lish, fs eS igs ht = os a thse 
t ot Aye f 

eC 
ir rs ft is 

ae 

- * ver 2] Eee? 
“se . aC) 

+ . 

Gp 
or 

Cate 
shane 

sara 
» 

ag Sey 
ae ROPE 

eer 

ae 
“epee 

re 
Ane 

ai 

ee 
Bins 

Sr gite 
ai 

2 
& 

Z 
5 : 

ro 
ee 

Fe Algae ae 
ke oF as 

: ana 
Ne Saar 

ee Sea 

Be 
ee 

2 Sige 

Ne 
ret 

ree Pea nee fee 255 os ae 
| : r 7 : 

A > 
ee 

Se marries 
E are 

be 
he 

dat 
sate 

za peer 
te a 

a 
ee 

ly 

At 5 we: OnE 
ee 

a 
3 
ee 

yee 
= oA 

prc 
Mh ae 5 Ga pan SEO a 

i 
ep <e 

ae 
bie 

ey oe 
rao 

Wa 

a a, art 
raw 

aie 
aan 

hey Me te rane its eae ae Ee fe ES meee : es : % Z Ae ‘ | | 
3 e 

| Soe 

ok 
os ge 

a 
£9 Os 

as 

cae 
est, 

Le 
eos 

eee 

y 

ae 

Bes 

as pte 
Ta 

Ride Sea 
ee ae 

ae Nor 
fei Cee 

cee 
ee 

te oe 
at ewe 

al 

eae 
See 

ks 
Lp 

E os aa 

fe 

ae 
ie ge 

eae. Sie 
ak 

cs 

; Re, 
, : ae 

ee 

3 : 
be | : a 

‘s : : 
ee 

Tah yet ree 
nsf 2 aden 

rs ae ro hat ie et f ee 
ae 

: eet ane 
nae iin 

G Aniaee 

ge os gi 

aaGa 

Ae 
3 bana 

ae thes 
eet 

Cae 
Braet 

oc 
ie” 

e 

Cree 
gan aes ee. Mees 

ea oi 
ee ae Gur, ate es oe ae 

- 
us 

i 

ae 
Soe 

a 
ee 
nt 

eee 

aa 
He 

i a eed eR 

ae 
rei 

hae 
Peas 

nes eae 

i cae oe fee ae 
Tee eee ss ee fe 

e ; | 
i 

: 
: 

ate 
% : es * 

tes 
cage? is Seger 

bee 
pa 

ll ee 
eee Sit neat 

ee 
5 

a tae aah 

bane 

sage Cee 
pre 

fy teat ers Ma 
pn 

ie 
as 

eke 
OK ie 

ee gg 
2 

Ea cate 

ae 

pa 

ee ne s ek ae heaps eae ‘ ty ee 
te Bae ae se . oe 

: : 
E ‘- 

oe 
ie 

Ae 
as ts epee Shes ee 

ay 
ee fe be ge) see 

Reo aa "pe. 
Dn 

: 3 ‘ : 
ie 

‘ : of 
Spit 3 

‘eat 
sya ea, 

pte 
a asa 

“igSees 
Signy et 

a: 
oe 

hee 
n 

i 
B 

| Bee 

feet 

gt is 
i coe 

, ae D oe a Sa 
rs 

a 
— 

a 

j = rae . ae ne Ap ee eae - . se os < - : | 7 

fiat a 
ae St ge 

oat 

cere 
co 

Ve 
esate 

eh As 
eee 

sh 
sae se sae 

ieee tear Lees 

: 
Nee ee 

ea a ae ne, 
ae 

ona ee aha Aue ee 
bets 

2 
= 

Pee 
aay Bee 

oe og 
eae 

ee fae ae am eee dal si Stem 
cre cen 

s 
a 

3 
| 

: 

LN 

it 
Bees gy 

par 
‘Shalt 

oan) 
aye 

ee pes ey 
_ ee ote ae 

geen 
eae Sa 

Fae Br 

aa 
asa 

: 

= etre 
ea 

a es 
i 

aia 
Ne ae 

ee 
ee 

‘ Loven 
ne 

ee ae 
oe ese 

ear 
A 

oe aa Boe 

peeadiog™ 
shake 

ane 
ae og 

nf 
Sone 

cf CRE 
Bee 

He 
ee 

rae 

es Hage 
et 

ike 
ee 

eee 
ee 

ee oe 
ee he 

ps 
aha 

ie 
Ge 

4 
oe 

eee 
ieee 

a ig 
ee 

a ae ae ae v ea waa 

ay ace ge ik ioe ee 
set aac 

pent 
i ieee 

Ra 
ee er aoe 

ae vee 
et 

2a 
se 

eae ie Bi ay > 
| 

eM athe 

ark 

ere 

ene ta 
PY ib ms pa 

ae 
ied ae 

es ee 

¥ 2 
ee 

Aen 
val 

oe Pur 
fe 

a 
MS os ons i ar Sop 

On 
eres 

ie 
ati 

ree 
fo ae apie 

ee 
Eee 

ek 
gt ae 

at ee foes 
tn 

eat 
Ce Rielle 

ee 
bk Sates 

SP ial 
ee 

geo 
Bs Se oes a” ie 

ee 
es 
- 
< 

: 

ae 
Sh 

ae 
3 pc 

s 
a 

atte 
Eide 

ei epee 
aS i le a 

eh 
ee, 

ps See 

Le ee 
ee 

ae 
a 

ji 
on 

< a Ln 
i ieee a 

een 
Seago 

eae 
om YG Rhee 

PAs 
ei ae 

f 
ae ree : 

: 
ts i 

‘s Be 
ae 

Lae geet ae Pinedo 
anes sf able ste Reh des ue Ce ss ins HO Ae ae ee 

me 
oe oe 

pee 
ee 

atten 
2: Bi 

eye 
Sigs Bias erie 

ee: 
Rs 

hee! 
i eae 

; A oe 
3 ey aa a4) ae oa ps = apes ‘fe 

Gaye Eee 
ite os eA =, oe eats 

“i Ree 
ence: 

ey os 

= 
os Gia 

ANS. 

it 
mde 

A ke 
Ave 

Ge ae 
ee 

i aa 

—— nae 
eal pnt 

ud tea 
pee “aah 

Ea 
ea 

eo 
Be eat et 

ater 
os 

uF 
an eee 

aes 

ih ets 
ee 

2) 

=a 
ee 

ie 
he ae 

ee 
eek 

thee 
pete 

eR eee: Ce 
Ae 

hs 
arse 

2 ee 
phe 

t Sy ee a eee 

San 

aie 
pee 

: < 
OO 

as 
ven 

ag 

co 
ee 

RE a ; 

wake taeee Ey see Pere ef an Ser oat Be Mess : ne Pe : aj mai rte at AB 5 5 Ss a ae < : : : 
Ze Z| j 

| 

esos 

Fe 

ee ae Cee 
Bric 

ee ae ee Pace 
ae a oes 

ae 
Be 

SS 
We 

J Ti te ae Bs Sen 
te Poni 

: ei 
ee 

wigs 
ete Lae a 

oe 
rs 

ee 
age 

Ln 
& 

: ate 
reas 

‘ BSE 
Re oe: 

ee so: 
fumes 

ieee sir. 
Kae as 

Pet hee Taree 
8 

Seer 
Ge8 

Ph i 

ne 

Rohe 
ee Soh Ug 

ees 
se3 sae ae ae eet eee 

$e 
3 Petey 

St 
i an " i a 

me | a 
4 

| 

3 eee 

ge 

; rd z eet 
aoe 

oes 
ae oe ela 

os 
ay ean 

fae 
ya 

a ir Sti se 
een Leer. 

sss Soe 
ee | Gili See 

kee eS Fishes fe ae foo 
a - 

; p 4 

BK 
; a age 

ae tk ee oe ee 
tae 

eg ss 3, eye ee 
ee 

: 

ap tee: 
pete 

oe 
ie 

ie 
ei i a 

ee ae ap are fae 
5 ot fang oi oa rh: 

Se 

ee 
Sa 

= Op aes oe 

ie 
mt 

eet 
oR 

ah ea F pst 
Ra eae sy Bew'bi 

Seah ra rae 
Be es ees 

i gs oe ; 
ee 

oe 
eves 

5 sek 
ian ie WSs 

Boe Pe 
Gr 

gy 
iy en 

a3 eats 
eee 

EpTee 
ox! er 

ar 
raat 

Virb 
Se Sees: 

ae 
Ke 

ae 
: 

Pees 

= 
ie 

woe 

ee 
o 

ees 
oF eee 

cas ee pi 
ae or ne sie nei 

ore 
ae 

at 

| : s ¢ is 
ee 

ve ‘ ee ee og BAe 
heer 

aie Bee ea ee a ne pool pe be ae) 

ae 
oe @ 

ee 
ee 

we Seo 
% Re me 

yj iat (2 ti eh 
ee EE Bes. ats 

ee a one 
PB 

a 
ORE, 

ee 
atte 

oe ce 
saa alk 

reas 
a rie igs shape baa 

ah 
eee 

eee 
even. 

aan 

mee 
oe 

ec 
geese 

ees 
8 aes 

me wait tes, 

Fost 
ah, srs 

Wee 
i Cet 

ae 
: nea 

oa 
EL 3 hee 

in 

EN os Sas 
eee 

eee 
acs 

. ae 
Ay 

Bai 
py 3 Cie 

aie 
asl a Be i 

Fr otal wih 
9 

aes 
a tee ed ak 

by Ta Te 
Rien 

# Ba 
mr 

. 

Bs 
‘ poe 

Ee 
stay 

pee 
Ai artes Pt Nie sma 

Cfo i ad {3 ges Se et 
ed Wl 

tah 
€ Le meh 

ee 
1 Bee 

Pee 
Pong 

Ee 

2 2 ; a i eee: oe age aaa" v ry ge ee ane Oot een 

ara 
o ca Chi 

ee 
ee aah 

4 ete 

Pr 
a 

rset 
aera 

war 
ae He 

Beit 
ee 

i m 
tae 

pay 
ca 

soon 

eRe 

Ce 
Cee 

re 2 
ges 
i 

oll ti awe 
ne 

cee 
Telia 

ee Bh 
as ie} Meg 

wea eee 
BA Ks 

Ss 

 —- 

ms as 
ee 

ne HE pg 
s i. 

ree 
Ne aa 

Ke 
: Bina 

eee 

: 
es 

: we 
e a s ey Fs at 

ee ee ig ae we MR whe we Has Sol p Pe Pe 

= She heii ‘ee 
Be "aso. 

ian 
a pen a sade 

tata: 
ae 

he, 
catrsenet 

Caits - ue 
rg 

ys a 

ao oe (tae 
8 pe 

ee 
a el 

eg 
i 

eee af apa 

a 
he te 

at 
ee Fa 

aie rt 
pee 

gel 

Bh a 
; BR 

lt 
RD 

é a ia 
<a 

= 
ee 

mena 
Pe oe 

ao He Ne Rie 
a (ah 

me? 

8 
Ee, 

Tg ey 
ae 

anes 
aoe 

7a oe jae 
we a gyre 

ore 
cr eh 

he 
" 

e aS 
XC se 

en Stat 
Ag ee er (ae “eae 

age et 

7 a = 
gs Je 

i a 
f Fyne Eanes S 5 

Sea _- 
ages uenee 

te < ie * 

eae 
oak tie 

epee! 
Hees ee 

Eg 
apt hoe nee 

va ee Si ee 
: “a as MEPS A 

cg i 

ee rw eee 
ag 

a * Paes 

ee 

1 oS; i as Pca ale to ilk 
ae | Rie Sig 

‘ s 
fa e . a ;



HF / 

CEIVED-D\NvR 

NOV 15 2006. 
DRINKI oe NG WATER & gy 

Mechanisms of Groundwater Flow | | 

_ across the Maquoketa Formation 

by 
David Hart’, Ken Bradbury’, Daniel Feinstein’, and Basil Tikoff® 

1.Wisconsin Geological and Natural History Survey, University of Wisconsin-Extension 

2. United States Geological Survey-Wisconsin District 

3. Department of Geology & Geophysics, University of Wisconsin-Madison 

Final Report submitted to Wisconsin Groundwater Research Program at completion of 
grant number 144-NP30. |



Table of Contents | | 

Table of Contents.............cccscsssssssssssssssssssssssssssssssssssssnsssssssscccccsscsccccccccccssscessssscccesssccsssscccccseseese D 

List Of FIgQurres ........sssscccccssssssssssssssssssccccsssssscsscssccesssccssscccscsesecscsssccscesscsssssccssceseessssesesseesesssssessse 

Introduction and Background ............ssssssssssssssssssssssssssccsesssccccsssssccccccsccccccseeeececceesssessssscsscscsoeee t | 

Project Approach ..........cccccccssssscsssssccrcccccssssccccscccecsscsscccssesssesssccscssccssessssssssscsesssssssecsseesesscsscesee O 

Mulltiiaquifer Wells................cccccccccsssssssssssscscscscssscccccscsccscsssccccsscsscccecsssssssessssscssssescesersesscssccssese O 

Tntroduction ........ccccccccccccsessessssceeeecccccccceeeesuaesseeeesssssssesssssessseeecccceeeeecccececeeeesecesseaeeceesseesseeeeeeessO 

Flows through multiaquifer Wells ................cc:csssssseeessecenctececcccccecececcceececceereeeeseesecssssssssssssessseee D | 
Multiaquifer well locations and historical records in Southeastern Wisconsin ...............00:00.12 

Multiaquifer wells and the regional groundwater flow model 0.0.0... eeeseeccceseseeseteeseseeeeee LA | 

Effects of multiaquifer wells on the regional flow SYStOM.........ccccccccesesereetseetseeteeeseeeee LA 

| Sensitivity of the model solution tO VATiIOUS PATAMETELS ...........cccecceeeceetetenettteteteteeeneeeeeeee L/ 
Limitations of Data and the MNW Package with Regard to the Regional Flow Model.......22 

Best model results .....ccccccccccccccccccseeeeccccecccescusssecccccceseeeeeeeessaeseseseeseeeesessssssaaesseseresesseesenaneees Di 
SUIMIMALY oo. ccccccccceessssssssccceeecccesessssnasceeeccessssesssaseeseceseseaeceeeeeeesscesaeeeeesessssuaaaseccessesssesaaeeas D4 

Flow through joints and faullts .............cccccssssssssssssssssscsssssscecccccccccccccccsccccccceseeeccscesessssssssssoosses Do 

[mtroduction ........c..cccccccsssececcccecceseessececcccesceesssseeccccccessaaeuseaauseseceececcceneaeuauacseeessecesseeeseaaeuesses DO 

Waukesha fault .........cccccccccccsssssssssssssssssssnsceecececeeceessesssnaaaaaacceeeseecessessessseeaaaaseesssessesssssses Qo) 
Waukesha Fault Quarry DeSCription...........ccccccccccccccccccccccccccccccececsesessessssesessssesssnsssseeaenee LO | 

| Waukesha Fault and regional groundwater flow model ...............ccccccceceeeeeeeeetttetetteteeennees 20 
Waukesha Fault Summa ry .......cccccccccccccccccccccecseeeeccceccs esa eeneeseecsssanessseeeenaaasesceseteesssseessseeees OL 

Other Faults and Joints.............ccccccessssseccccccceneeessesccccccccsssceecausseeseccecceceneeusuaasseeeeeceseeeeeeaeeeeeses DD 

Redevelopment of the Pewaukee Coreholle ................ccsssssssssscsscscssscccscccccccsssesceceescscsscssssscseee OF 

SUIIIMALY ......cccccccccccccccscccccccccscccscsssesssscssssssscccssscsssscccssccccccscccecccccccccccccscssesssscssossssssscssssssssscsseee DD 

ReCOMMENAALTIONS...........ccccccccsesssscscccccccccssssssscssccccccccsssssssssssssccccccccccesssscccscccessccccccscccssssssseesesee OO 

Reference .......cccccssssssssscsssssssssssssssssssssssssssssssssnssssssscssssccesesssccccscccsccscccscssccseseeccccceescccssssssssoosees OO | 

| 4



List of Figures oO 

Figure 1. Regional Hydrostratigraphy of Southeastern Wisconsin. | | 

Figure 2. Drawdown in the deep sandstone aquifer. : 

Figure 3. Diagram showing how flows through multiaquifer wells can be calculated. | 

Figure 4. Locations of spinner flow logs showing significant multiple-aquifer flow. 

Figures 5a, b, and c. Borehole and flow logs for wells VN-239, DN-1495, and WK-37. 

| Figure 6. Locations and status of multiaquifer wells in southeastern Wisconsin. 

Figure 7. Histogram of the number of multiaquifer wells over time. | 
Figure 8. Comparison between the base model and the base model with multiaquifer wells. 

Figure 9. Calibration curves of the base model and the base model with multiaquifer wells. 
Figure 10. Model comparisons of residual means and absolute residual means. 

Figures 11a and b. Flows through multiaquifer wells using combined multiaquifer well model. 
Figure 12. Histogram of present-day simulated downward flows in multiaquifer wells. 

Figure 13. Map showing location of the Waukesha fault traces. . 

Figure 14. Air photo of the quarry. 

Figure 15. Photo of the Waukesha fault at the Waukesha Stone and Lime Quarry. 

Figure 16. Photo of fractures in the upper Maquoketa Formation. | 

Figure 17. Joint in the east quarry of the Waukesha Lime and Stone Quarry. 
Figure 18. Cuttings showing ground-up packer. 

Figure 19. Water levels in the buried piezometer nest. 
Figure 20. The effect of an aquitard in a regional flow system. 

| | | 3



Introduction and Background 

Aquitards provide barriers to contaminants on one hand while limiting recharge to 

aquifers on the other. Understanding the pathways through aquitards that allow contaminants 

and recharge to enter an adjacent aquifer is essential for protection of the aquifer and quantifying 

the groundwater flow system. Flow across aquitards can occur through different pathways, e.g., 

the porous matrix of the aquitard, erosional or depositional windows, fractures, and multiple 

aquifer wells. Identifying the dominant flow mechanism is difficult but important for 

characterization of the aquitard. 

We investigated flow across a regional aquitard in southeastern Wisconsin, the 

Maquoketa Formation with attention to flow through multiaquifer wells and the Waukesha fault 

system. The Maquoketa Formation is predominantly shale with interbedded dolomite. Where 

present to the east, this aquitard separates a shallow glacial and dolomite aquifer from a deep 

sandstone aquifer. This hydrostratigraphy is shown in Figure 1. 

General hydrogeology of southeast Wisconsin 

Maquoketa — 20. es. 
subcrop 

Shallow 

i dolomite 

Maquoketa aquitard 

Figure 1. Regional Hydrostratigraphy of Southeastern Wisconsin. 

A regional cone of depression has formed beneath the Maquoketa Formation in the deep 

sandstone aquifer. More than 400 feet of drawdown has occurred in the sandstone aquifer since 
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1860 with an additional 7 feet of additional drawdown occurring every year in some areas. This 

drawdown is driven by ever increasing pumping rates that have doubled every 50 years since 

pumping began in the 1860’s. A regional groundwater model (Feinstein and others, 2005) 

includes pumping of 33 million gallons per day (mgd) of groundwater from the deep sandstone 

aquifer. The model predicts that while the main source of replenishment is to the west where the 

Maquoketa is not present, approximately 25 percent of that flow (8 mgd) is crossing the 

Maquoketa Formation into the regional cone of depression to replenish the pumped water. 

Figure 2 shows the extent of the regional cone of depression and its relation to the Maquoketa 

Formation. 
Western extent of Maquoketa shale 

Dodge Ce er 

e) a8 Lf 

N (A Michigan 

Jefferson eh b a Ree 

KN plo |_| 
Rock XN | ati OY 

fine la ee 
on™ 10 20730 40 MILES 

Contour inferval ts $0 feet. 

Drawdown in Deep Sandstone (St Peter) from 1864 to 2000 

Figure 2. Drawdown in the deep sandstone aquifer (Feinstein and others, 2005). The dark line is 
the western most extent of the Maquoketa Formation. 

Calibration of a regional groundwater flow model for southeastern Wisconsin (Feinstein 

and others, 2005) suggested that the regional vertical hydraulic conductivity (Kv) of the 

Maquoketa Formation is 1.8x107'! m/s (5x10° ft/day) while core-scale measurements range from 

2.5x10" to 1.4x10°? m/s (7x10° fi/day to 4x10” ft/day) (Hart and others, 2005). Flow through 

some additional pathways in the shale might explain the apparent increase of bulk Kv at the 
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regional scale. Based on well logs, erosional windows or high conductivity zones with no shale 

do not seem to be present east of the Maquoketa Formation subcrop. Instead, we believe that 

| discrete features, either fractures or open boreholes, cause the higher Kv at the regional scale. 

Project Approach 

We conducted two simultaneous investigations to determine whether significant flow can 

occur through multaquifer wells or, specifically the Waukesha Fault system. Our hypotheses and 

approach to testing them are below. | 

Possibility 1: Significant flow moves downward through cross-connecting multiaquifer wells. 

Our approach to explore this possibility included: = 7 

¢ <A records search to identify the number and location of multiaquifer wells in southeastern 

Wisconsin. | 

¢ A review of well abandonment history to determine how many of these wells still exist. 

¢ Simulation of the wells using a numerial flow model. 

¢ A sensitivity analysis to determine the potential importance of the existing wells to the 

, regional flow system. , 

Possibility 2: Significant flow moves downward along the Waukesha fault. Our approach to 

explore this possibility included: | 

¢ A literature review of the Waukesha fault and the tectonic setting of the Michigan Basin. 

e A field visit to a quarry exposure of the Waukesha fault and other joints and fractures. 

¢ Incorporation of the Waukesha fault into a regional groundwater flow model. 

¢ Sensitivity analysis to determine the potential importance of the fault to the regional flow _ 

system. | 

¢ Rehabilitation of borehole WK-1376 to allow study of the horizontal fractures through 

the Maquoketa shale. 

Multiaquifer Wells | 

Introduction | 

Multiaquifer wells are wells that are open to several aquifers separated by aquitards. The 

open well provides a pathway from one aquifer to the next. If a hydraulic gradient is present 

between the aquifers, water will flow out of one aquifer through the well into another aquifer. 
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These wells can significantly increase flow across aquitards to the point of being the 

predominant method of transport across an aquitard if enough wells are present. 

Flows through multiaquifer wells 

Flow through multiaquifer wells is dependent on several factors illustrated in Figure 3. 

These factors include the transmissivities and heads of the contributing and receiving aquifers, 

the multiaquifer well radius, and any well bore losses or friction effects in the well. The well 

bore flow across an aquitard can be calculated using coupled steady state Theim equations and 

mass balance between the aquifers. The MODFLOW MNW package (Halford and Hanson, 

2002) uses this same scheme within MODFLOW’s finite difference cells. The composite head 

in the well and flow through the well are calculated using the two aquifer heads, thicknesses, and 

hydraulic conductivities. The radius of the well and the radius of influence are also needed as 

inputs. Figure 3 shows sample inputs and the coupled Theim equations. If we use the values 

shown in Figure 3 and a far field radius of 10,000 feet, we can solve the equations in Figure 3 for 

flow in the well, Q. The result is around 150 gpm for an 8” diameter well. This method would 

overestimate flow through a real well because it does not include friction or well bore loss 

effects. 

ni= 800 t A 

T1= 200 ft2/day i pe tr 271, 7, 
h2 = 500f a 

Tes 0Nay Be siti - 
ee 

L 

Figure 3. Diagram showing how flows through multiaquifer wells can be calculated. 

To check this calculation of theoretical flow, we measured the multiaquifer flows in three 

wells, VN-239, DN-1495, and WK-37. Only one of those wells is located in southeastern 

Wisconsin. The other two wells are located in southern and southwestern Wisconsin but are of 

similar construction and depth as many of the multiaquifer wells in southeastern Wisconsin. The 
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locations of the three wells that were logged are shown in Figure 4. Other candidates for logging 

in southeastern Wisconsin were found to be either abandoned or in use and so not available. We 7 

hope to measure these wells as they become available for logging. Figures 5a, 5b, andSc show | 

the geology, geophysical logs, and flow logs of these wells. We measured maximum downward 

flows in the absence of pumping of 90, 60, and 80 gallons per minute in wells, VN-239, DN- 

1495, and WK-37, respectively, using a spinner flow meter. Increasing downward flow is shown 

on the plots as more negative. An increase in downward flow shows the adjacent formation is | 

contributing water to the well. A decrease shows that the adjacent formation is receiving water. 

Significant measured flow can occur in multiaquifer wells in the absence of any pumping, 

| both through fracture and porous media flow. The flow into well VN-239, Figure 5a, was 

dominated by a single fracture 0.5 meter wide at a depth of 32 meters. Some flow out of the well 

occurred in the Tunnel City Group but most of the outflow occurred in the Wonewoc sandstone. | 

This well has since been reconstructed and is no longer a multaquifer well. In contrast, the flow 

into well DN-1495, Figure 5b, was porous media flow. It was evenly distributed throughout the 

lower section of the Tunnel City Group and the entire section of Wonewoc. The outflow in this 

well was evenly distributed throughout most of the Mount Simon sandstone. In the last example, 

WK-37, Figure 5, the water was reported as audibly cascading into the well. The spinner log 

shows flow at a maximum in the Maquoketa shale, with a slight decrease below the shale 

showing some outflow there. Most of the outflow in this well must occur beneath the logged 

portion of the well in the Mount Simon sandstone. The total depth of this well is 1300 feet and is 

not shown in the log. | 
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Figure 5a. Well VN-239, located near Viroqua, WI. The upper aquifer is the Prairie du Chien 
dolomite. The aquitard is the base of the Prairie du Chien or the top of the Tunnel City Group. 
The lower aquifer is the Tunnel City group and the Wonewoc sandstone. Increasing downward 
flow is shown as more negative. This well has since been reconstructed and is no longer a 

multiaquifer well. 
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Figure 5b. Well DN-1495, located near Madison, WI. The upper aquifer is the Tunnel City 

Group and the Wonewoc sandstone. The aquitard is the Eau Claire shale. The lower aquifer is 
the Mount Simon sandstone. Increasing downward flow is shown as more negative. 
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Figure 5c. Well WK-37, located near Pewaukee, WI. The upper aquifer is the Silurian dolomite. 

The aquitard is the Maquoketa shale and Sinnipee Group. The lower aquifer is the St 
Peter/Wonewoc sandstones undifferentiated and the Mount Simon sandstone. The well extends 

to a total depth of 1500 feet, not shown in the log. Increasing downward flow is shown as more 

negative. 

Multiaquifer well locations and historical records in Southeastern Wisconsin 

The number and locations of multiaquifer wells must be known to test whether or not 

they have a significant impact to the groundwater flow system in southeastern Wisconsin. We 

conducted a search of the WGNHS well database, WiscLith. That search identified 172 wells 
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that were located in southeastern Wisconsin and penetrated the Maquoketa formation with open 

intervals above and below the Maquoketa formation at some time. We then joined available 

pumping records with the identified multiaquifer wells. We found pumping records for only 69 

of the 172 multiaquifer wells. In addition to identifying when the well was constructed from the 

WiscLith database, we also searched available well abandonment forms at the local DNR offices. 

That information allowed us to determine the time interval of possible multi-aquifer flow for a 

particular well. 

Most of the multiaquifer wells in southeastern Wisconsin are located in the eastern 

counties, with Milwaukee County having the most wells (Figure 6). The status of the majority of 

wells is “still present, use unknown”. We do not know if these wells are actively used, 

abandoned, or merely inactive. Only a few multiaquifer wells are listed by the WDNR as active. 

The WDNR office in Milwaukee County has taken a more active stance to abandon multiaquifer 

wells. As a result, the majority of abandoned wells are located there. Figure 7 is a histogram 

showing the number of multiaquifer wells over time. The number peaked at 162 wells between 

1985 and 1990. Since then, some wells have been abandoned and currently there are 133 

multiaquifer wells. The majority of the unabandoned multiaquifer wells are not municipal, but 

were once owned and operated by industry. 

Ss 

N 7s 

A * 
band 2 a — Multi-Aquifer Well Status 

ew LF: 3 ® Active 
wito wis A Inactive, abd not confirmed 

pogo oh 
i . 4 oe - 1) ¢ + Abandoned 

: ’ Ah 4 7 * — Still present, use unknown 

i 4 ae Oe 
t.— 2 2 ~* + 

| id ean, : 
ue SF" 

oe 
i YU é _.. 
i fo & +: 
i oe SS 
i fe $ 0510 20 30 40 
i ae i +¥¢ Pi es Kilometers 

(2 Oe 

Figure 6. Locations and status of multiaquifer wells in southeastern Wisconsin. 
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Figure 7. Histogram of the number of multiaquifer wells over time. 

Multiaquifer wells and the regional groundwater flow model 

We investigated the role of multiaquifer wells in the regional groundwater flow system 

using the regional groundwater flow model for southeastern Wisconsin (Feinstein and others, 

2005). We used the multimode well (MNW) package (Halford and Hanson, 2002) to simulate 

the flow through the multiaquifer wells. We first ran the model with the multiaquifer wells and 

compared that result to the base model. We then conducted a sensitivity analysis to determine 

which multimode well parameters most affected the model results. Following the sensitivity 

analysis, we arrived at a model that included the multiaquifer wells and matched the head targets 

reasonably well. However, that model did not have a better fit to the targets than the base model 

that did not include the multiaquifer wells. The limitations we discovered during the sensitivity 

analysis prevented a more complete calibration. We concluded the effort by calculating flows 

across the aquifer using the best-fit model that incorporated the multiaquifer wells. 

Effects of multiaquifer wells on the regional flow system 

Given the number of multiaquifer wells and the measured flow in the three multiaquifer 

wells, it seems likely that these wells have altered the flow system in southeastern Wisconsin. 

There are more than 100 multiaquifer wells in southeastern Wisconsin and flows of more than 50 

gallons per minute have been measured in similar multiaquifer wells. A simple multiplication of 
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100 wells x 50 gpm/well gives a rough estimate of 5000 gpm (7.2 million gallons per day). 

While this is an overestimation, it suggests that multiaquifer flow is an important component of 

flow through the Maquoketa shale when compared to the calibrated regional model result of 8 

million gallons per day flow across the Maquoketa. This simple calculation can be used to 

determine whether or not further investigations of multiaquifer wells should occur in other 

| regions. 

We incorporated the multiaquifer wells into the regional aquifer model using the MNW 

package. Each well was included into the model only during the stress during which it was 

installed until the stress period during which it was abandoned. If pumping rates were available, 

| they were included in the corresponding model stress period. The open interval of each well was 

associated with the corresponding model layers. We compared model results from the calibrated 

base model to the model including the multiaquifer wells. As predicted by the calculation above, 

the multiaquifer well model result shows significant flow across the Maquoketa through the 

multiaquifer wells. Figure 8 shows a comparison of the heads in the St. Peter sandstone between : 

the two models. The base model has a cone of depression located in Waukesha County (WK) 

with heads of 350 feet above sea level. When the multiaquifer wells are included in the model, 

the cone of depression is still located in the same position in Waukesha County but the 

drawdown is much less. The water levels in this simulation are 500 feet above sea level. The 

additional flow through the multiaquifer wells gives a simulated increase in water levels in the 

deep aquifer of more than 150 feet. : 
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Base Model Base Model with multiaquifer wells 

Figure 8. Comparison between the base model and the base model with multiaquifer wells for 
Year 2000 water levels in St. Peter Formation. 

The model calibration was no longer within an acceptable range after including the 

multiaquifer wells. Figure 9 is a comparison between the calibrations of the base model and the 

model with multiaquifer wells. The base model calibration shows a relatively good one-to-one 

correlation between the modeled and target heads. The base model with the multiaquifer wells is 

noticeably biased. The model values are nearly always greater than the observed target values 

and lie above the one-to-one line of correlation. The variance of the residuals when the 

multiaquifer wells were included is also much larger than in the base model. The larger spread 

about the one-to-one correlation in the base model with multiaquifer wells plot shows this. 
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Figure 9. Comparison of calibration curves between the base model and the base model with 
multiaquifer wells over times that the target values were available. 

i We next investigated why inclusion of the multiaquifer wells caused the model 

calibration to significantly worsen. A possible explanation is that the base model was does not 

represent actual conditions and recalibration of the model with the multiaquifer wells is 

necessary. Alternatively, the flows through the multiaquifer wells might be grossly 

overestimated by the model and MNW package. Other mechanisms might also be important. 

For example, the number of multiaquifer wells might be overestimated because not all 

abandoned wells are reported. Also, friction losses and silting of these wells might limit flows to 

significantly less than the simulation showed. Last, the model MNW package may be 

overestimating flow. Initial tests of these hypotheses are investigated and discussed below. 

Sensitivity of the model solution to various parameters 

We attempted to adjust salient model parameters to improve the model calibration when 

the multiaquifer wells are included. The parameters were adjusted twice, once to likely 

reasonable bounds and then to limits of their reasonable bounds based on available, independent 

sources and references. We adjusted the following hydrogeologic model parameters: the 

horizontal hydraulic conductivity (Kh) of the Silurian dolomite, the Kh of the deep sandstone 

aquifer, and the vertical hydraulic conductivity (Kv) of Maquoketa formation. We increased the 

pumping rates of the wells in the deep system to account for possible missing pumping and 
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increased the friction losses in the multiaquifer wells. Finally, we combined several of the 

parameter changes to give a “best fit” combined model that includes the multiaquifer wells. 

Figure 10 shows two calibration statistics for these model runs, the residual mean and the 

absolute residual mean. The target data used to fit the model was from 10 wells open to the deep 

sandstone aquifer with recorded water levels from the period between 1940 and 2000. The 

residual mean shows whether or not there is global bias in the model results. A negative residual 

mean corresponds to the model overestimating the heads in the deep sandstone aquifer, a positive | 

residual mean corresponds to an underestimation. The absolute residual mean shows the 

magnitude of the residuals. A small absolute residual mean shows the model calculated heads _ 

are nearly equal to the measured head targets. 

The base model has the best calibration statistics of all the models. It has a near-zero 

residual mean and the smallest residual mean of all the model runs. The model result when the 

multiaquifer wells are included is significantly worse. The multiaquifer well model | 

overestimates nearly all of the head targets by around 70 feet. 

We decreased the amount of water flowing down through the multiaquifer wells by 

decreasing the Kh of the Silurian by factors of 1/2 and then 1/10" in two model runs. In the base 

model, the Silurian dolomite was zoned into two Kh values of 4 and 1 ft/day. Both Kh values 

were decreased by the two factors. The midrange reasonable-multiplier of 1/2 was derived from 

the report by Dunning and others, 2004 in which they used a value of 0.6 ft/day for unweathered | 

sections of the Silurian dolomite. The extreme range multiplier of 1/10 was derived from Rovey 

and Cherkauer, 1994. They reported slug test value ranges of 0.03 to 0.3 ft/day for the Mayville, 

Manistique, and Romeo Formations within the Silurian dolomite. The slug test values would | 

likely scale up to larger values so the factor of 1/10 likely represents a lower reasonable bound 

for the regional Kh of the Silurian. The residual mean and the absolute residual mean are 

significantly reduced by changing this parameter within reasonable limits. Using the extreme 

range for the Kh of the Silurian (the factor of 1/10 of the base Kh) resulted in the second best 

model calibration that included multiaquifer wells. | 

We next decreased the Kv of the Maquoketa shale in two model runs by factors of 1/5 

and 1/10. We decreased this unit from 5x10° ft/day to 1x10° ft/day for the midrange reasonable 

| multiplier and from 5x10° ft/day to 5x10” ft/day for the lower limit. The midrange value was , 

selected because it was at a lower limit that still allowed a good fit to the steady state model 
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(Hart and others, 2005). The lower limit of 5x10” ft/day has a significantly worse fit to the | 

| steady state model and is within the range of laboratory values of the Maquoketa, 1.2x10° — 

5.1x10° ft/day (Hart and others, 2005). The model fit was not dramatically improved by these | 

changes. The decrease from 1/5™ to 1/ 10" of the base Kv caused little change in the calibration 

| statistics. When the Maquoketa shale Kv is decreased beyond a certain point, flow through the 

multiaquifer wells dominates and so the Maquoketa Kv is no longer important to the model 

calibration. 

A friction loss was applied to the multiaquifer wells. This was done to simulate silting or 

biofouling of the wells. Little guidance is available in the literature for application of this 

parameter. Discussions with the USGS and review of a USGS report (Hanson and others, 2002) 

| suggest that a value of friction loss of 4 is a reasonable upper bound. This value of simulated 

friction loss corresponds to a decrease of the Kh around the well by a ratio of K/K friction = 6.7 

over a radius twice that of the well. The actual friction loss value is likely to be less than the one 

used here. This increase in friction loss has a significant effect on the model calibration as 

shown in Figure 10. 

We also investigated the effects of partially penetrating multiaquifer wells. In the model, 

these wells were assigned to the entire model layer. That may have resulted in an overestimation 

of the transmissivity of the source and sink for the wells. A model run was conducted that 

| truncated all partial layers so that the multiaquifer wells were placed only in those layers where 

they fully penetrated the entire layer. This model change had little effect and is not the prime 

error in the model. The mean absolute error changed from 79 to 68 ft as shown in Figure 10. A 

similar effect that was not tested was that some wells were abandoned during a stress period. 

These wells were left in the model for the entire stress period, with a resulting over estimation of 

flow. | | 

As noted in Feinstein and others (2005), the pumping rates for the model might be 

| underestimated by 9 million gallons per day (mgd), an increase of 13 %. We also noted that of 

the 172 multiaquifer wells, only 69 had associated pumping records. We averaged the pumping 

rate from the multiaquifer wells with pumping records and applied that rate to the multiaquifer 

wells with the missing pumping. The net increase in pumping was 3.5 mgd. We then distributed 

the difference between the 9 mgd and the 3.5 mgd to all the multiaquifer and single aquifer wells 

in the model. The resulting model run is shown as Pumping rate x 1.13 in Figure 10. This 13 % 

19



increase in the pumping rate was the reasonable midrange change. An upper bound for the 

missing pumping (Gotkowitz, 2006) was set as an increase of 29% or 19.4 mgd. As before, 3.5 

mgd was applied to the multiaquifer wells without pumping and the difference between the 19.4 | 

mgd and 3.5 mgd was applied to all wells in the model. The resulting model run calibration 

statistics are shown as pumping rate x 1.29 in Figure 10. These changes do improve the model 

bias as shown by the low residual mean but still have relatively large spread as shown by the 

absolute residual mean. 

The last parameter we varied was the deep sandstone Kh. The average value of the deep 

sandstone Kh was 2 ft/day. We ran two runs, one at 1.5 ft/day averge Kh and 1 ft/day average | 

Kh. These two values represent reasonable midrange and reasonable limits to the Kh as 

determined from the steady state model fit and pumping tests (Feinstein and others, 2005). The | 

Kh of the deep sandstone aquifer is important for calibration of the model with multiaquifer 

wells as shown by the decrease in the residual mean and absolute residual mean as the Kh is | 

reduced. 

Last, we conducted a run that combined the midrange, reasonable parameter changes to 

the Kh of the Silurian, the friction losses in the well, the increased pumping rate, and a decrease oo 

in the deep sandstone Kh. In this combined run, the residual mean is positive as shown in Figure 

10, meaning that the model heads are on average less than the target heads. The absolute 

residual mean is also significantly reduced, meaning that the spread about the head targets is 

reduced in this case. We used this model as the “best fit” model with multiaquifer wells. 

Additional calibration might improve the model fit but uncertainties in the pumping rates in the | 

multiaquifer wells, the lack of constraint for the friction losses, and correlations between the Kh 

of the Silurian and Kh of the deep sandstones would result is non-unique models. 
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Limitations of Data and the MNW Package with Regard to the Regional Flow Model 

The model calibration is restricted by several factors. One of those factors 1s a lack of 

pumping records. Only 69 of the 172 multiaquifer wells have any pumping records associated 

| with them. Few of these wells are municipal wells. Municipalities submit records of pumping to 

the Wisconsin Public Service Commission. Non-municipal wells are not required to submit such 

records. Another factor was that well abandonment is not always reported to the WDNR. 

Several wells were listed as “still active, status unknown” in the WDNR records but when the 

well owners were contacted, they reported the well to be abandoned. 

In addition to issues of record, the MNW package itself can misrepresent flow through a : 

multiaqufer well. It can do this in two ways. The first error occurs when the upper aquifer 1s , | 

unconfined. The MNW package does not adjust for the formation of a seepage face but 

continues to apply the entire layer thickness to the calculation of the transmissivity. A second | 

error arises when the water level in the well falls below the base of the upper aquifer. The | 

hydraulic gradient is not limited to the difference between the head in the model cell and the 

elevation of the base of the aquifer but increases as the water level in the well drops. Both errors 

over-estimate flow. We shared these issues with the USGS developer of the MNW code and will 

continue to work with the USGS to improve the model package. | | 

Best model results 

We analyzed flows through the multiaquifer wells using the combined “best fit” model. 

Table 1 in Appendix A lists each of the multiaquifer wells that were present from 1990 to 2000 

in southeastern Wisconsin. Many of the multiaquifer wells were abandoned between 1990 and 

2000, the decade of the last model stress period. Figure 11a shows the multiaquifer wells present 

at the beginning of the stress period in 1990 and their flows at the end of the stress period. 

Figure 11b shows only those wells and their flows that were present during the entire stress 

period from 1990 to 2000. Many of the highest flow wells shown in Figure 11a were abandoned 

in that period. The flow into the deep sandstone aquifer, calculated from the combined model, 

| decreases from 5.5 mgd to 4.4 mgd when the abandoned wells are removed from the total flow. 

The value of 5.5 mgd was likely an overestimate because of the model limitations listed above. 

Since the year 2000, additional higher flow multiaquifer wells have been abandoned so that now 

the flow through the multiaquifer wells 1s likely less than 4.4 mgd. 
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Although a lack of model targets, pumping records, and errors introduced by the 

modeling code prevent us from firmly stating how much flow is passing through these wells, this 

modeling effort suggests the multiaquifer well flow is significant. The model-predicted value of 

4.4 mgd is around 15 percent of the total amount pumped from the deep sandstone aquifer. The 

total modeled flow from the shallow aquifer to the deep sandstone aquifer is increased by 50 

percent from around 8 mgd to 12 mgd when the multiaquifer flow is added to the porous media 

flow. 

Results of the combined model can be used to focus abandonment efforts on those wells 

that are allowing the most flow. There are five wells listed in Appendix A that have very high 

simulated flows (greater than 70 gpm). An additional 54 multiaquifer wells have high simulated 

flows (greater than 20 gpm). The combined flow of these 59 high and very high flow wells 

accounts for 88 percent of the total simulated flow. The other 66 wells not abandoned in 2006 

account for only 12 percent of the total downward flow through multiaquifer wells. Figure 12 is 

a histogram showing the distribution of downward simlulated flow. To reduce the effects of 

multiaquifer wells and potential to contaminate the lower aquifer, the 59 high and very high flow 

wells should be abandoned first. The wells are coded by shading in Table 1 in Appendix A with 

darker shades corresponding to higher flows. 
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Figures 11a and b. Flows through multiaquifer wells using combined multiaquifer well model. 
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Figure 12. Histogram of present-day simulated downward flows in multiaquifer wells. 

Summary 

We conducted a database review of all the multiaquifer wells in southeastern Wisconsin. 

Those wells were placed in the regional groundwater flow model that allowed for multiaquifer 

flow. Inclusion of the multiaquifer wells into the base model resulted in an uncalibrated model. 

The simulated flow through the wells was larger than the model targets could allow. We 

conducted a series of model sensitivity runs by varying model parameters within reasonable 

bounds. We found it was not possible to bring the model back into calibration by varying a 

single parameter within reasonable limits. Rather, a combination of reasonable parameter 

changes gave a model that had a relatively good fit to the head targets. That model showed that 

the multiaquifer well flow to be around 4 mgd. That amount of flow is significant but not 

dominant within the flow system. Abandonment of multiaquifer wells may reduce flow into the 

deep sandstone aquifer, resulting in lower heads in the aquifer. That effect is offset by the risk 

posed to the deep sandstone aquifer by contaminants in the shallow aquifer transported through 

these wells. 
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Flow through joints and faults 

Introduction 

We investigated the role of the Waukesha fault in the regional groundwater flow system. 

: It was postulated that this fault system allowed significant downward groundwater movement 

| and that it might be a pathway for contaminant transport and recharge to the deep sandstone 

aquifer. We conducted a comprehensive literature review (Braschayco, 2005), made a site visit 

to the only known exposure of the Waukesha fault, and simulated the groundwater flows through 

the fault using the regional groundwater flow model. 

Waukesha fault 

The Waukesha fault system has been the subject of several studies that have identified it 

by offsets in geologic logs (Evans et al, 2004) and in the Waukesha Lime and Stone Company 

quarry in the Sinnipee dolomite near Waukesha, Wisconsin (Nelson, 1977), and by gravity and 

magnetic field studies (Sverdrup et al, 1997; and Skalbeck, 2006). The dip of the fault is near 

vertical in the quarry wall with an offset of 40 feet. However the gravity study by Sverdrup 

(1997) rejects a steeply dipping fault in favor of a shallow dip of 20 degrees or less with an offset 

of more than 1000 feet. It is possible that the fault is a listric growth fault with a near vertical dip 

at the surface that has increased displacement and a more shallow dip angle as the depth 

increases. 

The location and extent of the Waukesha fault has been variously interpreted. The length 

of the interpretations has varied from less than 40 miles to more than 133 miles. The current 

WGNHS interpretation, shown in Figure 13, gives a length of 82 miles with the downthrown 

sides nearest the Michigan Basin. 
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Figure 13. Map showing location of the Waukesha fault traces‘and the Waukesha Stone and 

Lime Quarry. 

Waukesha Fault Quarry Description 

The Waukesha Stone and Lime Quarry has been in operation for more than 150 years. It 

provides the most complete section of exposed Silurian rocks in southeastern Wisconsin 

(Kluessendorf and Mikulic, 1994). The Waukesha fault is exposed on the western edge of the 

quarry as shown in the air photo, Figure 14. Figure 15 is a photograph of this exposure. This 

photograph shows that the Waukesha fault exhibits hydrologic structures common to other fault 

systems (Caine, Evans and Forster, 1996; Rawling, Goodwin, and Wilson, 2001). A central fault 

core consisting of gouge and brecciated rock is surround on either side by damaged zones 

consisting of small splay fractures. The damaged zone is then surrounded by undamaged 

protolith. The fault core is approximately 10 feet in thickness and the damaged zones are 

between 5 and 10 feet in thickness. 

This fault structure results in an increased vertical conductivity due to the fractured 

damaged zone and a decreased horizontal hydraulic conductivity due to the gouge in the fault 
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core. There are no measured values of the hydraulic conductivities for the core or damaged zone 

for the Waukesha fault in any of the formations it intersects. As a result, we used literature 

values of 5.6x10-3 ft/day and 0.28 ft/day to represent both the horizontal and vertical hydraulic 

conductivity of the fault. These values represent the range of reported fault core and damaged 

zones in Rawling and others (2001). These values may not adequately represent the core and 

damaged zones in the Maquoketa Formation but given the lack of Maquoketa specific data, they 

were used to represent a reasonable range. 
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Figure 14. Air photo of the quarry and locations of the photographed fault exposure and 
fractures in quarry walls. 
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Figure 15. Photo of the Waukesha fault at the Waukesha Stone and Lime Quarry. The 

é 
hydrologic features of the fault are labeled. 8 

Waukesha Fault and regional groundwater flow model 

We represented the Waukesha fault as identified by the WGNHS in the regional model 

by increasing the vertical hydraulic conductivity of the model cells that the fault intersected in y. g ry’ 

the Maquoketa shale and Sinnipee dolomite. Although the model cells dimensions (2500 feet) 

28



are large compared to the fault (10 feet), the hydraulic conductivity of the fault 1s orders of 

magnitude greater than the cell matrix hydraulic conductivity so that the fault is the main control 

on the average hydraulic conductivity of the combined cell and fault. The equivalent hydraulic 

conductivity analysis below treats the fault as a vertical plane that intersects the full thickness of 

a model cell. We assumed a simple vertically layered hydraulic conductivity zone model to 

calculate equivalent hydraulic conductivity for the model cells. The two end ranges of fault — 

conductivity values of 5.6x10° ft/day and 0.28 ft/day were used in Equations 1a and b to 

calculate equivalent hydraulic conductivities for the model cells intersected by the assumed ) 

vertical plane of the fault. 

Kv,, = RV cott( Let ~ nt +R au! fet eq la 

cell 

Kh,, = —— eq lb 
| cell ~ Sfault , “fault | 

Khe K faut 

where L_,,=2500 ft and J faut 10 ft. Values of the fault conductivity (K ;,,,), model cell 

conductivities (Kh,,,, and Kv.,,,), and the calculated equivalent conductivities (Kh,, and Kyv,,) 

are listed in Table 2 along with the corresponding lithologies/formations. This simple modeling 

shows that inclusion of the fault zone has less impact on the horizontal hydraulic conductivity 

than the vertical hydraulic conductivity, justifying the simple layer model treatment of the fault. 

The greatest change in the horizontal Kh occurs in the Silurian dolomite where a 10-foot thick 

fault zone with a conductivity of 5.6x10° ft/day decreases the horizontal hydraulic conductivity 

from 3.6 to 1 ft/day. In contrast, the greatest change in the vertical hydraulic conductivity is 

increased by orders of magnitude for a 10 ft thick fault zone with a hydraulic conductivity of 

0.28 ft/day. The equivalent Kv of the Maquoketa shale is increased from 5.6x10° to 1.1x10° 

ft/day. For many of the lithologies, with the exception of the Maquoketa shale, the equivalent 

| hydraulic conductivities are nearly identical to the model cell hydraulic conductivities. | 

Following this reasoning, we simply modeled the fault zone as cells with the equivalent higher 
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hydraulic conductivities in the Maquoketa shale and the Sinnipee dolomite with the equivalent 

Kv’s shown below. | 

Table 2. Comparison between model cell and equivalent hydraulic conductivities/ 

Lithology/ K aut Kh. Kh,, Kv. Kv,, 

Formation (fi/day) — (ft/day) (ft/day) ({t/day) (ft/day) 

-- Siluriandolomite =—sis0.28ti(<ié‘izwt—“(itessti‘éziwdCdLOsi DO 

Maquoketa shale 0.28 3.00x10" 3.01x10" 5x10° 1.1x10° 

St Peter Sandstone 0.28 3.6 3.44 4x10" 5.1x10” 
ga gem 

Maquoketa shale §  5.6x10° ~—-3.00x10% 3.01x10" 5x10° 2.7x10° 

St Peter Sandstone 5.6x10™ 3.6 1.01 4x10” 4.01x10” 

For comparison to the base model without the fault, we conducted two model runs with 

the high (0.28 ft/day) and low (5.6x10° ft/day) estimates of the fault hydraulic conductivity. As 

can be seen from the model calibration statistics in Table 3, the low K fault does not significantly | 

influence the model calibration, nor do large amounts of water pass through the fault in this 

model. The flow is only 0.4 mgd (277 gpm) over the entire length of the fault. The calibration | 

statistics are significantly worse for the high conductivity fault. The residual mean is decreased 

to nearly —40 ft. This shows this model is overestimating heads in the deep sandstone aquifer as 

a result of large amounts of water flowing throught fault. The absolute residual mean is also 

increased showing the model fit to the calibration targets is reduced. A third model run was 

conducted with the high (0.28 ft/day) fault conductivity and a lowered Maquoketa shale vertical 

hydraulic conductivity of 5x10” ft/day. This model, while it had better calibration statistics than 

the model with the high fault conductivity alone, was not an acceptable calibration. 

Finally, a combined model run was made, similar to the one made for the multiaquifer 

| wells. When combined with a high-K fault, reasonable changes to the deep sandstone aquifer 

(Kh x 3/4 base), the Silurian dolomite (Kh x 1/2 base) , and the Maquoketa shale (Kv x 1/10 

base) are made, the residual mean is increased to 13.1 feet, meaning the model heads are now on | 

average lower than the observed target heads. The absolute residual mean is at 36.3 feet. This 

set of sensitivity runs shows that it is possible to calibrate the regional model that includes the 
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Waukesha fault at the high conductivity estimate of 0.28 ft/day. If the Maquoketa shale Kv, the 

Silurian dolomite Kh or the deep sandstone aquifer Kh are increased closer to their base values 

from the combined model, the model fit will improve. These three parameters are all statistically 

correlated and so it is not possible to definitively state what combination of the three within the 

| reasonable bounds used in the model will result in the absolute best model. The model does 

predict that the flow through the Waukesha fault at the high fault conductivity of 0.28 ft/day will 

be around 4 mgd. This value is similar to the predicted flow through the combined best-fit 

multiaquifer well model. This similarity should perhaps have been anticipated because both — 

models allow additional flow through the Maquoketa shale over a distributed areal extent. 

Table 3. Model fit statistics between groundwater flow models. 

| “ModelName =—SsSReesidual Mean (ft) — Absolute Residual © Downward Flow — 
Mean (ft) through the fault | 

| mgd | 
Base (no fault included) 1.7 29.4 -- 

Fault K=0.0056 ft/day 0.9 . 29.7 0.4 

Fault K=0.28 ft/day -39.5 50.7 3.2 

Fault K=0.28 ft/day -21.6 42.8 — 3.6 | 

Maquoketa K=5x10° ft/day 

Fault K=0.28 ft/day | -7.8 35.3 3.4 
Deep SS x 3/4 | 
Silurian Dolomite x 1/2 | 

Fault K=0.28 ft/day 13.1 | 36.3 3.9 

Deep SS Kh x 3/4 

Silurian Dolomite Kh x 1/2 

Maquoketa Kv x 1/10 

Waukesha Fault Summary 

We conducted a study of the Waukesha fault system by conducting a literature review, a | 

‘site visit to the only know exposure of the fault, and by including the fault in the regional model 

for southeastern Wisconsin. The literature review showed that the fault is known only through 

displacements in well logs and associated gravity and magnetic signatures. The extent of the 

fault is not well known and will likely be reinterpreted as more well data become available. 
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| The only exposure of the Waukesha fault system in the Waukesha Stone and Lime 

Quarry showed that in the Silurian dolomite, the Waukesha fault exhibits a hydrologic structure 

common other faults. In the quarry, the fault is near vertical with a fault core consisting of gouge : 

and breccia surrounded on either side by a damaged zone of near vertical splay faults. The total 

width of the fault zone is only 15 to 20 feet. It is unknown whether or not this fault structure is 

present in the Maquoketa shale. 

The modeling effort showed that inclusion of the fault with a horizontal and vertical 

hydraulic conductivity less than 5.6x10° ft/day does not significantly affect the model 

calibration nor is there significant flow through the fault, less than 0.5 mgd. When the fault 

conductivity is increased to 0.28 ft/day, the model calibration is no longer acceptable. Similar to 

the multiple aquifer well sensitivity runs, it is not possible to calibrate the model by varying a 

single parameter. For example, decreasing the Maquoketa shale hydraulic conductivity alone but | 

within reasonable bounds does not give a calibrated model. However, a combination of 

decreasing the Maquoketa shale Kv, the deep sandstone Kh, and the Silurian Kh could be found 

that will give a reasonable fit. The approximate discharge through the Waukesha fault, assuming 

a high fault conductivity of 0.28 ft/day is around 4 mgd. This value is significant but is not the 

dominant flow across the Maquoketa shale. 

Other Faults and Joints 

The Waukesha fault is present and does conduct some amount of water. However, we 

suspect that faults, joints, and fractures are ubiquitous throughout the Maquoketa Formation in 

southeastern Wisconsin and that they contribute most of the flow across the Maquoketa shale. 

Few of these fractures are needed to allow sufficient flow (Hart and others, 2005). During our 

site visit to the Waukesha Stone and Lime Quarry, we photographed several other potential joints 

and fractures shown in Figures 16 and 17. The locations of the photographs below are shown in | 

Figure 14. These are not the only fractures and joints observed in the quarry and so it seems 

unlikely that they are the only ones present in the Maquoketa throughout southeastern | | 

Wisconsin. Further study might be able to identify whether or not the fracture in Figure 16 was 

caused by excavation and blasting or if it was present prior to development of the quarry. The 

large joint shown in Figure 17 is too large and well developed to have been caused by blasting. 
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Figure 16. Photo of fractures in the upper Maquoketa Formation in the Waukesha Stone and 
Lime Quarry. 
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Figure 17. Joint in the east quarry of the Waukesha Lime and Stone Quarry. 

Redevelopment of the Pewaukee Corehole 

A last phase of this project was to rehabilitate a corehole previously used in studies of the 

Maquoketa shale (Eaton and others, 2000; Eaton and Bradbury, 2003, Hart and others, 2005) 
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and conduct short interval slug tests in the corehole. We attempted to remove the Solinst packer 

string used in previous studies. The packer string failed and we were unable to easily remove it. 

We had to resort to overdrilling the corehole with an air rotary drill rig. This technique 

rehabilitated the well so that it was available for additional study. Drill cuttings showing the 

ground residuum of the packer string, air-lines, and transducer cables is shown in Figure 18. 

We conducted a short interval packer test in the rehabilitated well but found that the 

hydraulic conductivity of the Maquoketa shale was too low for conventional packer testing. The 

heads in the 1-inch diameter packer string standpipe did not decrease over a 12-hour period. We 

plan to design a shut-in confined system that will have significantly less storage than the 

traditional standpipe. That smaller storage will decrease the amount of water that must flow and 

the time needed to reach equilibrium. This project brought forth the need for us to develop this 

type of system. 

oe if te ee 3 ‘ = oo 

eee ft ee 

Figure 18. Cuttings showing ground-up packer. 

We also compared the heads in the buried transducers from wells placed near this site in a 

previous study (Eaton and others, 2000). Figure 19 shows the heads from April 2000 within two 

months of installation of the buried vibrating wire transducers and from June 2006. There has 

been little change except in the interval at 275 feet depth where the head in the buried transducer 
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had decreased by 13 feet. 
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Figure 19. Water levels in the buried piezometer nest. 

These data presented a puzzle in June 2000 and they still present a puzzle. It is not 

certain how the highest head in the section can be in the aquitard. Though several theories have 

been presented, none is satisfactory. Those theories include that the high heads are left from 

predevelopment time and the head decrease in the deep sandstone aquifer has not yet had time to 

diffuse upward. Another possible explanation is that the lines of constant head are curved due to 

the presence of the shale aquitard in a manner presented by Freeze and Witherspoon, 1967. The 

vertical head profile in Figure 19 would be similar to one taken from beneath the arrow in Figure 

20. At the surface the heads would be at an intermediate value, increase to a maximum at the top 

of the aquitard and then decrease dramatically in and beneath the aquitard. Other explanations 

for the head profile shown in Figure 19 include chemically induced head potentials or simply a 

misplacement of the transducer. We plan to revisit this site to gather additional data so that some 

of these theories may be eliminated. 
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Figure 20. The effect of an aquitard in a regional flow system (after Freeze and Witherspoon, 

1967). The dashed lines are hydraulic head contours. 

Summary 

The Maquoketa Formation forms a regional aquitard in southeastern Wisconsin. This 

aquitard controls much of the flow in the deep sandstone aquifer. Understanding the pathways of 

flow through the Maquoketa Formation that allow contaminants and recharge to enter the deep 

sandstone aquifer is essential for protection of the aquifer and quantifying the groundwater flow 

system. 

We studied two pathways, flow through multiaquifer wells and flow through the 

Waukesha fault system. The modeled flow through the multiaquifer wells is 4.4 mgd. Model 

calibration at higher flows is not possible without adjusting hydrologic parameters outside of a 

reasonable bound. The distribution of flows through the multiaquifer wells shows that less than 

half of the wells provide nearly 90 percent of the flow. This will allow the WDNR to target the 

highest flow wells for abandonment and prevent contamination of the deep sandstone aquifer. 

Abandonment of the multiaquifer wells will result in increased drawdown in the deep sandstone 

aquifer as this source of recharge is eliminated. This effect will be small because the flow rate of 

4.4 mgd is only 15 percent of the total pumped from the deep sandstone aquifer and because 

many of the wells may never be located for abandonment. 

Flow through the Waukesha fault system was investigated. If the lower estimate for the 

fault hydraulic conductivity of 5.6x10° ft/day is correct, then the Waukesha fault plays a 

relatively unimportant role in the larger flow system. If the hydraulic conductivity is closer to 

the upper estimate of 0.28 ft/day, the flow through the Waukesha fault of around 4 mgd is similar 

in magnitude to that through the multiaquifer wells. As was the case with the multiaquifer wells, 

model calibration at higher flows is not possible without adjusting hydrologic parameters outside 
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| of their reasonable bounds. While the flow value of 4 mgd is significant , 1t does not represent 

the majority of flow across the Maquoketa Formation. We suspect many faults, fractures and 

joints contribute to flow.. Evidence of some of these additional joints and fractures was observed 

in the Waukesha Lime and Stone Quarry. . : 

In summary, multiaquifer wells and the Waukesha fault may transmit significant flow | 

through the Maquoketa Formation but they do not dominate the flow system. Rather we suspect , 

many distributed joints and fractures transmit most of the flow through the Maquoketa 

Formation. The number of multiaquifer wells has been reduced in the last two decades. This 

had led to a decrease of flow through these wells that helped replenish the deep sandstone 

aquifer. However, abandonment of these wells should be pursued with some attention paid to 

the consequences of reduced flow to the deep sandstone aquifer. The Waukesha fault might 

| contribute significant flow if the hydraulic conductivity in the fault is dominated by fracturesina _ 

| damaged zone through the Maquoketa Formation. Otherwise, the flow through the Waukesha 

fault likely is not significant and it is merely one of many fractures and joints that transmit water 

across the Maquoketa Formation. 

Recommendations 

* Continue abandonment of the multiaquifer wells. They do not contribute enough water to 

the deep sandstone aquifer to offset the risk of contaminants entering the deep sandstone 

aquifer through these wells. 

e Additional observation wells should be placed in the deep sandstone aquifer, ideally at 

discrete depths rather than being open to the entire deep sandstone aquifer. The 

calibration effort was hampered by a lack of water level observations both with depth and 

areally across southeastern Wisconsin. We were unable to differentiate between the | 

different pathways, in part, because of this lack of data. | 

¢ Collect groundwater use data for high capacity active wells. Only 69 of the 172 

multiaquifer wells had pumping records available. The overall water use is one of the 

more important but less well know parameters in the regional flow model. For purposes 

| of this effort, decadal or yearly records would have been sufficient. 
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e Continue tracking the status of the high capacity wells. Multiaquifer wells present a 

pathway for contaminants to enter the deep sandstone aquifer. Unreported and 

unabandoned wells may present an unknown pathway for contaminants to enter the deep 

sandstone aquifer. 
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Appendix B. Table of multiaquifer wells. 
Darker shading denotes wells with a higher potential for cross aquifer flow. 

WGNHS_ County Well Name WUWN Status Year Year Down Flow Flow 

Id Completed Abandoned (gpm) Potential 

140044 Dodge BF620 Present 1948 0 Low 

140199 eae Present 1965 2 Low 

300002 Kenosha Abandoned 1920 2000 1 None 

300008 Kenosha Present 1906 3. Low 

300042 Kenosha Present 1948 7 Low 

300183 Kenosha Present 1948 5 Low 

300262 Kenosha Present 1963 2 Low 

300343 Kenosha Present 1981 0 Low 

300344 Kenosha Present 1981 0 Low 

300360 Kenosha HU123 Reconstructed 1987 114 None 

300739 Kenosha Present 1966 3. Low 

300758 Kenosha Present 1969 6 Low 

300850 Kenosha Present 1976 2 Low 

300853 Kenosha Present 1962 2 Low 

300929 Kenosha Present 1964 2 Low 

410007 Milwaukee Brown Deer Park BA143 Reconstructed 1935 359 None 

410011 Milwaukee Square D Company Abandoned 1941 2001 0 None 

410016 Milwaukee Wauwatosa City Well #5 Abandoned 1928 Unknown 81 None 

410017 Milwaukee Wauwatosa City Well #6 Abandoned 1930 Unknown 33 None 

410018 Milwaukee Wauwatosa City Well #7 Abandoned 1939 Unknown 37. None 
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WGNHS_~ County Well Name WUWN Status Year Year Down Flow Flow 

Id Completed Abandoned (gpm) Potential 

410020 Milwaukee Miller Brewing Abandoned 1933 2002 3 None 

410022 Milwaukee Allis Chalmers BE695 Abandoned 1937 2000 6 None 

410025 Milwaukee Ks rm Abandoned 1942 2000 56 None 

410035 Milwaukee A.O. Smith Corp. Present 1937 0 Low 

410038 Milwaukee Bowling Central Inactive 1940 2 Low 

410040, Milwaukee (Schltwmrewen resent 9a ao Mederais 
410041 Milwaukee Schlitz Brewery Abandoned 1937 Unknown 20 None 

— 410046 Milwaukee Boston Store Well Reconstructed 1936 2003 15 None 

410047 Milyaukee WoolwortSiore Well Present 10387 Moderate 
"410048" Milwaukee Biankinton Arcade nective 9ST Moderate 

1410051 Milwaukee: PitsburstBlate Glass Inactive 1989 Moderate 
410052 Milwaukee Zinn ee Co. BE717 Abandoned 1947 1997 3 None 

410058 Milwaukee Eagles Club Abandoned 1939 2001 32 None 

“410075 Milwaukee Rundle Manufacturing —=SS*S*~*~S~«sacive:=SSSATSSSCTS Moderate 
410077 Milwaukee Forest Home Cemetary #4 Active 1946 3 Low 

410080 Milwaukee Maynard Electric BE707 Abandoned 1943 2001 21 ~+None 

410081 Milwaukee Crucible-Steel casting Co. BE720 Abandoned 1943 1991 3. None 

410083 Milwaukee Mueller Furnace Co. #2 Inactive 1941 0 Low 

410089 Milwaukee Ladish Drop Forge Co. Abandoned 1941 2004 47 None 
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i i CE rr 

410102 MibwaukeesGlobeSteclTube: == ( st i ttstst=(i‘éi ent «== 8B (i tsssstC«*sCdSS Moder ue Me ene ne kee 
| 410103 Milwaukee GlobeSteelTubes#2 #§#= = = += = =§ BEO96  ###Inactive $1940 #13 Moderate 

O10S: Milwackee anh Maline#? rece i i erie anos eee eo meet ei 
410106 Milwaukee | cae d Malti a 3 poo Acdive = tye t—s—CiSS CMe 
410107 Milwaukee Froedert Grain and Malting #2 = BE700.~=—s Active. =——s«d9388——— SSS Moderate 
410124 Milwaukee Good Sai una Abandoned 1940 2005 50 None 

410133 Milwaukee American Metal Products Abandoned 1940 2004 0 None 

410145 Milwaukee Varsity Theatre Well Inactive 1937 1 Low 

410153 Milwaukee Lakeside au Meter Abandoned 1947 1993 90 None 

410225 Milwaukee Wehr Steel Co. Well #2 Abandoned 1948 1991 53 None 

410227 Milwaukee Krause ae Ss Inactive 1937 5 Low 

McClymon Marble/Thiele Tanning None 

410294 Milwaukee Co. Abandoned 1925 2004 0 

410299 Milwaukee Milwaukee Western Malt Inactive 1937 3 Low 

"410326 Milwaukee Kurth Mating d= BETOS active 195813 Moderate 
410331 Milwaukee Oak Creek Station #1 Abandoned 1953 1980 None 
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410361 Milwaukee Blatz Brewing Inactive 1935 3 Low 

_ 410378 Milwaukee Wauwatosa City Well #11 0 Abandoned 1955 Unknown 106s None 
fe eae ees aN oderate 

410400 Milwaukee Security Acres subdivision BG441 Abandoned 1956 2001 64 None 

410406 Milwaukee U.s. Army antiaircraft facility Abandoned 1956 2000 39 None 

Gate None 
410413 Milwaukee U.s. Army antiaircraft facility Abandoned 1956 unknown 30 

410416 Milwaukee Pelham Heath subdivision FX306 Abandoned 1956 2000 62. None 

410420 Milwaukee Evert Container Corp. Abandoned 1956 1994 101 None 

410431 Milwaukee Badger Meter Abandoned 1957 1993 84 None 

410468" Milwaukee GlendaleGardens = Present 19591 Moderate 

410492 Milwaukee Milwaukee Tallow and Grease BE718 Abandoned 1961 2001 3 None 

410494 Milwaukee Franklin High School DK828 Abandoned 1962 1998 51 None 

410504 Milwaukee Mt. Carmel eno Home Abandoned 1963 1968 None 

411039 Milwaukee Donald Woelbing Present 1986 0 Low 

460027 Ozaukee BG645 Active 1956 0 Low 

460039 Ozaukee BG652 Active 1958 1 Low 

460048 Ozaukee Abandoned 1971 Unknown 25 None 
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460073 Ozaukee BG631 Reconstructed 1963 67 None 

460078 Ozaukee BG646 Active 1965 6 Low 

460079 Ozaukee BG653 Active 1965 0 Low 

460089 Ozaukee BG647 Active 1967 0 Low 

520015 Racine BHI155 Abandoned 1918 1982 None 

520017 Racine Abandoned 1939 2005 73 None 

520023 Racine Wisconsin Natural Gas Co. Abandoned 1929 1970 None 

S20 Ratna eset Mates 
520028 Racine Present 1940 0 Low 

520035 Racine BG735 Present 1932 0 Low 

520040 Racine Abandoned 1910 18 None 

520048 Racine BG747 Abandoned 1955 61 None 

520060 Racine Abandoned 195919936 
poe a ice ee ee eee 
520240 Racine Present 1960 6 Low 

520447 Racine LN982 Present 1997 2 Low 
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a ie 
_ 520765 Racine © - lS ent iJ rt Moc - 
pe ak oe 

ee — ec El ee Se 
651095 Walworth Present 1973 1 Low 

651252 Walworth Abandoned 1994 1994 0 None 

651253 Walworth Present 1992 1 Low 

651262 Walworth Present 1987 2 Low 

670149 ee BH257 Present 1968 3. Low 

670797 Te BH247 Present 1975 0 Low 

680004 Waukesha BH401 Abandoned 1931 2001 0 None 

680145 Waukesha Reconstructed 1964 86 None 

680163 Waukesha Present 1958 0 Low 

680707 Waukesha Present 1968 0 Low 

681105 Waukesha : Present 1972 3 Low 

681294 Waukesha Present 1985 0 Low 

682336 Waukesha Present 1972 2 Low 

682421 Waukesha Present 1978 0 Low 
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| WGNHS County Well Name WUWN Status Year Year Down Flow Flow 

Id Completed Abandoned (gpm) Potential 

682554 Waukesha | | GF696 Present 1993 0 Low 
682603 Waukesha | AC164 Present 1988 3 Low 

682606 Waukesha Present 1987 0 Low 

682639 Waukesha Abandoned 1977 1997 87 None 
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