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MOSCOW BASIN GROUND WATER STUDIES 
by 

Robert W, Jones and Sylvia H ,  Ross 

ABSTRACT 

Moscow bas ln  i s  i n  Latah C o ~ n t y ,  Idaho,  or1 t b e  eas te rn  edge of the Columbia 
Plateau physiographic pnevince. The area of the ba s in  is about  58 square  miles.  
The principal water u se r s ,  City of Moscow and University of Idaho,  depend ex- 
c lus ively  on ground wa te; obtained fro'm wel l s  that  reach three zones  of a r t es ian  
aquifers in the ba sa l t  f laws and sedimentary interbeds of the Columbia River 
Group of Mnocene a g e ,  The three ar tes ian  zones  a r e  des ignated the  upper, middle, 
and  Bower a r tes ian  zorres, Tne CoPumbna River Group is overlain by surficial  sedi-  
ments i n  which water  qenerally occurs  u r d e ~  water-table condit ions,  The Columbia 
River Group is underPam by a basement of crystal l ine rocks of pre-Tertiary age that  
a l s o  crops  out  beyond the limits of the  ba sa l t  and  forms the mountains that  rim 
the  bas in  on t hee  s i d e s ,  m e r e  exposed a t  the surface ,  the crystal l ine basement  
conta ins  water  urades water-table conditnons, Neither the surficial  sediments nor 
the  crys ta l l ine  ha seanent wil l  yield Barge amounts of water; the rocks of the Colum- 
bia River Group a r e  the only source of water for public supp i ies ,  A l l  ground water  
originates a s  precipitation tha t  f a l l s  within the borders of Moscow basin;  natural 
d ischarge  of ground w a t e r i s  by underflow to the w e s t ,  

Prior t o  P9E0, the ent i re  public supply was  obtained from wel l s  reaching t he  
upper a r t e s ~ a n  zone.  The quali ty of water  w a s  unsatisfactory because  of exces-  
s ive  amounts of iron and moderate ha rdness ,  Between 1960 and 1965, we l l s  were 
drilled into the middle and lower ar tes ian  zones ,  and by 1965, nearly a l l  water  
pumped for public suppl ies  w a s  obtained from the middle and lower a r t es ian  zones .  
The waters  f r ~ m  the middle and  lower ar tes ian  zones  contain only moderate amounts 
of iron and are  re la t ively  soft .  

En 8896, water  l eve l s  In we l l s  i n  the  upper a r t es ian  zone were a t  or sl ightly 
above Earid surface but declsned condnuausly  thereafter  and ,  by 1968, s t a t i c  l eve l s  
were nearly 12 0 fee t  below the surface in the vicinity of the Ci ty  of Moscow wel l s .  
This decl ine  Bed to suggest ions  that  ground water  recharge i n  Moscow bas in  was  
insufficient  to  balance pumpage. Following the phasing out  of heavy pumpage of 
the  upper a r t es ian  zone xn 1960-1365, water Bevels rose  and recovered to within 65 
fee t  of the surface i n  1969. 

In our s t ud i e s ,  two l ines  of isavestlgation indicate  tha t  pumpage was  not i n  ex- 
cess of recharge during the period 1896-1960, We analyzed the pumpage and water  
l eve l  records of the public supply wel~lis, usnng a mathematical model aquifer that  
u t i l i zes  the theory of :mage wel l s  and assumes  that  there is no recharge to  the 
ba s in ,  The r e su l t s  indicate that  the decline of water l eve l s  in the upper a r t es ian  
zone was  ac tua l ly  much Pess than i t  would have been i f  pumpage was  greatly i n  
e x c e s s  of recharge,  We a l s o  studied the long-term records of water level  fluctua- 
t ions  in observation W F ; ~ ~ S  in the ba s in ,  The water table in the surficial  aquifers 
remained s tab le  during the t i m e  that the  water l eve l s  i n  the upper a r t es ian  zone 
decl ined,  We attr ibute t - ~ e  decline 01 the water l eve l s  i n  the  upper a r t es ian  zone 
t o  barrier boundary e f fec t s  rarher than to lack of recharge.  The r e su l t s  of our 
s tud ies  support the views of previous workers who es t imate  ground water  recharge 
t o  the ba s in  by u s e  of the eqnak;m oaf hydrologic equilibrium. A11 such e s t ima t e s  
indicate  that  recharge i s  i n  e x c e s s  of pumpage sufficient to  meet the demands of 
the ba s in  through the year 2000, 



We a l s o  used  our no-recharge mathematical model aquifers to es t imate  the 
to ta l  water  in ground water  s torage i n  Moscow bas in  and to  predict  the  decl ine  
i n  water  l eve l s  that would occur by the year 2000,  Although t he se  f igures are  
ba sed  on a n  a s  sumption that we have rejected--no recharge to  the ba sin--they 
do represent  the  saaiablost amount of water and  the l a rges t  amount of drawdown 
t o  be  expec ted ,  T h e  str-ldy ind ica tes  that  the middle and lower a r t es ian  zones  
would meet the azlticipatad F365-2000 demand of 563 , l  billion gal lons  and  s t i l l  
have a s  mzlch a s  239 , J  billion ga l lons  remaining ir, storage i n  the year  2000. 
Water l e v e l s  would b e  f r ~ m  5 0  t o  80 fee t  lower i n  2908  than they were i n  1965. 
This study ind ica tes  that  ground water c a n  supply  the ant ic ipated needs  of Mos- 
cow  bas in  weEB in to  the 2Bst century regardless  of whether the  water  is  derived 
from ground water  storage or from recharge.  

If need for w a t e ~  should exceed  natural  recharge a t  some time i n  the future,  
ar t i f ic ia l  recharge utilizing water  from sources  in  and near Moscow bas in  
could furnish more than 1 bil l ion ga l lons  of addit ional  water annually.  During 
a normal year ,  spring runoff from intermittent  s t reams in the Palouse Range 
can  provide about  300 million ga l lons  over a 90 day period during February 
through May,  The Moscow Was t e  Water Treatment Piant now d i scharges  about 
300 million ga l lons  annually;  the discharge should inc rease  to  about 1 bi l l ion 
gal lons  by the year 2 000, The effluent  could b e  further t rea ted,  then recycled 
by ar t i f ic ia l  recharge.  Mathematical  model s tudfes show that  the exis t ing wel l s  
i n  the upper a r t e s i an  zone can  accep t  ar t l f ica l  recharge a t  r a t e s  of 1000 to  2000 
gpm. for a s  many a s  i O O  consecut ive  days  without the cone of impression reach- 
ing the  surface .  Cos t  of ar t i f ica l  recharge probably is less than the c o s t  of 
long-distance lrnportatlon of water ,  

The waters  of the surf ic ia l  aquifers  a r e  relat ively sof t ,  averaging 87 ppm. 
hardness  a s  C a C 0 3 ,  and  are  re la t ively  Tow in  dissolved so l i d s ,  averaging 12 7 
ppm, A s  the waters  move in to  the  upper a r t es ian  zone ,  average hardness  increa- 
ses to  135 pprn. and average dissolved so l ids  i nc r ea se s  to  190 ppm.,  probably 
a s  the resu l t  of solution of magnesium from magnesium-rich minerals in  the ba- 
s a l t s .  A s  the waters  move through the middle a r t es ian  zone and in to  the lower 
a r t es ian  zone,  average hardness  dec r ea se s  to  84 ppm, bu t  average d i s so lved  
so l i d s  i nc r ea se s  t o  286 ppm,; the dec r ea se  in  hardness  probably is the resul t  
of ba se  exchange of sodium for ca lc ium,  

Calcium a n d  bicarbonate a re  the dominant ions  in  most of the  ground waters  
of Moscow b a s i n ,  bu t  calcium and  sul fa te  or sodium plus  calcium and  bicarbon- 
a t e  a r e  the dominate i ons  i n  a few of t he  wa t e r s ,  Excess ive  amounts of iron a r e  
moderately common in  waters  from the surficial  aquifers and very common i n  
wate r s  from the  upper a r t es ian  zone.  The iron originates in high-iron c l ay  depo- 
sits in  the surficial  aquifers on the outer  margin of the  recharge area  of the 
a r tes ian  aquifers.  The high-iron wate r s  move la tera l ly  from the c l ay  deposi ts  
in to  the upper a r t es ian  zone ,  Waters  from the  middle and lower a r t es ian  zones  
contained only moderate amounts of iron when the  aquifers  were f i rs t  p laced in- 
t o  u s e ,  Continued pumpage could induce the high-iron waters  to  move in to  the 
middle and lower a r t es ian  zones ,  Sil ica a l s o  is somewhat high for ground waters  
and  the origin of the s i l ica  probably 1s re la ted to  the origin of the iron. Some 
of the  wate r s  i n  the surficla! aquifers contain re la t ively  high amounts of n i t ra tes  
and chlorides that  ind ica te  poss ib le  contamination from sep t ic  t anks ,  fer t i l izers ,  
and barn-yard w a s t e s  . 



During the  pexod  1896-1360, the City of Moscow and the Universi ty of 
Idaho deaived water  from WAILS tapping re la t ive ly  shal low a r tes ian  aquifers  
(" upper a r t e s ian  zone'  9 in the Columbia Rive6 Grcup ,  Water l e v e l s  decl ined 
continuously thzougtl 1360 vwhe,~ weEE s tapping deeper a r t e s ian  aqu i fe r s  (" mid- 
d l e  and  L w e r  a r t e s ian  z o n e s v o )  began t o  b e  p laced in to  se rv ice .  By 1965, 
pumping had viPtuaE?y c e a s e d  from the upper a r t e s ian  zone and water l eve l s  
recovered from 1950 through the  end of observations i n  1969. The waters  from 
the  upper a r t e s i a n  zone are  moderately hard and conta in  e x c e s s i v e  amounts 
of iron whereas  the  waters  of the middle and lower a r t e s ian  zones  are  sof ter  
a n d  contain only moderate amounts of i ron.  

t 

Purpose and Scope of Inves t igat ion 

The long-continued decline of water  P?veZs i n  the upper a r t e s ian  zone 
l e d  to specula t ion that  pumping i s  i n  e x c e s s  of the natural  recharge of ground 
water  to  Moscow ba s in  . If recharge were inadqua t e  through the  19601s ,  then 
recharge cer ta in ly  would not meet the  greater  demands t o  b e  expected in the 
future.  Therefore, the principal  object1 \ ~ e  of th is  s tudy is t o  examine the  data  
on the  1896-1960 pumping of the upper a r t e s ian  zone t o  determine i f  t he  data 
indicate  that  pumpage ac tua l ly  w a s  In e x c e s s  ~f recharge a n d  then t o  predict  
the  drawdowns i n  water l eve l s  in  the  middle and lower a r t e s ian  zones  i n  res-  
ponse  t o  future pampage.  The secondary  object ive is to determine the origin 
and  distr ibution of the  iron i n  the wa te r s  of tke upper a r t e s ian  zone.  

Loca tlon and E x ~ e n t  of the Area 

Moscow b a s i n  is  i n  west -cent ra l  i a t a h  County ,  i n  northern Idaho (Fig. 1). 
The amphitheater- l ike b a s i n  h a s  an  azea of about  58 square  mi les ,  The boundar- 
i e s  a r e  wel l  defined by s t r e a n  divides  on the north,  e a s t ,  and south.  The west-  
ern boundary h a s  been arbitrarily s e t  a t  the  Washington-Idaho s t a t e  l ine  for 
purposes  s f  t h i s  report although Moscow bas in  is ac tua l ly  part  of the larger 
Moscow-Pullman bas in  of Idaho and Washington.  The poorly-defined southwest  
a n d  northwest  boundaries have been  drawn t o  inc lude only those  tributary s t reams 
tha t  join the main streams within Idaho,  The area  is  approximately the same a s  
tha t  d i s c u s s e d  by Stevens  (1960) and Sokol (1966) . 

Previous Invest4- 

The geology and water resources  of Mosaow bas in  were f irst  mentioned in  
a regional  report by Russel l  (1897). Since then,  approximately two dozen authors 
have written abou t  the  geology and hydrology of Moscow bas in  and nearby a r e a s .  
The most  important published reports  include those  by Laney a n d  others (192 3) , 
Tull is  (19441, Hosterman and others (1963) , Stevens  (1960) , Foxworthy and Wa s h  - 
burn (19631, Crosby and Chat ters  (413651, and  Sokol (1966). Many of the other in- 
ves t iga t ions  a r e  private repor ts  by  geologic  and  engineering consul tants  or un- 
publ ished r e s u l t s  of r e sea rch .  These u,lp:lblisned repor t s ,  through 1965, a s  wel l  
a s  publ ished repor ts ,  a r e  l i s t ed  by Ross (9965, Table 1). The most  s igni f icant  
unpublished repar t  s i n c e  11965 is a Washington Sta te  Universi ty Mas te r  of Sc ience  
i n  Geology Thesis  (Chang-Lu,  896'7). 

Ross (1965) publ ished a n  extens ive  p re l i rn i~ary  report on our inves t igat ions  
to tha t  time. Many of her c s n c l ~ ~ s i o n s  and  interprets t ions  remain unchanged and  are  



repeated below, Other publications that  have resulted from our s tudies  are a 
study of the possibil i ty of artificial recharge in the basin  (Jones,  Ross,  and 
Williams, 1968) and a preliminary report on the availabil i ty of ground water in 
the basin  (Jones and ROSS, 1969). Our original intention of publishing a l l  of 
our bas ic  data will not be pos s i b k  Basic data accumulated prior to 1965 were 
published by Ross (1965'3, Records of al.1 V J E ~ L S  and spaings are on file with the 
Idaho Bureau of Mines and Geology in M o s c o ~ .  a s  are tabulations of data ac-  
quired since R o s s 7 9 6 5  report (add~ticrnal logs of wel ls ,  records of wel l s ,  a l l  
available water-ievcl m e a s u r e ~ ~ e n t s  , a l l  available pumping data , and a l l  avail- 
able basic  data faom pumping t e s t s .  

Methods of Study 

About 60 days were spent in field work during the summer and fall  of 1964 
and several  weeks of additional field work were done in  1965 and  1966. Field 
work consis ted of geologic mapping; of compiling an inventory of private wel ls  
and springs in  t h e  basin;  of determining fleld chemical data such a s  e lectr ical  
conductivity, pH, and iron; of collecting water samples for laboratory chemical 
analyses;  of periodic measurements of water levels  i n  observation wells;  and 
of pumping t e s t s  of a few of the wells.  Data on construction, water l eve ls ,  
and water chemistry were obtained for about 230 wells (estimated to be 80 per- 
cent of a l l  wells in  the basin a s  of 1965). Laboratory chemical ana lyses  were 
run on waters from 38 of the wells and springs,  Records of water-level fluc- 
tuations were obtained hy periodic tape measurements or recording gage records 
in  11 observation wells beginning i n  1963 and continuing, in some wel l s ,  in to  
1966. Since P966, only one observation well has  been measured periodically in  
Moscow bas in ,  Three pumping t e s t s  were attempted, but the  data obtained from 
the t e s t s  was not fully satisfactory,  

Additional data, inc:luding records of water- leve 1 measurements , amounts of 
water pumped, and chemical analyses  of water,  were furnished by the City of 
Moscow, Physical Plant Division of the University of Idaho, and the U.S. 
Geological  Survey, U. S o  Weather Bureau precipitation records were taken from 
the literature. 

The geologic and hydrologic data were integrated to determine the ground- 
water flow systems of Moscow basin,  Then mathematical models of the aquifers 
were designed, utilizing theory of image wel l s .  We used the models to compute 
theoretical  &awdown in Moscow basin aquifers with various assumed aquifer 
properties. We then compared the theoretical drawdown with the actual  drawdown 
in the real  aquifers to  determine which combinations of assumed aquifer properties 
produced drawdowns in model aquifers that  most c losely matched the drawdowns 
of the real  aquifers. Best-fit model aquifer data were then used to  predict the 
future drawdowns of the aquifers under natural conditions a s  well  a s  the possible 
buildup of water levels  in the aquifers under art if icial  recharge. 

Chemical quali ty of water dats were analyzed with the a id  of maps of distri- 
bution of disselved materials and with. various graphic methods that  are  i n  general  
u se  in  geochemical s tudies  of ground water,  

Well,-numbering System 

The well-numbering system used i n  this  report is that  formerly used by the 
U . S. Geological Survey in  Idaho. The system indicates the location of wells with- 
in  official rectangular subdivisions of the public lands ,  with reference t o  the  Boise 
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Table I. Records of selected wells and springs in Moscow basin, Idaho. 

Type of w e l l :  D, Dug Type of pump: P ,  p i s t o n  
D r ,  D r i l l e d  J ,  j e t  
Dv, Driven SUB, submers ib le  

B ,  Bored T, t u r b i n e  
C, c e n t r i f u g a l  

Remarks : A ,  Chemical a n a l y s i s  on Tab le  10  R, r e c i p r o c a t i n g  p i s t o n  
S ,  s u c t i o n  
N ,  none 

Use of w e l l :  D ,  
s ,  

I rr ,  
Ind , 
PS, 

0 , 
u ,  
A, 

domest ic  
s t o c k  
i r r i g a t i o n  
i n d u s t r i a l ,  
p u b l i c  supp ly  
o b s e r v a t i o n  
unused 
abandoned 

Well Owner o r  Type Year Con- Elev.  Depth Dia .  Depth Year Kind Use Q u a l i t y  of Water 
No. t e n a n t  of s t r u c t e d  of o f  of t o  Meas. of of Date  E l e c t r i c a l  

Well Land W e l l  Casing Water Pump Well of Temp I r o n  C o n d u c t i v i t y  Remarks 
S u r f . ( f t )  ( i n )  ( f t )  Co l lec -  (OF) (ppm) (micromhos/cm 

t i o n  @25"C) 

39N-5W 

2 b d l  Wilson J a s p e r  
5 a b l  Mrs. Merle  Stubbs 
5 a c l  Malcomb , ?urniss 
5 a d l  J a c k  Marineau 
5 b b l  John Wallen 
5 d a l  Norm Metzker 
6 d c l  John Ayers 
7ba l  Moscow; C i t y  8 
7ba2 Moscow; C i t y  7 
7 b c l  U .  of I . ;  Univ. 3 
7 c c l  U. of  I .  
7 c d l  U .  of I .  ; Univ. 2 
7 d a l  Moscow; C i t y  3 
7da2 Moscow; C i t y  2 
7da3 Moscow; C i t y  1 
7ddl  G a r r e t t  F r ' t l i n e s  
8ab2 Moscow; C i t y  5 
8ab3 Floyd McDonald 
8 b a l  Moscow; C i t y  6 
8 c c l  Louis  K o r t e r  
&la1 Robert  Jones  
9 b a l  A.A. F lack  
9 b c l  Frank Eveland 
9bc2 Frank Eveland 
9bc4 Frank Randle 
9 b d l  Frank Randle  
9bd2 Elmer Swanson 
9 c c l  C h r i s  Deesten 

l O a c l  US Geol.  Survey 
lOcb l  Roy B e l l  
l l d a l  H.L. Wilcox 
1 2 a b l  Kenneth N i c o l s  
1 5 a c l  Moscow E l k s  

P 
J 

P 
J 
SUB 
T 
N 
T 
P 
T 
T 
T 
T 
N 
T 
J 
T 
N 
N 
P 
J 
SUB 
SUB 
SUB 
J 
P 

SUB 
N 
S 
T 

D 
D 
D 
D 
D 
D 
D 
P S 
A 
P S 
A 
P S 
PS 
P S 
P S 
A 
P S 
D 
P S 
A 
0 
D 
D 
D 
D 
D 
D 
D 

0 
D 

DYS 
Irr 

A 
F i e l d  pH 6.95, sample from t a p  
F i e l d  pH 7.15,  sample from t a p  
A 
A 
A 
A 
A 



Table I. Continued. 

Well Owner o r  Type 
No. Tenant o f 

Well 

U.  of I; Parker  Fm. 
Bennet Lumber Prod.  
James C a r r i c o  
R.R. Reid 
C . C .  Warnick 
George Wendt 
Char les  Jabbora  
Char les  Jabbora  
E v e r e t t  Hagen 
U.Of I; Univ. 1 
Wayne Ches tnu t  
E r i c  Ki rk land  
J a c k  Wren 
A l b e r t  Oleson 

3 0 c a l s  Fred Robieon 

18db2 Ray Kammeyer 
18db3 Ray Kammeyer 
20cbl  Elwood Widman 
29aa l  R.K. Bonnet 
29aa2 R.K. Bonnet 
31ca2 N.T. Carson 
33bdl A.E. Kos te r  

D r 
D r  
B 
B 
D r  
D r  
D 
D r  
D r .  
D r  
D r  
D r  
D r 
D r  

Year Con- Elev. Depth Dia.  Depth Year Kind Use Q u a l i t y  of Water 
s t r u c t e d  of of  of t o  Meas. of of  Date  E l e c t r i c a l  

Land Well Casing Water Pump Well of Temp I r o n  Conduc t iv i ty  Remarks 
S u r f .  ( f t )  ( i n )  ( f t )  Col lec -  (OF) (ppm) (micromhos/cm 

t i o n  @25"c) 

1957 T 
T 
C 
J 

1956 SUB 
SUB 

1964 R 
T 
SUB 

1921 T 
1964 
1965 J 

1964 P 

Irr 11/16/65 
Ind 8/11/65 
D 8/13/65 
D 8/13/65 
D 8/13/65 
D 8/13/65 
D 11/24/65 
D 11/23/65 
D 8/13/65 
PS 
D 11/24/65 
D 8/13/65 
D 11/23/65 
D 8/13/65 

53 3-112 
57 6.0 

0.16 
55 Tr 

1 5 . 5  
55 2.9 
48 0.05 
52 4.25 

11.1 

54 0.4 
Tr?  

4 1 1 2  
54 0.26 

1960? 3030 186 8 75 1964 SUB D 8/11/65 1 .85  140 A 
3010 1 6  48 4-112 1965 S D 11/18/65 54 0.20 80 A 

1960 2740 234 6 1 1960 SUB D 8/11/65 0.50 250 A 
2740 130 8 50? J D 11/4/64 Tr 150 Sample from t a p  
2720 150+ 8 5 0 . 3 1 9 6 4  N A 
2620 21 30 5 . 4 1 9 6 4  N A 

1964 2670 90 8 12 1964 SUB D 11/18/65 49 10.4 850 A 



b a s e  l ine  and meridian, The f i rs t  two segments of the wel l  number des ignate  
the township and range.  The third segment is  the sect ion number,  followed by 
two le t t e r s  and a numexall, whick indicate the quarter s e c t i ~ n ,  the 40-acre 
tract of land,  and the  se r ia l  number of the well  within the t rac t ,  Quarter sec- 
t ions a re  Bettered a ,  b ,  c ,  and d in crsur:terclockwSse o rder ,  starting from the 
nor theas t  quarier of e ach  sect ion (Fig, 2 ) .  Within the quarter sec t ion ,  40-acre 
t r ac t s  a r e  Bettered i n  the s a n e  manner, The se r ia l  number following the l e t t e r s  
ind ica tes  the  order i n  which the wel ls  were f i rs t  v is i ted  within the 40-acre 
tract .  For example,  well 38N-4W-23bdl is i n  the S E ~  of t,he N W ~  of Sec .  23,  
T.  38 N o  , R . 4 W. , and is the well  first v is i ted  i n  that  t r a c t ,  

The locat ions  of a l l  wel ls  inventoried in Moscow bas in  are shown on 
Figure 3 ( in pocket) .  Records of the wel l s  that  are  d i s cus sed  below are shown 
on Table 1 and the l oca l  des ignat ions  commonly used  for certain we l l s  i n  Moscow 
bas in  are  shown on Table 2 .  In general ,  wel ls  will be  referred to below by the 
loca l  designation.  

Table 2 ,  Local  Designations of Wel l s  i n  Moscow Basin,  Idaho 

Local  Designation 

University s f  Hdahcu 

University I 
University 2 
University 3 
Parker Faun 

Ci ty  of Moscow 

City I 
Ci ty  2 
City 3 
c i t y  4 
City 5 
Ci ty  6 
City 7 
City  8 

Idaho Bureau of Mines  and 
Geology Well  Number (Table 1) 

Bennett Lumber Products 39,"J-5W-%Scal 

Elks Golf Course 39N-5W-15acP 
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GEOLOGIG AND HYDFOLEHC SETTING 

Moscow bas in  cons i s t s  of a roElsng surface of Pow hi l l s  a t  the eas te rn  
margin of the  PaPouse Hi l ls  sect ion of the C ~ h " - h i a  River Intermontane pro- 
vince and  of mountains a t  the western margin of the Northern Rocky Moun- 

- .  tain province, The mountains r i s e  503 to 1700 feet  above t h i s  surface on the  
northern, e a s t e rn ,  and southern borders of the  bas in ,  The mountains are  
underlain by granit ic  and metamorphic rocks .  The granit ic  rock is mainly 
granodiorite of the  Tha tuna batholith of Cretaceous  ( ? )  age  (Tullis , 1944) , 
p ,  143-1741; p , 143-174); the  metamorphic rock is primarily quartzi te  of the 
Belt Supergroup of Precambrian age (TuTEds, 1944, p ,  139-140)" The geology 
of Moscow basin  is shown on geologic maps that  have been published e l s e -  
where (Ross,  11965, Hosterman and others ,  l960) ,  Streams and other geo- 

+ graphic fea tures  are  shown on Figure 3 ,  The strat igraphic column is shown 
on Figure 4 ,  

The western part of the bas in  is underlain by a sequence of ba sa l t  and  in- 
terbedded sedimentary material a s  much a s  1400 f s e t  th ick,  This sequence 
is part of the  Columbia River Group that  covers much of eas te rn  Washington 
and  northeastern Oregon a s  well  a s  parts  of western  Idaho. The ba sa l t  gen- 
era l ly  is  black a n d  fine-grained with locall zones  of g l a s s y ,  ves icular ,  or 
porphyritic texture. Much of it is fractured and broken, The interbedded 
sediments  are  primarily c l a y s ,  s i l t s ,  and fine-grained sands  that  commonly 
a re  des ignated a s  ' T a t a h  Formation" , Some of the sedimentary beds  re- 
semble sediments deposi ted  in  l akes ;  other sediments are typical  of stream 
depos i t s .  The approximate posi t jan  of the edge of the Columbia River Group 
is shown on Figure 5 ,  

The Columbia River Group i s  overlain by reddish-brown l o e s s  (wind- 
blown s i l t )  of the Panouse Formation, 

Before Miocerne time (about  2 5 millliar: years  ago) , Moscow basin  was  
part of a rugged mountain sys tem with perhaps more than 4,000 fee t  of rel ief .  
The ances t ra l  South Fork of the Pallosse River, Paradise  Creek,  and Missour i  
Creek flowed in  s t e e p ,  narrow vallEeys, During the Miocene Epoch, flows of 
basa l t i c  lava invaded the  l oca l  drainage sys tems  from the w e s t ,  After e ach  
flow, or s e r i e s  of f lows,  surface drainage w a s  blocked by the ba sa l t  s o  that  
ponded a r ea s  formed between the mountains e a s t  of the  bas in  and the ba sa l t  
surface to  the wes t ,  Sediments were deposited in  the ponded area before 
streams could cut  new channels  through the ba sa l t  dams to  drain the ponded 
a r ea s .  Stream actnon d i s sec ted  the lake beds  and underlying ba sa l t ,  and 
local ly  deposited sand and gravel  in channe l s  before the next  invasion of 
l ava .  At Beast three ma lor ep i sodes  of ponding occurred.  

There is some indication that  renewed uplift  of the mountains occurred 
between the second and third ep i sodes  of volcanism (Cavin ,  1964). 

At a much la ter  time, i n  the  western part of the ba s in ,  wind-deposited, 
reworked, fine-grained sediments formed a lisess mantle i n  which the present  
topography was  developed by mass  wasting and stream ac t ion ,  



Hydrology 

A balance  must  e x i s t  be tween the  quant i ty  of water  suppl ied  the  bas in  and 
the amount stored within o r  leaving the  b a s i n ,  A quanti tat ive s ta tement  of 
t h i s  hydrologic aquilibrium i n  its most  genera l  form is: 

urface-water inflow + ground-=wa ter  inflow + precipita 
+ imported water  + decrease  in surface  s torage  + 
i n  ground-water s torage C 

- - outflow + ground-water outflow + 
evapotranspirat ion + exported water  + inc rease  i n  
surface storage + i n c r e a s e  i n  ground-water s torage .  1 

In Moscow b a s i n ,  cer ta in  tezms may b e  e l iminated  because  they are  not  
important i n  the  basin" water  ba lance .  The modified equation becomes:  

surface-wa ter outflow + 
precipitat ion = + change in  ground-water s torage + 

ground-water outflow. r 
Ground-wa ter  recharge is equa l  to  the increa se i n  ground-water s torage  

plus  ground-water outf low, Therefore, the  equat ion may be rewritten a s :  

ground-wa ter  precipi tat ion - surface-water 
recharge -evapotranspirat ion = C 

The amount of wa te r  ava i l ab le  for recharge may be  es t ima ted  if the  other 
three fac tors  c a n  be measured or  c a l c u l a t e d ,  

Precipi tat ion 

A l l  water  i n  t h e  Moscow bas in  en te r s  a s  precipi tat ion.  Annual amounts a t  
Moscow for the  30-year period, 1931-P960, averaged 22 ,2  i n c h e s ,  During th i s  
t ime,  the minimum w a s  114.113 i n c h e s  (11944) a n d  the  maximum w a s  34.01 (1948). 
Precipi tat ion a t  most  points  i n  the  b a s i n  is higher than a t  the  gaging s t a t ion  
a t  Moscow. Bloomsburg (11958) showed tha t  precipi tat ion on the Palouse  Range 
above 4000 f e e t  e levat ion i s  a s  much a s  twice the  precipitation a t  Moscow. 
Because  most of the bas in  is below 2800 fee t  e l eva t ion ,  but  above the  e leva-  
t ion a t  Moscow,  the average  precipitation on the bas in  probably approximates 
1,25 t imes the  precipi tat ion a t  Moscow (SokoB, 1966, p ,  71, 

Precipitat ion is not  distr ibuted evenly  throughout the  yea r ,  More than two- 
th i rds  fa l l s  from October through March ,  Only part  of the precipi tat ion fa l l s  
a s  rain; a re la t ive ly  large arnount f a l l s  a s  snow during t h e  winter  months. Al- 
though the  snow pack a t  Power a l t i tudes  mel ts  severa l  times e a c h  winter ,  much 
of the snow a t  higher a l t i tudes  remains through the winter ,  During t h e  spring,  
snow melts  a t  progress ively  higher e l e v a t i o n s ,  s o  tha t  much snow a t  intermed- 
i a t e  e leva t ions  is mel ted  when most  of the  s ~ o w  a t  high e leva t ions  remains on 
the  ground. 

Evapotranspiration 

Perhaps the  g r e a t e s t  problem in  determining the hydrologic ba lance  in  



Moscow bas in  or e lsewhere  is the e stirna tion of evapotranspirat ion.  Stevens  
(1960, p. 3421, using es t imates  by Criddle (19479 for adjacent  a r e a s ,  a s sumes  
that  annual  evapotranspirat ion for Moscow bas in  is 16.8 inches .  Thus, Stevens  
ca lcu la tes  that  approximately P O .  5 inches  of precipitation a r e  avai lable  annual- 
l y  for runoff and  gsaund-water recharge.  However, he points  out  that  h i s  es t i -  
mate may be  i n  error a s  much a s  25 per c e n t ,  

Sokol (1966, p. 7-81 , using est lma t e s  for monthly potential  evapotrans- 
pirat ion,  ca lcu la tes  that  approximately 12.5 inches  of precipitation remain an- 
nually for runoff, infi l t rat ion,  or ground-wa ter  recharge,  Sokol further es t imates  
that  perhaps 9 of the 12 " 5  inches  of e x c e s s  precipitat ion infi l t rates in to  the  
so i l ,  mostly during the spring months, Much of t h i s  water  probably is trans- 
pired or evaporated during the growing sea  son ,  Some undoubtedly, however,  
does  reach a t  lea s t  the shallow ground-water body. 

Surface water  

Few data on stream runoff from Moscow bas in  are  ava i l ab le ,  and calcula-  
t ions  a re  ba sed  on incomplete records or on extrapolat ions of records 6f four 
gaging s ta t ions  that  have been ins ta l l ed  a t  various t imes on the drainage sys tem.  
Two tributaries of the  South Fork of the Palouse River, Crumarine and Gna t  
Creeks ,  were measured f a m  1955 t o  1958, In addi t ion,  the s ta t ion a t  Crumarine 
Creek was  maintained intermittantly from 195 8 t o  1965. The South Fork of the  
Palouse River and Missouri  Creek ( a l so  known a s  Missouri  Flat Creek) were gaged 
near  Pullman, Wa shfng ton,  during tke 13303s ,  

Flow i n  Crumarine Creek (drainage area 2 , 4  square miles;  a l l  of the area above 
2 800 fee t  elevation) averaged a lmost  BO i n ches  of water  over the  drainage a r ea .  
Flow in Gna t  Creek (drainage area 4 , 3  square miles;  about one-half of the  area 
above 2800 feet  elevation) w a s  equivalent  to 5 "11 i n ches  of water  over the  a rea .  

Average f low i n  the South Fork of the Palouse River and  in  Missouri  Creek 
(which includes  most of the  Moscow bas in  dra inage,  p lus  addit ional  drainage 
in  Washington) w a s  equivalent  to 3 inches  of rain over .the a rea .  Mos t  of this  
area is  a t  a lower e levat ion than is the area of Gna t  and  Crumarine Creek drain- 
a g e s ,  

On the ba s i s  of the  above da ta ,  Sokol (1966, p ,  10) summarized the  surface 
water  regimen in Moscow bas in  a s  follows: 

. . , . s t reams respond mainly to snow melt above a n  al t i tude of 2800 
f ee t ,  At Power e leva t i ans  , heavy rainfal l  is a more important source 
of stream flow,, Where the streams flow on a granit ic  bedrock,  they 
gain  water  through seepage from shallow ground water  throughout the 
year ,  Where they flow over l s e s s ,  the streams l o se  water  through 
infiltration t o  ground water ,  

Ground Water 

Ground water occurs  in  a l l  the  rock types  in  Moscow basin;  pre-Tertiary 
crys ta l l ine  rock,  the Palouse Formation, al luvium, and the  b a s a l t s  a n d  inter- 
c a l a  ted sediments  of the Columbia River Grsup ,  The surficial  sediments  con- 
tain water  generally under unconfined (water table) condit ions,  and confined 
(ar tes ian)  water  occurs  in c r ev i ce s ,  brecciated zones ,  and v e s i c l e s  in  the 
b a s a l t  and i n  in te~cal la ted  sand  layers  in the Columbia River Group. 



HYDRsOSTFATT~GRA?HIr$ UNITS 

Wel l  l o g s ,  chemical  q;~alEty of water, arid water- level  records show tha t  
the Moscow bas in  g r o u ~ d - w a t e r  ~ j 7 ~ t ' e m  can  be divided into: (1) surf ic ia l  aqui- 
f e r s ,  (2) three ar t2s ian  zsaisies h . t Z L n i  the  Co99;mkl'~a River Group,  a n d  (3 )  the 
buried basement: complex, R.la ti ons  sf t h e  h y d n s  tra t igraphic un i t s  and the 
terminology u s e d  ere shswn on Figure 4 ,, 

Subsurface maps  of Moscow bas in  have been  published by severa l  pre- 
v ious  w ~ r k e r s .  R O S S  (1965,  pB, 3) shows structure contours on the top of the  
upper basa l t ;  anather  nnhgrpretation is s h o w  by Grosby and Gavin (1966, Fig. 2 ) .  
Grosby and Cavin a l s o  published a structure contour map (op,  cit. , Fig. 3) 
on the top  s f  the buried crystaPLSne basement,  This map showed a basement  
high centered beneath  the c l ty  of Moscow pumping plant .  The high w a s  ba s e d  
on "quar tz i te"  rpported a t  depth of 553 fee t  in  the original log of Ci ty  Wel l  3. 

L Grosby considered th i s  high a n o n o l o u s ,  At h i s  sugges t ion ,  the Ci ty  of Moscow 
had a core hole drilled to  a depth of 615 fee t  ad jacen t  to the site of Ci ty  Well  
3 .  The cores  are ba s a l t ,  Therefore , the buried high on the crys ta l l ine  basement  
shown i n  N E ~  S E ~  of sec, 7 on Crosby and Cavin '  s map d o e s  no t  exist, Acting 
on  G r o s b y k  ssllgges tion ( ~ r a l  c s~ imunica t fon)  , we have prepared a revised ver- 
s ion  of the basement  map wkich i s  s h o v ~ l  a s  Figure 5 ,  

Chang-E.s. (1369) published subsaxrface maps s f  s e v e r a l  of  the  un i t s  i n  Moscow 
bas in .  However, he  did not publist- h i s  b a s i c  da ta ;  therefore we are unable t o  
eva lua te  the  validi ty of h i s  i n t ~ r p r c t a t i o n s ,  The wel l  logs  avai lable  to  u s  d o  
n o t ,  i n  our opinion,  provide sufficien" dam to  justify i_rlterpretations i n  the 
sor t  of de ta i l  t h a t  were presented by  Chang-Zu, 

However, a t  Beast some of h i s  interpretat ions seem t o  be  correc t ,  H i s  Fig- 
ure 2 9  shows  a buried val ley  on the top of the pre-upper b a s a l t  surface  which 
he  cons ide rs  t o  be  a control  i n  per-neability of the upper b a s a l t  aquifer  and  there- 
fore  a control  of the  shape  of the piezometric surface  of the upper b a s a l t  a q u i f e r ,  
a s  shown i n  h i s  Figure 3 0 ,  We b ~ l i e v e  that  kl s idea  is  e s s e n t i a l l y  correct  a l -  
though we differ i n  our i n t e r p r ~ t a t i 3 n  af the  s h a p e  of the piezsmetric surface.  

Suaficial --- Aquifers 

The s u r f i c f a ~  aquifers  are  in  (1) sur i ic ia l  sediments  a n d  (2) exposed  crys ta l -  
l ine  basement ,  The surf ic ia l  sediments include the l o e s s  of the  PaPouse Formation 
and  a l luv ia l  depos i t s  a s  wel l  a s  some rocks which may properly belong with the  
"Latah Formation'" The rock units  of the surficlal  aquifers  genera l ly  are less 
than 200  fee t  th ick  and r e s t  e i ther  on the Columbia River Group or on the crys ta l -  
l ine  basement ,  The aquifers  i n  the exposed crys ta l l ine  basement are  permeable 
zones  i n  the  weathered socks near  the surface or a r e  fractures i n  less-weathered 
rocks  a t  greater  dep ths .  

Surficia 1 Sediments 

Large-diameter, shal low,  dug w ~ k % s  yield moderate t o  smal l  amounts of 
water  from the l o e s s  of the Qalouse  Formahion, Many of these  shal low wel l s  g o  
dry,  or nearly dry ,  i n  the summer rnonrfas, Although the  water table  may s tand  
near  the ground sur face ,  y ie ld  is  smal l  b e c a u s e  the speci f ic  capac i ty  (gal lons  
per  minute per foot of drawdowm) is smahB, 



The a l luv ia l  aquifers  a l s o  yield small  to moderate amounts of water  t o  
w e l l s ,  Much of the alluvium is poorly sor ted  a n d  c l a y  l e n s e s  a re  numerous. 
However,  some l e n s e s  of sand  a r e  p resen t  tha t  will furnish suff ic ient  water  
t o  a we l l  t o  irr igate severa l  a c r e s ,  A wel l  penetrat ing a c l a y  l e n s  may not 
y ie ld  enough water  for household use:  the d i s t ance  between a productive 
wel l  and a u s e l e s s  w e l l  may b e  a s  l i t t i e  a s  15 f e e t ,  Some of t h e  water  i n  t h e  
a l luvia l  aquifers  is under a r t e s ian  condi t ions ,  but  the  a r t e s ian  sys tems  a re  
smal l  and  wi l l  nor y ie ld  large  quan t i t i e s  of water ,  

-Crystalline Basement 

Only smal l  amounts of water  c a n  b e  obta ined from the  exposed  metamor- 
phic and plutonic basement  rocks  of pre-Tertiary age .  Springs commonly a r e  
ut i l ized for domestic or  s tock water  in  the  pa r t s  of t h e  b a s i n  underlain b y  
t h e s e  r o c k s ,  Some homes that  have no wel l  or spring u s e  wa te r  tha t  is trucked 
to  a s torage  t a n k ,  

A few weYls obtain smal l  amounts of water  from the  near-surface weathered 
zone or from frac tures  i n  t h e  deeper ,  less-weathered rocks ,  Only a few wel l s  
i n  Moscow bas in  obta in  more than 2 o r  3 ga l lons  per minute from the  crys ta l -  
l ine  basement ,  Experience e l sewhere  (Meinzer ,  1923, p .  143-147) i n d i c a t e s  
that  weathered o r  fractured crys ta l l ine  rocks  genera l ly  should  produce enough 
water  for d3mest ic  purposes  within a depth o f  200 feet from the surface ,  but  
cannot  b e  depended upon t o  y ie ld  more than a few gal lons  p e r  minute. In pa r t s  
of Moscow b a s i n ,  w e l l s  i n  the  crys ta l l ine  basement  have yielded water  from 
depths  a s  g r e a t  a s  300 f e e t ,  Our exper ience  i n  Moscow b a s i n  s u g g e s t s  t h a t ,  
i f  adequate  water  is not  obtained i n  the f i r s t  390 fee t  of drilling i n  the  crystal-  
l ine  basement ,  the w e l l  should b e  abandoned,  

Columbia Rivsr Group 

Several  a r t e s ian  aquifers  a r e  present  i n  the various un i t s  of the  Columbia 
River Group. These aquifers  conform t o  t h e  pattern descr ibed b y  Newcomb 
(1959) for the  Columbia River Group; they c o n s i s t  of numerous individual  aq- 
u i fers  tha t  a re  separa te  tabular  z o n e s  with poor hydraulic connection between 
z o n e s .  In the  Moscow b a s i n ,  some of the aquifers  a r e  i n  the  b a s a l t  flows and 
some a re  i n  the  sedimentary in terbeds .  The l a te ra l  e x t e n t  of the different  aq- 
u i fers  is variable;  therefore,  hydraulic connection between nearby we l l s  of 
similar depths  is var iable .  In some p l a c e s ,  water  l e v e l s  i n  a we l l  wi l l  show 
considerable  effect of pumping from a nearby we l l  of s imilar  depth; i n  other 
p l a c e s ,  nearby w e l l s  wil l  have  l i t t l e  e f f e c t  and  more d i s t an t  we l l s  may have 
not iceable  ef fec t .  

Although the  a r t e s i a n  aquifers  of t h e  Columbia River Group i n  Moscow b a s i n  
a r e  complex,  they c a n  b e  genera l ized in to  three zones  of aquifers  having simi- 
l a r  a r t e s ian  head and  chemical  qual i ty  of water  (Fig. 4) .  Each zone corresponds 
to one of t h e  three s e q u e n c e s  of lava f lows and interfingering and underlying 
sedimentary in terbeds .  The z o n e s  are  des ignated a s  the upper,  middle,  and 
lower a r t e s ian  z o n e s .  

The upper a r t e s ian  zone ex tends  from the surface--or the b a s e  of the sur- 
f i c i a l  aquifers-- to depths  of about 700 fee t ,  Unti l  the  e a r l y  1960ns ,  a lmost  a l l  
wa te r  pumped i n  the bas in  came from th i s  zone ,  Two Universi ty of Idaho  w e l l s ,  
four Ci ty  of Moscow w e l l s ,  and perhaps two dozen private w e l l s  derived water  
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e i the r  from permeable zones  i n  the  basa l t  or from l e n s e s  of sand immediately be- 
neath the  lowest  Bayer of ba sa l t .  The University and Ci ty  wel l s  and one irrigation 
well  pumped large amounts of water ,  mostly from sand l e n s e s  a t  about  2300 t o  
2400 fee t ,  Beginning i n  the ear ly  1960's  the Universi ty and City put deeper we l l s  
in to  service  and  decreased pumpage f r ~ m  the upper ar tes ian  zone,  By the  mid- 
1960ks ,  heavy pumping from the  upper a r t es ian  zone c e a s e d  except  during peak 
demand periods or during emergencies when the deeper we l l s  could not  be  pumped 
because  of diff icult ies with the pumps,  Although the number of domestic we l l s  
drilled in to  the upper a r t es ian  zone has  inc reased  every yeas, the combined to ta l  
pumpage of the domestic we l l s  i n  the  l a t e  1 9 6 0 3  probably was  no more than 100 
gpmo 

The middle ar tes ian  zone l i e s  a t  depths  of 700 to  900 feet and the lower ar- 
t e s ian  zone ,  900 to  1500 feet, Only a few public-supply wel ls  penetrate t he se  
deeper  zones;  domestic wells  generally obtain adequate water in  the upper arte- 
s i an  zone.  The only well  tha t  obtains Ear-ge amounts of water  from the middle ar- 
t e s i an  zone is Universi ty Well  3.  Although the wel l  was  drilled through the low- 
e r  ar tes ian  zone and in to  the crys t a l lme  basement ,  the lower ar tes ian  zone was  
not  productive a t  University 3 and  the cas lng w a s  perforated between depth of 
660 to  775 feet, (elevation 1905-1790) i n  the middle a r t es ian  zone.  One well 
(City 4) that  was drilled in to  the middle interbed was  abandoned by the  City of 
Moscow because  of inadequate y ie ld ,  

Ci ty  6 and Ci ty  8 derive water  from the Bower a r tes ian  zone--City 6 ,  from 
both ba sa l t  and a sedimentary in terbed,  a r d  City 8 ,  from basa l t ,  The productive 
zones  a re  i n  the  lower part of the lower a r t es ian  zone ,  a t  about  dep ths  of 
1000 to  1400 feet  (e levat ions  1600 to 12 00 feet). 

Buried Crys t a l % i ~ ~ B - a  sement -- 

Crys  ta Mine rocks underly the surficial  sediments and the Columbia River 
Group throughoi~t  Moscow bas in .  Wes t  of the outer  margin of the ba sa l t  (Fig, 
5) , only 2 wel ls  had been drilled in to  the  burled crys ta l l ine  basement  by  the la te  
1960bs ,  I11 City 8 ,  grani t ic  rocks were reached a t  a depth of 1390 feet  (Ross,  
1965, p ,  107) and were penetrated for 42 fee l  without any significant amount of 
water  being discovered.  In University 3 ,  granit ic  rocks were reached a t  a depth 
of 1320 feet and were penetrated for 26 fee t ,  

Experience e lsewhere  (Meinzer,  192 3 ,  p ,  143-147) ha s  shown tha t  crystal l ine 
rocks seldom will yield more than a few tens  of gal lons  per minute (gpm) to we l l s  
and a lmost  never yield a s  much a s  E O O  gpm, Because of the great  depth to the 
buried crys ta l l ine  basement ,  the expense  of drillirlg t o  the basement  is not justi- 
f ied in  v iew of t he  smal l  y ie lds  t o  b e  expec ted ,  For a l l  practical  purposes ,  the  
buried crys ta l l ine  basement  should not be considered an  aquifer  i n  the  Moscow 
ba s i n .  



HYDRAULIC PROPERTIES OF THE AQUIFERS 

S izes  and Shapes  of the Aquifers 

Surficial  Aquifers 

The individual  aquifers  i n  the surficiall z o n e s  a re  smal l ,  The aquifers  are  
lent icular  s a n d  bod ies  i n  the surficlal  sediments or a re  tabular  to sheet- l ike 
fractures i n  the  crys ta l l ine  r o c k s ,  Minimun dimensions of most of the  aquifers  
are  a s  l i t t le  a s  fract ions of a n  inch in  the fracture zones  and  a few feet i n  the 
s a n d  bodies ;  maximum dimensions are no more than a few hundred fee t  la tera l ly  
a n d  a few feet vert ical ly,  

The a r t es ian  aquifers  are  bounded on ~ a r t h ,  e a s t ,  and south by the  rela-  
t ive ly  impermeable rocks  of  the  crys ta l l ine  basement .  Much of the recharge 
to  the a r t e s ian  zones  probably comes from downward percolat ion along th is  con- 
t a c t  zone; same of the  recharge may come from ver t ica l  percolat ion through the 
rocks  overlying the  a r t e s ian  aquifers ,  

For the purposes of computations involving day-to-day operation of w e l l s ,  
the con tac t s  on north, e a s t ,  and  soutI: are regarded a s  barrier boundaries,  and 
the  a r t e s ian  aquifers  a re  regarded a s  having infinite extent  to the w e s t .  Some 
sor t  of boundary must  be present  w e s t  of the Idaho-Washington s t a t e  l ine ,  but  
the posi t ion a n d  nature of the boundary i s  not  known. The s t a t e  l ine i s  arbi- 
t rari ly used  a s  the  western  border of Moscow bas in;  although th i s  border h a s  
important pol i t ica l  e f fec t s  on the development of Moscow b a s i n  wa te r ,  i t  is  hy- 
draulical ly neutral ,  

Much of the  production from the upper ar tes ian  zone came from the  upper 
100 t o  2 00 feet--elevation 2300 to  2400,  FOB purposes  of genera l iza t ion,  the 
2300 foot contour on the crys ta l l ine  basement  (Fig. 5) w a s  des ignated a s  the  
average  position of the edge of the upper a r t e s ian  zone.  The upper a r t e s i a n  
zone c a n  b e  genera l ized a s  a rectangle about  2 0 ,000 feet a c r o s s  from north to 
south a n d  17,000 feet from e a s t  t o  w e s t  (Fig,  91, A central ly-located we l l  on the  
s t a t e  l ine would be  the furthest  from barrier boundaries i n  t h e  basin--10,000 feet 
from the  north and  s ~ u t h  barriers  and 17,000 feet from the e a s t  barrier boundary. 
All exis t ing  we l l s  i n  the upper a r t e s ian  zone are c l o s e r  than these  d i s t a n c e s  to 
a t  lea  s t  one barrier boundary. 

W e l l s  i n  the  two deeper  zones  general ly are  c l o s e r  t o  barrier  boundaries than 
those  in  the upper a r t e s i a n  zone .  The  1800 foot contour on the crys ta l l ine  base-  
ment (Fig, 5) w a s  des ignated a s  the average  posi t ion of the edge  of the middle 
a r t e s ian  zone;  the middle a r t e s ian  zone cari be  genera l ized a s  a rec tangle  about  
10,000 fee t  a c r o s s  fzom north to south and Y5,0f!O fee t  from e a s t  t o  w e s t  (Fig. 9 ) .  
The 1400 foot contour w a s  des ignated a s  the  average  posi t ion of the  edge of the  
lower a r t e s i a n  zone; the lower a r t e s ian  zone c a n  be  genera l ized a s  a rectangle 
about 7500 fee t  from nort'h to south and 15,000 feet from e a s t  t o  w e s t  (Fig. 9) . 



Ground- Water Circulat ion System 

The unconfined aquifers i n  Moscow basin are recharged by direct infiltra- 
tion of rainwater and snowmelt and ,  in  the lover  e levat ions ,  by stream-bed 
percolation. Discharge i s  to surface streams and by downward percolation 
to the ar tes ian aquifers. In some reaches  of streams flowing across  the ex- 
posed crystall ine basement,  considerable exchange takes  place back and 
forth between ground water and surface water (Chang-Lu, 1967, p ,  61-69). 
The ground-water circulation system of Moscow basin is shown on Figure 6 .  

The ar tes ian aquifers are recharged mainly by water moving downward 
through the discontinuous zone of unconsolidated sediments and weathered 
crystalline rock lying between the edge of the basa l t s  and the crystall ine 
basement. Vertical recharge may come from water moving downward from over- 
lying water table or ar tes ian aquifers,  ei ther directly downward through under- 
lying units or laterally to  the edge of the aquifer, then downwards. 

The first  wel ls  drilled in  the upper artesian zone,  in  the la te  18901s,  were 
flowing wells (Russell,  1901) . At that time, the piezometric surface of the 
upper ar tes ian zone was  higher than the water table of the overlying surficial 
aquifers,  a t  l e a s t  i n  the lower parts of the bas in .  Under these conditions, 
some of the water from the upper artesian zone could have discharged by up- 
ward movement into the overlying water table bodies ,  However, most of the 
discharge probably took pEacz by underflow to  the west ,  out of Moscow basin.  
The relations between water levels  were reversed when pumping drew the pie- 
zometric surface of the upper artesian zorie below the water table. In response 
to the reversal  of gradient, the water from the water table aquifers could move 
downwardinto the ar tes ian zones,  

The piezometric surfaces of the middle and lower ar tes ian zones apparently 
a lways have been lower than that  of the upper ar tes ian zone. In la te  1966, the 
elevation of the piezometric surface of the upper ar tes ian zone in the center 
of Moscow basin was a t  about 2490 feet (Fig. 10) , whereas the elevations of 
the piezometsic surfaces of the middle and lower ar tes ian zones were both about 
2300 feet ,  

This head differential of nearly 200 feet  is a driving force that  could cause  
vertical recharge by water moving downward to the middle and lower ar tes ian 
zones from the upper ar tes ian zone. The head differential would have to  move 
the water from the elevation 2300 (productive leve ls  of the  upper ar tes ian zone) 
to elevation 1905-1760 and 1600-1200 (productive leve ls  of the middle and lower 
ar tes ian zones) ,  The water would have to move vertically through the upper in- 
terbed, which i s  dominately s i l ty  sediments,  then through the upper part of the 
middle basal t  to  the productive level in  the middle basa l t ,  then throuqh the mid- 
dle interbed and upper part of the lower basa l t  t o  the productive level  in the 
lower basal t .  

In the absence of data on the vertical permeability of the beds ,  analysis  of 
actual  vertical recharge is  not possible .  Even theoretical analysis  would serve 
l i t t le purpose because of the difficulty of estimating permeabilities. Data i n  
Wenzel (1942, p, 13) show that permeabilities of s i l ty  sediments can range through 
s ix  orders of magnitude. Vertical recharge probably does  occur i n  Moscow basin,  
but the amount cannot be estimated with the data available.  



W E NE 

surficial sediments 

v PIEZ. SURF: - U - - - - -. - - -  
upper basa l t~  

upper inter bed - -> 

middle basalts 
\ 

PIEZ. SURE- U = 
Piezometric surface of 

middle interbed upper artesian zone. 

PIEZ. SURF: - L 8. M = 
Piezometric surface of 
lower & middle artesian zones. 

Direction of movement of 
water. Dashed arrows where 
uncertain. 

lower interbed f- 
Not to  scale. 

crystalline basement 

Figure 6. Schematic representation, 1966 ground-water circulation system, Moscow 
basin, Idaho. For discussion, see text.  



The head differential between the upper ar tes ian zone and the deeper zones  
a l s o  could cause  water to move laterally through the upper ar tes ian zone in to  
the consolidated materials a t  the margin of the basin ,  then downwards into  the 
deeper ar tes ian zones .  R.oss (1965, p ,  5 1  and p l ,  8) mapped a trough in the 
piezometric surface of the upper ar'.esian zone that coincides with the edge of 
the zone. This trough probably represenls the  decline i n  head a s  the laterally 
moving waters pass  out of ihe upper ar tes ian z s r ~ e  in to  the aquifers i n  the un- 
consolidated materials .  

Factors in Aquife?Analysis 

The hydraulic properties of aquifers usually are computed by ana lys i s  of 
data obtained through spec ia l  types of field pumping t e s t s .  Field methods are 
of limited value in  Moscow bas in  because:  

1. Too few wel ls  pump from the deeper ar tes ian zones.  

2 .  Aquifer boundaries are  c lose  and have s o  great  a n  effect  on 
water levels  a s  to make analysis  of pump-test data very 
difficult. 

3 .  Drawdowns are small for high pumping ra tes ;  recovery is s o  
rapid that  recovery t e s t s  are not satisfactory.  

One pumping t e s t  was  run on a well in the surficial  sediments and one on a well 
in  the crystall ine basement. The City of Moscow arranged for one short t e s t  
using wel ls  in  the Bower ar tes ian zone.  Production pumping tes t s  were run on 
many wells  in Moscow basin a t  the coripletion of drilling; however, water level  
measurements from production t e s t s  generally a re  not sufficiently frequent and 
prec i se ,  and pumping ra tes  seldom are sufficiently c losely  controlled, t o  pro- 
vide data from which hydraulic properties of aquifers can be computed. 

Mos t  of the aquifer properties were est imated.  Values were estimated from 
production pumping t e s t  data using methods i n  the literature , or from values re- 
ported from similar aquifers e lsewhere ,  or from studies  of mathematical models 
of the Moscow basin  aquifers.  

The two most important hydraulic properties of aquifers are  transmission of 
water and storage of water, These properties a re  expressed quantitatively a s  
the two "aquifer cons tan ts" ,  defined a s  (Ferris and others ,  1962, p. 72-78): 

Coefficient of Transmissibility = " T" 

Rate of flow of water,  a t  the prevailing water temperature, i n  gal- 
lons  per day ,  through a vert ical  strip of the aquifer l foot wide 
extending the  full saturated height of the aquifer under a hydraulic 
gradient of 100 percent, Expressed a s  gallons per day per foot; 
ga l/'da y/f t o  

Coefficient of Storage 

Volume of water re leased from or taken into  storage per unit sur- 
face area of the aquifer per unit change in the component of head 
normal to  that surface.  Expressed a s  a dimensionless decimal 
fraction. 



Where proper data a re  avai lable ,  coefficient of transmissibility and coef- 
f ic ient  of storage generally a re  computed by some variation of the Theis 
nonequilibrium equation. 

The Nonequilibrium Equation 

Although the nonequilibrium equation of Theis (1935) i s  based on a num- 
ber of assumptions that  should limit i t s  usefu lness ,  i t  h a s  proved reasonably 
accurate in  many ground-water flow systems that do not meet a l l  of the re- 
str ict ions of the equation,  

We used the modified nonequilibrium equation of Jacob (1950) i n  order 
to simplify calculations and  permit the u se  of straight-line solutions.  The 
form that  we used i s  from Ferris and others (1962, p. 92): 

S = 
2 64Q loq 10 (0.3 Tt) 

T r 2  s 

The factors in the equation are: 

s = drawdown, feet .  

Q = pumping rate ,  gallons per minute. 

T = coefficient of transmissibil i ty,  gallons per day per foot. 

t  = time, days  

r = dis tance,  from pumping well to  point where drawdown i s  being 
calculated,  in feet .  

S = coefficient of storage,  dimensionsless fraction. 

One of the assumptions of the nonequilibrium equation is that the aquifer i s  
of infinite areal  extent .  Although th i s  assumption is not valid in  Moscow 
bas in ,  the finite real  aquifers can be transformed into imaginary infinite 
aquifers by the u s e  of the theory of image wel ls .  

Image Well Theory 

The following discussion,  taken verbatum from Ferris and others (1962, p. 
144-168), i s  presented here to provide an  understanding for the following sectioris 
in  which image well  theory is used to  analyze the effects  of the aquifer boundar- 
i e s  of Moscow bas in .  Illustrations were taken from Walton (1962, Fig. 9 and  11). 

" The development of the equilibrium and nonequilibrium formula s 
d iscussed  in  the preceding sect ions  was predicted i n  part on the as -  
sumption of infinite areal  extent  of the aquifer,  although i t  i s  recog- . A 

nized that  few if any aquifers completely sat isfy  this  assumption.  
In many ins tances  the exis tence of boundaries serves  t o  limit the 
continuity of the aquifer,  i n  one of more directions,  to d i s tances  rang- 
ing from a few hundred feet  t o  a s  much a s  tens  of miles. Thus when a n  



aquifer i s  recognized a s  having finite dimensions, direct  ana lys i s  
of the t e s t  data by the equations previously given i s  often precluded. 
I t  i s  often possible ,  however, to circumvent the analytical  difficul- 
t i es  posed by the aquifer boundary, The method of images,  widely 
used  in  the  theory of heat  conduction in so l ids ,  provides a conven- 
i en t  t ~ o B  for the solution of boundary probEema in ground-water flow. 
Imaginary wells  or streams, usually referred to  a s  images ,  c an  some- 
times be used a t  strategic Poca tions to  duglica te hydraulically the 
effects  on the flow regime caused by the known physical  boundary. 
Use of the image thus i s  equivalent to  removing a physical  ent i ty  
and subslituting a hydraulic ent i ty ,  The finite flow system i s  there- 
by transformed by substitution into  one involving an aquifer of in- 
finite areal  extent ,  in  which several  real  and imaginary wells  or 
streams can  be studied by means of the formulas already given. 
Such substi tution often resul ts  in simplifying the problem of ana- 
l y s i s  to one of adding effects of imaginary and real  hydraulic 
systems i n  a n  infinite aquifer, 

An aquifer boundary formed by an impermeable barrier, such 
a s  a tight fault or the impermeable wall  of a buried stream valley 
that  cu t s  off or prevents ground-water flow, i s  sometimes termed 
a ' hega t ive  boundary" . Use of th i s  term i s  discouraged, however, 
i n  favor of the more meaningful and descriptive term "impermeable 
barrier" ". A l ine a t  or along which the water levels  i n  the aquifer 
are controlled by a surface body of water such a s  a stream, or by 
a n  adjacent segment of aquifer having a comparatively large trans- 
mis sibill ty or water-s torage capaci ty ,  i s  sometimes termed a 
"posit ive boundary'" Again, however, u se  of the term i s  discour- 
aged in  favor of the more precise terms " Ilne source" or " l ine 
sink" , a s  may be appropriate, 

Although most geologic boundaries do not occur a s  abrupt  
discontinuit ies,  i t  i s  often possible to treat  them a s  such,  When 
conditions permit this practical  idealization,  i t  i s  convenient 
for the purpose of ana lys i s  to  substi tute a hypothetical image 
system for the boundary conditions of the real  system. 

In this sec t ion ,  where the analysis  of pumping-test data i s  
considered,  several examples are given of image systems re- 

quired to duplicate,  hydraulical.Iy, the boundaries of cer ta in  types 
of areally restr icted aquifers .  It should be apparent that  similar 
methods can  be used to analyze flow to streams or drains through 
areally limited aquifers, 

An idealized section through a discharging well i n  a n  aquifer 
bounded on one s ide  by a n  impermeable barrier i s  shown in  Figure 7 .  
I t  i s  a s  sumed that the irregularly sloping boundary can ,  for practi- 
c a l  purposes,  be  replaced by a vertica8 boundary, occupying the 
position shown by the vertical dashed l ine ,  without sensibly 
changing the nature of the  problem. The hydraulic condition imposed 
by the vert ical  boundary i s  that there can be no ground-water flow 
across  i t ,  for the impermeable material cannot contribute water to 



the pumped wel l .  The image sys tem that  s a t i s f i e s  th is  condit ion 
and permits a solution of the rea l  problem b y  the Theis equation 
is shown in  Figure 7c .  An imaginary discharging wel l  h a s  been 
placed a t  the same d i s tance  a s  the rea l  we l l  from the boundary 
but on the opposite s i d e ,  and  both wel l s  a re  on a common l ine  
perpendicular to  the boundary, At the boundary the  drawdown 
produced by the image wel l  is equal  t o  the drawdown caused  by  
the rea l  wel l .  Evidently, therefore,  the drawdown cones  for 
the r e a l  and the image wel l s  wil l  be  symmetrical and wil l  pro- 
duce a ground-water divide a t  every  point along the boundary 
l ine .  Because  there can  be no flow ac ro s s  a d ivide ,  the image 
system s a t i s f i e s  the  boundary condition of the rea l  problem 
and ana lys i  s is simplified to  consideration of two discharging 
 ells in  a n  infini te aquifer ,  The resul tant  drawdown a t  any  
point on  the cone  of depress ion i n  the rea l  region is the a l -  
gebraic  sum of the drawdowns produced a t  tha t  point by the 
rea l  we l l  and i t s  image,  The resu l t an t  profile of the cone of 
depress ion ,  shown in Figure 7d is flat ter  on the s i de  of the 
well  toward the boundary and s teeper  on the opposite s i de  
away  from the boundary than i t  would be i f  no boundary were 
present .  

An ideal ized sec t ion  through a discharging wel l  i n  a n  aqu f fw  
hydraulical ly controlled by  a perennial  s tream is shown in 
Figure 8 ,  For th inaquifers  the e f fec t s  of ver t ica l  flow compo- 
nen t s  a re  small  a t  relat ively short  d i s tances  from the s t ream,  and 
i f  the  stream s tage is not  lowered by the flow t o  the rea l  we l l  
there is  e s t ab l i shed  the boundary condition that  there s h a l l  b e  
n o  drawdown along the stream posi t ion,  Therefore, for most 
f ield s i tuat ions  i t  c an  be  assumed for pract ica l  purposes that  
the stream is fully penetrating and equivalent  to a l ine  source  
a t  cons tan t  head .  An image sys tem that  s a t i s f i e s  the foregoing 
boundary condit ion,  a s  shown i n  Figure 8b a l lows a solution of 
the rea l  problem through u s e ,  i n  th i s  example,  of the Theis 
nonequilibnum formula. Note i n  Figure 8b that  a n  imaginary 
recharging wel l  h a s  been  placed a t  the same d i s tance  a s  the  
r e a l  well  from the  l ine  source  but on the opposite s ide .  Both 
  ells are s i tuated on a common l ine  perpendicular to  the  l ine  
source .  The imaginary recharge well  operates  simultaneously 
with the  rea l  well  and returns water  to the  aquifer a t  the same 
rate that  i t  is withdrawn by the rea l  we l l .  I t  c an  be s e e n  that  
this image wel l  produces a buildup of head everywhere along 
the position of the l ine  source that  is equa l  to and c a n c e l s  the 
$rawdown caused  by  the rea l  we l l  which s a t i s f i e s  the  boundary 
condition of the problem. The resul tant  drawdown a t  a n y  point 
on the cone of depress ion i n  the rea l  region is the a lgebraic  
sum of the drawdown caused  by the rea l  well  and the buildup 
produced by i t s  image.  The resul tant  profile of the  cone of 
depress ion,  shown in  Figure 8b is flat ter  on the landward s i de  of 
the wel l  and  s teeper  on the riverward s i d e ,  a s  compared with 
the shape i t  would have i f  no  boundary were present .  " 
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Figure 7. Diagrammatic representation of the image well theory as  applied 
t o  a barr ier  boundary. (Walton, 1962, Fig. 9) 
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Figure 8. Diagrammatic representation of the image well theory as applied 
to a recharge boundary. (Walton, 1962, Fig. 11) 



The irregular boundaries of the three a r t e s ian  zones  (Fig. 9) c a n  be  general-  
i zed  a s  three s t ra ight  l i n e s  in teresect ing a t  r ight  a n g l e s ,  a n  image wel l  array 
that  is d i s c u s s e d  by Ferris and others (1962, p,  156-l59). Preliminary s tud ies  
of th i s  aquifer  madel showed that  Bittlle error is introduced b y  utilizing only 
one wel l  tha t  is equidis tant  from the north and  south boundar ies ,  rather than 
using severa l  wel ls  a t  the ac tua l  loca t ions  s f  r ea l  we l l s .  Using the single 
cent ra l  wel l  grea t ly  reduces  the number of image w e l l s  n e c e s s a r y  and thus 
great ly  reduces  the  number of ca lcula t ions  n e c e s s a r y  for e a c h  solut ion of the  
model. 

Figure 9 shows the models for  the three a r t e s i a n  z o n e s ,  Dimensions of 
the models are shown on Table 3 ,  The image welB arrays  in a11 three models 
continue outward to infini ty,  The number of we l l s  tha t  wil l  a f fec t  the cent ra l  
well depends  on va lues  se lec ted  for the length s f  time of pumping, coeff ic ient  
of s torage ,  and  coefficient  of t ransmissibi l i ty i n  the model under study.  In 
some of our model aquifer  s t u d i e s ,  severa l  hundred image w e l l s  were needed be- 
fore the ef fec t  of addi t ional  we l l s  became small  enogh to  be neglected.  

Table 3 ,  Dimensions of the models of the ar tes ian  z o n e s ,  Moscow b a s i n ,  Idaho 

Artesian 
Zone 

Di s t ance  from 
Width N-S Central  Well  t o  Spacing Between 
f t ,  - Eastern Boundary f t .  Imaqe Wel ls  ft. 

Middle B2,000 10,000 12,000 

Lower 7 ,500  6 ,300 7 ,500 

The speci f ic  capac i ty  of a wel l  is the number of gal lons  pumped per minute,  
per foot of drawdown. Specif ic  capac i ty  is not  a cons tan t  for a n  individual  we l l ,  
bu t  t ends  t o  d e c r e a s e  with inc rease  i n  d ischarge  owing to  increased friction and 
turbulence i n  the wel l  and pump ("wel l  l o s s " )  . Specif ic  capac i ty  a l s o  d e c r e a s e s  
i f  the cone of influence of the wel l  migrates outward far enough to  reach one or  
more barrier boundaries.  Decrease in speci f ic  capac i ty  because  of barrier bound- 
ary  effect c a n  be detec ted  only i f  the  well is  pumped a t  a cons tan t  r a te .  

Speci f ic  capac i ty  may inc rease  with time of pumping. Genera l ly ,  th i s  hap- 
pens  during the production t e s t  immediately following the drilling of the we l l  
and ind ica tes  tha t  the wel l  w a s  not  ful ly developed prior to the t e s t .  This ef- 
fect is most  common in  screened or perforated we l l s  in  unconsolidated sediments .  

ficiad Aquifers 

Water  Table 

Ross (1965,  pl.  5) h a s  published a map of the  water  table i n  the surficial  



aquifers of Moscow basin.  With minor exceptions that are  of no importance 
here,  the map shows the usual  " subdued reflection" of the  surface topography. 

Aquifer Constants 

Ross (1965, p ,  42-48) d i scussed  the resul ts  of a pumping t e s t  on well 
39N-5W-9bc2, a dug, water-table web1 i n  surficial sediments,  probably 
alluvium, The resul ts  of the tes t  are: 

Coefficient of Transmissibility ('"'9 = 1-2 x 103 gal/da y/ft. 

Coefficient of Storage (" S") = 9,O x 1 0 ' ~  

The T is rather low, but probably is typical of the fine -grained surficial sedi- 
ments. The S i s  i n  the lower part of the range of values that is typical of 
water-table wel ls   e err is and others,  1962, p .  78). 

We ran a pumping t e s t  of well 40N-5W-29aal with well 29aa2 a s  an ob- 
servation well .  The wells are  i n  the exposed crystall ine basement. We11 
29aa2 is a project ~ b s e r v a  tion well  on which a recording gage operated for 
about ten months. The recording gage record showed no evidence of water 
level  changes in response to changes in  barometric pressure.  Therefore, 
29aa2 probably is a water-table well. The long-term hydrograph from the 
recording gage record on well  29aa2 is shown i n  Figure 14. During the t e s t ,  
the presence of several  barrier boundaries became evident when sharp inflec- 
tions showed up in  the time-drawdown plots of the data,  These barriers pro- 
bably are  the ends  of fracture zones from which the water was  derived. The 
resul ts  of the t e s t  (prior t o  barriers coming into effect) are: 

Coefficient of Transmissibility (" T'" = 7 7.0 x lo3  gal/day/ft. 

Coefficient of Storage ("SW) = 2.0 x 10-4 

The effect of the barrier boundaries was to  reduce the apparent T to  about 
2.0 x 103 or 3,O x 103 gal/day/ft. Such reductions a re  to be expected a s  
various fractures are  depleted of water. The S i s  unusually low for a water- 
table we 11. 

Hydraulic Properties of the Artesian Aquifers 

Piezometric Surfaces 

We cannot map the piezometric surfaces of the middle and  lower ar tes ian 
zones because too few wel,ls reach them, however, numerous wells penetrate 
the upper ar tes ian zone.  

Maps of the piezometric surface to the upper ar tes ian zone have been pub- 
lis hed by several  workers. Laney, Kirkham and Piper (1923) show a simple 
pattern, open t o  the  wes t ,  which is based on water l eve ls  i n  about 20 wel ls  . 
Their original data were not published. Ross (1965, pl. 8) shows a somewhat 
more complex pattern, based on about 17 wel l s ,  A later version based  on about 
40 wel ls  i s  reproduced, i n  a simplified version,  a s  Figure 10 (Jones ,  Ross, 
and Williams, 1968, p .  280) . Basic data to support the  interpretation a re  i n  
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Figure 10. Piezometric surface  of  t h e  upper a r t e s i a n  zone, Moscow basin,  
Idaho, a s  of 1966. 
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Ross (1965, Table XV) or a re  on file with the Idaho Bureau of Mines  a n d  
G eo l sgy  . 

Figure 10 presen t s  our Interpretation tha t ,  a s  of 1966, the  piezornetric sur- 
face  of the upper a ~ - t e s i a n  zone is dominated by two c o n e s  of depress ion.  
The smaT~ler c o n e ,  i n  the  sub-basin to the sou theas t ,  is the resu l t  of heavy 
pumping of ia'lrigati~~n. w e l l s  and one indust r ia l  we l l  (Parker farm, Elks 
Golf Course ,  and Bennett Lumber Products we l l s ) .  

The larger cone ,  in the main b a s i n ,  is shown a s  c losed  and i s  interpre- 
ted  a s  a res idual  cone  of depress ion dating from the period of heavy pumping 
of the upper a r t e s ian  zone by the Ci ty  and the  Universi ty.  

Chang-Eu (1967, Fig,  30) presents  a different interpretat ion of the piezo- 
metric surface  of the upper a r t e s ian  zone (h is  "upper b a s a l t  aquifer") tha t  is 
b a s e d  on water  l e v e l s  i n  abou t  50 wells--many of which must  b e  the same 
wel l s  a s  we u s e d  in our interpretat ion.  Chang-Lu shows the piezometric 
surface  a s  open to  the  w e s t  and d i s c u s s e s  the  control  of the shape  of the 
surface  by the shape  of a buried channel  a t  the b a s e  of the  ' k p p e r  b a s a l t  
squifer" ( loe ,  c i t ,  , p ,  70-75) . Unfortunately, Chang-Eu did not publish h i s  
ba sirs data;  therefore,  w e  are unable t o  determine why h i s  interpretat ion 
differs  from ours .  In our opinion,  examination of h i s  map s u g g e s t s  t h a t ,  i f  
he  had continued h i s  2460 ,  2480 ,  and 2500 foot contours ,  they would have 
c l o s e d  a t  abou t  the  same genera l  area tha t  we c l o s e  ours .  

In both our map and Chang-Lu9 map,  the a p e x  of the cone of depress ion 
is considerably to  the  north of the  former cen te r  of pumpage. Chang-Eu re- 
l a t e s  th i s  posi t ion t~ t h e  buried channel ,  

When the  upper a r t e s ian  aquifer w a s  f i rs t  developed in  the 1 8 9 0 9  , w e l l s  
flowed i n  the  v ic in i ty  of the  Moscow pumping plant .  Therefore, the  e leva-  
tion of the p i e z ~ m e t r i c  surface origina9ly w a s  a t  l e a s t  2620 feet i n  t h e  cen t ra l  
part  of the bas in .  We have no other data on which to const ruct  a pre-develop- 
ment piezometric map and therefore have no  idea what  the influence of the 
buried channel  may have been on the  pre-31890 piezometric surface .  The dis-  
placement of the a p e x  of the  1966 cone  of depress ion north of the center  of 
pumpage s u g g e s t s  t h a t  the buried channel! may exer t  a n  influence on the 1966 
surface--if s o ,  then i t  probably a l s o  influenced the  pre-9890 surface .  Our 
concBusion is tha t  the  1966 residual! cone s f  depress ion is superimposed on a 
trough control led by the busied val!ley, 

Moscow b a s i n  a r t e s i a n  aquifers  are  smal l  and  barrier boundary e f fec t s  
should b e  expec ted  t o  show up during constant-rate periods in pumping t e s t s ,  
i f  the r a t e s  of expansion of c a n e s  of inf luence  are  large .  Data on the ra te  of 
expansion of the cone  of influence are avai lable  for the lower a r t e s ian  zone .  
During the t e s t  of March 31, 1965, pumping of C i ty  Well 6 c a u s e d  drawdown 
to begin i n  Ci ty  Wel l  8 ,  6 ,000 fee t  away ,  i n  less than 2 minutes ,  Rapidity 
of r a te  of expansion of the cone of influence of Ci ty  Wel l  6 is confirmed from 
recording instrument records ,  A recording water-level  gage  w a s  operated on 
Ci ty  8 from March 15 t o  April 19, 1965 while a recording voltmeter w a s  opera- 
ted on the pump controls  for  Ci ty  Wel l  6 ,  A hydrograph of th i s  period w a s  
published by  Sokol (1966, Fig,  15). Although the  records are not  a s  precise  



a s  those  of the pumping t e s t ,  they do indicate a time of transmission of cone 
of influence of 5 minutes or l e s s .  

In the  model of the lower a r tes ian  zone,  (Fig. 9 ) ,  City Well  6 is 2,000 fee t  
from the north barrier boundary, 2 ,500 feet  from the e a s t  barrier boundary, and 
5 ,000 fee t  from the south barrier boundary. City Well  8 is 7,500 feet  from both 
the  north and  south barrier boundaries and 8 ,500  feet  from the  e a s t  barrier 
boundary. If the cone of influence of a wel l  in  the lower ar tes ian zone can  mig- 
ra te  6,000 f ee t  i n  l e s s  than 2 minutes, the cone will  r each  a l l  three barrier 
boundaries within a very few minutes for any well i n  the lower a r tes ian  zone. 

When the rate of expansion of the cone of influence in  a n  aquifer is known, 
the time after  pumping begins  a t  which image wel l s  wil l  influence water l eve l s  in 
a n  observation wel l  c a n  be  predicted by the Law of Times (Walton, 1962, p.  16): 

tl = time af ter  pumping begins  for cone of influence t o  migrate from pumping 
well  t o  observation well; in  minutes. 

r1 = dis tance from pumping well t o  observation wel l ,  i n  feet .  

tn  = time after  pumping begins  for cone of influence of a pumping image well 
t o  arrive a t  observation well; i n  minutes,  

rn = dis tance from a pumping image well  to  observation wel l ,  i n  feet .  

Using the data of the March 31, 1965, pumping t e s t  in the model of the lower 
ar tes ian zone,  the  t imes af ter  pumping begins for the cones  of influence of 
image wel l s  t o  arrive a t  the centra l  wel l  are: 

Cumulative Number Cumulative Number 
Minutes of Wells  Minutes of Wel ls  

These data apply to a pumping ra te  of 900 gpm, but serve t o  give a n  idea of 
the  t imes of arrival  of image wel l  ef fects  for other pumping ra tes .  The amount 
of drawdown caused  by e a c h  image wel l  a t  any  given time is  a function of 
pumping ra te ,  coefficient of t ransmiss ibi l i ty ,  and  coefficient  of storage.  Com- 
putations of effects  are  not particularly useful  i n  the  absence  of data on the 



aquifer constants .  However, the data do indicate that  water l eve l s  in wells  
i n  the lower ar tes ian zone are under the influe.m.ce s f  barrier boundary effects 
within a few minutes of the beyf nning of pumping and that  the number of 
image wel l s  affecting the water levels  increases  a t  a greater rate in  the 
earl ier  part of the pumping cyclp--withiin the  fjsst 4 t,c~ 5 hours after  pumping 
begins ,  Because the image walls In t h e  rt,od8sP extend to infinity, image 
well  effects  should continue ts Incl'ea s e  a s  long a s  the well  i s  pumped con- 
tinuous8y0 

The middle and  uppei ar tes ian z ~ j n e s  are laager than the Power ar tes ian zone. 
No data on rate of spread of cone of influence a re  available for the middle arte- 
s ian  eone,  but the pesfo~~mance of University Well 3 suggests  rapid spread,  

In the upper ar tes ian zone,  very l i t t le  evidence of interference from other 
wel ls  is present i n  the records of a recording water-level gage that was  oper- 
a ted  on University Well  2 between June 2 5  and July 14, 1964 (Sokol, 1966, 
Fig, 3) , E i t h e ~  ra tes  of expansion of cones  of influence i n  the upper artesian 
zone are much slower than those s f  the lowen al tes ian zone,  or the aquifer 
supplying University Well 2 i s  pcmnlly connected with the aquifers supplying 
the other wel ls  i n  tiale upper ar tes ian zc>r;e. 

However, i t  i s  possible that  the sa tes  s f  expansion of cones  of influence 
i n  the middle and upper artesian z snes  are a s  great  a s  that of the lower artesian 
z sne .  The data for the Bower a i tes ian zone are  regarded a s  the upper limit of 
the range of prabablle values  far the rate of expanslon of cones of influence in 
the middle and upper ar tes ian z m z J s ,  

Sources of c i f icSapaci ty  Data, 

Data on production pumping t e s t s  arid on daily operation of wells in Moscow 
basin a re  on file in  the offices of the Moscow City Engineer and of the Physical  
Plant Division of the Univers$?.y of Idaho, Data on specific capacity are analy- 
zed  below for 8 wells;  5 a re  in the uppei- ar tes ian zone,  1 i s  in the middle arte- 
sian z sne  and 2 are in  the lower artesian zone,  Most of the data are  production 
pumping tes ts  En which drawdowns were determined by airl ine and pumping ra tes  
were measured with an orifi,ce gage.  

In most of the t e s t s ,  pumping ra tes  were varied,  Generally,  the t e s t s  be- 
gan a t  rather Bow ra t e s ,  then the rate was  fncsea sed a t  various times. Very few 
of the t e s t s  were a t  constant rate in the early part of the t e s t  when barrier bound- 
ary effects should have been lea s t  pronounced, Ilowever, the earl ie s t  reported 
values  of specific capac i t i es  give the b e s t  available indications of the idea l  
performance of the aquifer under minimum barrier boclndary effect ,  

Barrier boundary effects  were not appalent i n  production pumping t e s t s  in the 
upper and middle ar tes ian zofies, Barrier boundary effects are present i n  one 
well i n  the Power an tes ian zone and may be present in the other, 



S p e c i f i c i n  the  Upper Artesian Zone 

Detai led production t e s t  data are  avai lable  for Universi ty Well  2 and Ci ty  
Well  S (at  i t s  original depth of 2 50 fee t ,  gpper a r t es ian  zone).  Part ial  data 
are  ava i l ab le  for a spec ia l  pumping t e s t  in City Well  2 a n d  for the production 
t e s t  of the U ~ i v e r s i t y  of Idaho Parker Farm Well .  Data a re  avai lable  for 
dai ly  operation of Ci ty  Well  3 .  No barrier boundary effects  are evident  i n  
the records of tests of t he se  we l l s ,  Specific capaci ty  dec r ea se s  i n  e ach  
well with inc rease  i n  pumping rare ,  

Universi ty Well  2 obta ins  most of i t s  water  from sands  i n  t he  upper in- 
terbed,  During the  pumping test of February 24-25, 1951, the  wel l  w a s  pumped 
a t  42 0 gpm. for the  f i rs t  half hour with a drawdown of less than 1 foot. We11 
l o s s  must have been  very low a t  this pumping rate;  the speci f ic  capac i ty  should  
b e  a very good indication of the  idea l  performance of the aquifer ,  In la ter  
par ts  of the t e s t ,  pumping ra tes  were increased,,  drawdowns were larger ,  a n d  
speci f ic  capaci ty  declined t h r o u g h ~ u t  the t e s t ,  However, a t  t he  end  of the 
t e s t ,  the well  was  found t o  have ca l l apsed  and filled in  to 114 f ee t  above the  
original  we l l  bottom. The decrease  in  speci f ic  capac i ty  during the test could 
have been related t o  the wel l  col lapse  and should  not be used  t o  deduce any 
propert ies of the  a q u i f e ~ ,  

Ci ty  WeEB 6 was  originally dri l led to  a depth of 250 fee t  and w a s  t es ted  
on January 3-4, 1956, The ea r l i e s t  reported speci f ic  capac i ty  w a s  18.8 gal/ft 
af ter  30 minutes of pumping 300 gpm. Pumping r a t e s  were increased i n  s t e p s  
t o  1140 gpm, during the f i r s t  5 hours and  32 minutes of the  test; speci f ic  cap- 
ac i ty  decreased  from 18,8  t o  16 , s  gal/ft ,  From 5 hours and  37 minutes t o  27 
hours ,  the pumping ra te  w a s  fair ly cons tan t  a t  1515 to  1585 gpm. (4-1/2 per- 
c en t  range) , but the speci f ic  capaci ty  increased from 18.0 t o  19.8 ~ri-( f t .  
The inc rease  may have been caused  by develapment of the  wel l .  The log of 
the wel l  ind ica tes  that  the productive zone (229 to 23 3 feet)  is in  ba sa l t .  
This i s  the only wel l  i n  ba sa l t  in  Moscow basin  that  shows an inc rease  i n  
spec i f i c  capaci ty  throughout the production pumping test. 

A spec ia l  pumping t e s t  wa s run on Ci ty  Well1 2 on February 19-2 0 ,  1958. 
The complete record was  i n  the f i l e s  of the Moscow City Engineer i n  the 
spring of 1969, but  w a s  missing i n  June of 1969. Partial data copied from 
the record show a n  ea r l i e s t  reported spec i f i c  capac i ty  of 100 gal/ft a f ter  
10 minutes of pumping 300 gpm. At the e n d  of 1 hour of pumping, speci f ic  
capac i ty  w a s  5 5  gal/ft a t  a pumping ra te  of 550 gpm, A t  8 hours ,  the pump- 
ing ra te  was  1160 gpm. and ,  a t  24 hours,  i t  was  1120 gpm, Specific capa - 
c i t y  a t  the end of 8 hours and  24 hours w a s  58  gal/f t ,  Specific capaci ty  
apparently remained constant  from 8 t o  24 hours of pumping, indicating a n  
absence  of barrier boundary effects  during t h i s  part of the t e s t .  

Detai led records are not  available for the pumping t e s t  of the  University 
of Idaho" Parker Farm well  (15bc111. The log of the wel l  i n  the Universi ty 
Engineer" office s t a t e s  that  drawdown a t  the end  of 24 hours of pumping 
1000 gpm. was  21 feet; the speci f ic  capaci ty  a t  that  time was  47 gal/ft ,  

Daily operation records of Ci ty  Well  3 i n  the files of the Moscow Ci ty  
Engineer 's  office indicate  drawdowns of 8 to  12 fee t  a t  t he  end of normal 
days  of intermittent pumping 1350 gpm, Specific capac i ty  is  placed a t  135 
gaE/ft after  8 hours of pumping. 



dle Artesian Zone 

Universi ty Well  3 w a s  t es ted  September 5-6, 1963, The ea r l i e s t  reported 
speci f ic  capac i ty  is 500 gal/ft  afrer  3 0  minutes of pumping 1000 gpm. A t  t h e  
e n d  of B hour of pumping IOQO gpm, s p ~ c l f l s  capacl ty  w a s  still 500 gal/f t .  

Pumping ra te  w a s  irxcreased a t  about  3 Pi%cbur inW-tala throughout t h e  t e s t ,  
The performance of the well is remarkable; drawdown w a s  only 2 fee t  af ter  
6 i  hours s f  pumping 1000 to 1280 gpm, and only 6 fee t  a t  the e n d  of the  24  
hour test with the Past 3;  hours being a t  a pumping rate of 2185 to 219% gpm. 
Specif ic  capaci ty  a t  the e n d  of 24 hours w a s  365 gal/f t ,  

Apparent initial inc rease  of speci f ic  capacr ty  a f t e r  e a c h  increase  of 
pumping ra te  probably w a s  the resu l t  of u s e  of air l ine to determine water  
l e v e l  measurements.  The air l ine apparently lagged somewhat behind the 
change in  water l e v e l ,  SRsft1y af'er e a c h  inc rease  in pumping r a t e ,  speci -  
fic capac i ty  dec l ined ,  but then remallled constant  for the remainder t o  the  
3-hour cons tan t  ra te  period. Decrease  i n  speci f ic  capac i ty  seems t o  be re- 
l a t e d  only t o  inc rease  i n  disekLarge. Barrier bslundary ef fec t  would be very 
diff icult  to de tec t  i n  a wel l  with such a high speci f ic  capaci ty  when a n  air- 
l ine  is  u s e d  to measure water l eve l s ;  air-lines a r e  accura te  only to  about 1 
foot 0 

C a w  of Wel ls  i n  the Lower ---- Artesi.an Zone 

Ci ty  Well 6 w a s  t e s ted  severa l  times when i t  w a s  deepened to  the lower 
a r t e s ian  zone ,  The f inal  t e s t  w a s  on Aprfh 2 7-2 8 ,  1960. 

The record of the t e s t  does  not  s t a t e  the e x a c t  time tha t  pumping began,  
The f i rs t  use fu l  figures on speci f ic  capaci ty  are 2 9 , 3  gal/ft a t  1532 gpm. 
a n d  4 2 , 5  gal/ft  a t  1660 gpm, From l1:25 p , m ,  on April 27 unti l  10:OO a . m ,  
on April 28 ,  the pumping ra te  w a s  re la t ive ly  cons tan t ,  fluctuating between 1660 
and  1710 gpm, (6 percent) .  During t h i s  period of BO hours and 35 minutes ,  
spec i f i c  capac i ty  dec reased  from 4 2 , 5  ga?/ft a t  the beginning t o  34.6 gal/f t  
a t  the e n d ,  During the next  9 hours of the t e s t ,  the  pumping rate w a s  near ly  
c o n s t a c t  a t  1620 gpm. and  speci f ic  capaci ty  w a s  cons tan t  a t  35.2 gal/ft ,  Be- 
c a u s e  the  d e c r e a s e  i n  speci f ic  capac i ty  to& place  during a constant-rate 
period that  must have been  fairly ear ly  in  the test, it may have been partly 
the  resu l t  of barrier boundary ef fec t .  The long period of constant  speci f ic  
capac i ty  Pater in the t e s t  could have been because  fewer image we l l s  become 
effec t ive  with increa s ing time. 

On March 29-31, 1965, we ran a pumping t e s t  using Ci ty  Well  6 a s  the 
pumping well and Ci ty  Well 8 a s  the  obselrvahon wel l ,  In preparation for the  
t e s t ,  Ci ty  Wel l  6 w a s  not  operated from 7:30 p d m ,  on March 30 unt i l  6:2% a .m.  
on March 31, After the t e s t  began ,  the speci f ic  capac i ty  sf Ci ty  Well  6 w a s  
53 " 5  gal/ft  af ter  8 minutes of pumpdrsg 940 gpm, a n d  5 0 , 5  gal/ft  a f ter  13 
minutes of pumping, the ra te  having reduced to  9BQ gpm. Because the pump w a s  
operated intermit tently i n  Pater par ts  of the test, the  r e s t  of the spec i f i c  
capac i ty  data  are not useful ,  

Ci ty  WeYP 8 w a s  t e s t e d  December 18--12, 1964. The e a r l i e s t  reported 
figure on spec i f i c  capac i ty  is 36 .4  gai/ft af ter  30 minutes of pumping 1090 
gpm, At the end s f  l hour of pumping 1090 gpm, speci f ic  capaci ty  had decreas-  
e d  to  34,B gal/f t ,  The pumping rate of PO90 g p m ,  w a s  maintained for the f i rs t  



7 hours of the tes t .  Specific capacity decreased steadily for the first  43 hours,  
reaching 31.2 gal/ft; during the remaining 23 hours, specific capaci ty  was  
constant.  From 7 t o  13 hours, pumping rate was 13 00 gpm; specif ic  capaci ty  
w a s  essen t ia l ly  constant a t  2 5 , l  gal/ft. Pumping rate was  reduced to  1200 gpm 
from 13 to  17 hours; specific capacity was  essent ia l ly  constant a t  26.1 gal/ft . 
Pumping rate was  reduced to 1093 gpm, from 17 to 21 hours; specif ic  capaci ty  
increased from 29 ,6  gal/ft a t  173 hours to 3B,3 gal/ft a t  183 hours, but then 
remained constant  for the remainder of the period. Pumping rate was  then re- 
duced to 1000 gprn. from 21 to 24 hours; specific capaci ty  increased from 33.3 
gal/ft a t  21 hours and 5 minutes to  34 ,5  gal/ft a t  213 hours, then remained 
constant for the res t  of the t e s t ,  The decrease in  specific capaci ty  during the 
first  4h hours of constant-rate pumping probably is the resu l t  of barrier 
boundary effect .  The increases  i n  specif ic  capacity following some of the re- 
ductions of pumping rate i n  la ter  parts of the t e s t  may a l s o  be the resul t  of 
decreases  in  barrier boundary effects .  

Aquifer Constants  

In the absence  of suitable pump t e s t  da t a ,  the properties of the ar tes ian 
aquifers must be estimated.  Estimates a re  based  on methods of indirect  calcu- 
la tion from the l i terature,  on data reported from similar aquifers e lsewhere,  
and on s tudies  of mathematical models of the Moscow basin aquifers. 

Coefficient of Storaqe 

According to  Ferris and others (1962, p. 76),  the coefficient of storage 
of artesian aquifers generally ranges from 1.0 x 10-3 t o  1.0 x 10-5. Other 
authors report higher values  from basa l t  aquifers f the  Pacific Northwest. P Values for Snake Plain basa l t  range from 1.0 x 10- to 1.0 x 1 0 ' ~  (Walton and 
Steward, 1959; Mundorff, Crosthwaite,  and Kilburn, 1964). However, Snake 
Plains basa l t s  differ from Columbia River basa l t s  i n  that  they originated from 
central eruptions rather than f issure  eruptions and are  characterized by pahoe- 
hoe lavas  and lava tubes that are absent  in the Columbia River basa l t s .  Be- 
cause  primary permeability i s  a function of origin in  volcanic rocks,  Columbia 
River basa l t s  may not have the same sor t  of aquifer character is t ics  a s  Snake 
River basal ts .  

Nevertheless,  high values of coefficient of storage have been re orted 
from Col mbia River basa l t s ,  Eddy (1969) reports values of 1.0 x loQ t o  
1.0 x 10-I for the basa l t s  i n  the central  Columbia Basin Project of Washington. 
According to D .A. Myers (oral communication), U .  S. Geologic 1 Survey per- 3 sonnel working i n  the Columbia River basal t  consider 2 .3  x 10' to be the b e s t  
average value of coefficient of storage. Price (1961) reported a value of 2.0 x 
10-4 for a well  in Columbia River basa l t  near Walla Walla ,  Washington. 

We have no  direct  data on coefficient of storage of Columbia River basa l t  
i n  the Moscow basin artesian aquifers. Our s tudies  of mathematical models 
that are d i scussed  below show that resul ts  that  most c losely match the ac tua l  
performance of the real  aquifers are  obtained when the values  used are: 

Upper artesian zone 2 . 3 ~ 1 0 ' ~  to 3 . 0 x 1 0 - ~  

Middle artesian zone 2 . 3  x 10-3 

Lower ar tes ian zone 1.0 x lo-3 



Although these  values  are high for ar tes ian  aquifers ,  they are i n  the range 
that  ha s  been reported from basa l t  aquifers e l sewhere .  The aquifer models 
assume tha t  no  recharge is taking place;  i f  recharge is actual ly  taking place  
i n  the rea l  aquifer ,  one of the e f fec t s  would be inodel coefficients  of storage 
that  are higher than the real  va lue ,  

Coefficient  of Transm~ssfh i l i ty  

Several  graphs for est imating coefficient  of transl.nissibility from spec i f i c  
capac i ty  are  In the l i terature.  We used  the graph of Walton (1962, p .  12-13) 
because  specif lc c a p a c ~ t i e s  of some Moscow bas in  wel l s  a r e  s o  g rea t  a s  t o  
be off s c a l e  on the  graphs of Myer (& Bentalll, 1963, p. 338-340) and Hurr 
(1966). Data are shown on Table 4 .  Where resu l t s  could b e  checked between 
the several  graphs ,  Walton and Myer corresponded c lose ly  whereas Hurr tend- 
e d  to g ive  values  about 59 percent Bower, The method of HUIT seems to be 
more a p p l c a b i e  t o  water- table aquifers than to a r t es ian  aquifers.  

Because of poss ib le  image-well ef fects  and because  of the common prac- 
t i ce  of increasing pumping rate during production pumping t e s t s  i n  Moscow 
b a s i n ,  we used  t he  ea r l i e s t  r epwted  speci f ic  capac i t i e s  whenever poss ible .  
We could not avoid using several  1-hour figures a s  well a s  a n  8-hour and a 
24-hour figure. Mos t  of the data probably a re  influenced by barrier boundary 
e f fec t  and  well  l o s s  and should be  regarded a s  minimum va lues ,  The data 
indicate  a considerable range of values--a relat ion that  is cornmon in  b a s a l t  
aquifers.  

The value of 2.0 x gal/day/ft for University Well  2 is considered a 
very good figure because  of the  low pumping rate (and low well  loss )  and be-  
c ause  of its early time in  the t e s t ,  The 24-hsur speci f ic  capaci ty  of 47 gal/ 
f t  for the Parker Farm we19 does  not differ much from the 24-hour speci f ic  
capaci ty  of 58 gal/ft for City We11 2 .  

The effect  of full penetration of Moscow bas in  aquifers is shown by the 
difference between the data for Ci ty  Wel l  6 a t  968 feet  and a t  1305 fee t .  
At their f inal  dep ths ,  Ci ty  Well 6 is nearly fully penetrating and City Well 
8 does  penetrate fully; speci f ic  capac i t i e s  and  tsansmissibil i t ies of the two 
we l l s  a r e  very similar. 

A wide range of values  of coefficient  of transmissibil i ty ha s  been reported 
from basa l t  aquifers e lsewhere  Typical upper values  for Snake Plain b a s a l t  5 range from E, 0 x l o 4  to 1 , Q  x 10 gaP/day/'ft (Walton and Steward, 1959 ; Mun- 
dorff , C r s s  thwai te ,  and Kilburn, 1 964'1 . Upper values  for Columbia River 
basa l r s  a r e  l e s s  well  known, Data on permeabrlities from Eddy (1969), when 
recalcula ted a s  t ransmiss ibi l i t ies  for condit ions similar t o  Moscow b a s i n ,  
indicate  a value of L O O  x i o 4  ga'l,iday/ft, a figure tha t  seems small  for Moscow 
bas in .  Foxworthy and Bryant (1967) report a coefficient  of transmissibil i ty of 
3 , 2  x lo5 gaI/day,/ft a s  determined by recovery methods for a we l l  in  Columbia 
River ba sa l t  near Tke DaliPes, Oregon, Specific capaci ty  of the well  indicated 
a value of Y , O  x lo-" ga9,/day/Jft, Price (1961) reported a coefficient  of transmissi-  
bi l i ty of 3.7-4. fl x PO5 gal/day/'ft and a coefficient  of storage of 2,O x 10-4 for 
a wel l  i n  Columbia River basa l t  near WalPa WaYla, Washington. 

In our s tud ies  of mathematical models of Moscow bas in  aquifers that  a re  
d i s cus sed  below, coefficients  of transmissibiEPty that  produced r e su l t s  that  
are  c l o s e s t  to the ac tua l  performances of the rea l  aquifers are: 



Upper ar tesran zsrie 

Middle a r t es ian  zone 

Lower a r tes ian  zoce 4,0 x 10' gal/day/ft 

These va lue s  ape a l l  very l a rge i  bur are within the upper range of indicated 
va lues  from spec i f i c  capaci ty  for t h e  and middle a r t es ian  zones .  The 
value for the  lower a r t es ian  zorie i s  znuck higher than the speci f ic  capaci ty  
value  a n d  is higher than any  value  we 5ave  s e e n  reported i n  the l i terature 
for b a s a l t ,  The model aquifers assume that  no recharge t akes  place;  the 
e f fec t  of a c tua l  recharge to the  seal  aquifer would show up  a s  va lues  of 
model aqui.fer c o ~ s t a i ~ t s  that  a re  hl.gher rhan the real  value .  

Table 9, Coeff ic ients  of TransmEssfbiTbty Estimated from Specific Capac i t i e s  
of WeIEs , Upper Arteslan Zor~e , Moscow Basin ,  Idaho 

Well  

Time Since Specific . Coeff ic ient  of 
Pumping Began Capac i ty -  Transmissibil i ty 
Hours Minutes  gal/ft  - - gal/da y/f t 

Universi ty 2 0 15 
Parker Farm 24 0 
City  2 0 i 0 
City  3 8 0 9 
City  6 - l /  I 0 

Universi ty 3 1 0 500 1.0 x lo6  

Lower a r tes ian  zone-  

Ci ty  6 2_/ 0 B 0 
City 6 3/ 0 18 
City  8 1 0 

1 j Original we l l ,  2 50 fee t  deep ,  - 
3' After deepening to  968 f ee t ,  
7 J  
21 Final depth t.3 1305 fee t ,  

Relations o f  % o e f f i c & n r o ~ T r a n ~ ~ C o o e f f i c i e n t  of Storaqe i n  the Lower 
Artesian Aquifer 

The exgans ian  of the  cons  of inf luence of Ci ty  Well  6 through 6000 fee t  to 
City Well  8 i n  l e s s  than 2 minutes c an  be placed in to  a s e t  of curves prepared by 
Theis (1952'9. The grpoh shows that  expansion a t  th i s  rate wil l  take place  when the  
rat io S/T = 2 . 5  x . Unfortunarely, the data from the t e s t  do not permit t he  u s e  
of the graph to deten~nine S and  T directly.  



However,  the applicabil i ty of various values  of S and T can b e  checked by 
substi tut ion in to  the rat io.  Substitution of the  "normal" range of coefficient  
of storage for a r t es ian  aquifers resu l t s  in: 

S T 

Substitution of the  range of va lue s  of coefficient  of storage reported for Columbia 
River b a s a l t s  r esu l t s  in: 

Substitution of the  coefficient  of transmi s sibi l i ty es t imated from specif ic  capaci ty  
r e su l t s  in: 

Substitution of some of the coeff ic ients  of transmissibil i ty reported from Columbia 
River and Snake River ba sa l t s  r esu l t s  in: 

The va lues  S = 1.0  x and T = 4 .0  x lo7 appear  in two of these  computations,  
and  are  the va lues  tha t  produced resu l t s  in the  model aquifers that  most  c lose ly  
matched the a c t u a l  performance of the rea l  lower a r t es ian  zone.  These values  
seem to f i t  the lower a r t es ian  zone very we l l ,  but  only under the  condition tha t  
no  recharge t akes  p lace .  The value of coefficient  of transmissibil i ty is higher 
than any we have seen reported in  the l i terature.  



MATHEMATICAL MODEL AQUIFER STUDIES 

We designed mathematical models of the  a r t e s ian  aquifers  of Moscow b a s i n  
for t h e  purposes  of: 

1, Testing t h e  hypo tnrs i s  that  recharge t o  Moscow bas in  is  very smal l  
(Crosby and Cha t t e r s ,  196.5) . 

2 . Predictirrg the  depths to  water  i n  the year 2 000 assuming tha t  the aquifers  
would continue to  perform i n  t h e  future a s  they did i n  the p a s t .  

3 .  Predicting t h e  s e a s o n a l  inc rease  i n  water  l e v e l s  of the  upper a r t e s ian  zone 
under ar t i f ic ia l  recharge.  

Factors involved in ma thema t i c a l  model aquifer  s tud ies  inc lude s i z e  and s h a p e  
of aquifer ,  r e c h a r g ~  , discharge ,  t ime,  changes  i n  water  l e v e l ,  and the  aquifer  
c o n s t a n t s  (coefficient  of t ransmiss ib i l i ty  and  coeff ic ient  of s torage) .  Commonly, 
model s tud ies  are  used  t o  predict  future water  l e v e l  t r ends  i n  aquifers  of known 
s i z e  and  shape  when recharge ,  d ischarge ,  a n d  aquifer  c o n s t a n t s  a re  known or c a n  
be  es t imated re l iably .  In Moscow b a s i n ,  s i z e  and shape  of aquifers  are  fair ly 
wel l  known, but  re l iable  data a r e  lacking on recharge and only part ial  data a re  
ava i l ab le  on discharge  and on  aquifer  cons tan t s .  Our approach w a s  t o  pos tula te  
tha t  n o  recharge t a k e s  p lace ,  then t o  assume a range of va lues  of aquifer  cons tan t s  
and  t e s t  the assumed  v a l u e s  in  models that  were pumped a t  the same ra tes  and 
for the  same lengths  of time a s  the  ac tua l  aquifers  were pumped. We assumed  
that  models that  most  c l o s e l y  reproduced the a c t u a l  drawdown of the  rea l  aquifer  
have aquifer  cons tan t s  that  a r e  c l o s e  t o  the va lues  for the  rea l  aquifer .  We then 
u s e d  the bes t - f i t  va lues  of aquifer  cons tan t s  t o  predict  future drawdowns,  t o  est- 
imate water  i n  s to rage ,  and t o  predict  the  e f fec t s  of ar t i f ic ia l  recharge ,  

We chose  t o  s tudy a no-recharge model b e c a u s e  it should g ive  r e s u l t s  tha t  
a r e  reasonably  c l o s e  t o  those of a model tha t  a s s u m e s  recharge which is  smal l  
compared with pumpage. Prevfous inves t igators  have suggested  that  recharge in 
Moscow bas in  is l e s s  than pumpage; Crosby and Cha t t e r s  (1965, p .  16) e s t ima te  
the  recharge t o  b e  only one-tenth of the  1965 pumpage. Therefore, t h e  no-recharge 
model provides information on the  probable performance of the  aquifers  under one 
s e t  of condit ions that  may apply to Moscow bas in .  Model  aquifers  that  a s s u m e  
recharge a r e  much more complex than the no-recharge models; we have not attem- 
pted any s t u d i e s  of models that  include recharge .  

A preliminary report h a s  been published on the  resu l t s  of the no-recharge 
model s tud ies  (Jones  a n d  Ross ,  1969) . The complete s tudy and some revis ions  
of the r e s u l t s  are  given below. A preliminary s tudy a l s o  h a s  been  published on 
the  ar t i f ic ia l  recharge s tud ies  ( Jones ,  Ross ,  and WiEliams, 1968); however,  t h i s  
s tudy w a s  completed prior to  the pumping model s tudy.  New knowledge on the 
aquifer cons tan t s  that  were obtained i n  the pumping model s tudy require tha t  we  
rev i se  our es t ima tes  of buildup of t h e  piezometric surface under ar t i f ic ia l  recharge.  
The rev i s ions  a re  given below. 

Descr ip t ions  of Moscow Ba s in-Model  Aquifers 

The three a r t e s ian  zones  of Moscow b a s i n  were genera l ized i n t o  two-dimen- 
s iona l  models hy  using the contact  of the zone with the  crys ta l l ine  basement  a s 



the aquifer boundary (Fig, 91, Because the production from the upwer artesian 
zone comes largely from the uppzr p;jr&kon of the zone, elevation 2300 feet  i s  
considered the average position of the boundary, Although current production 
from the middle and lower artesian zones does come from the lower part of 
each zone,  we do not yet know enough about the zones to  s ta te  that  only the 
lower parts are productive. Therefore, elevation af the contact  of the middle 
of each of these zones i s  used for rhe average position of the boundary: 1800 
feet  for the middle ar tes ian zone and 1400 feet  for the lower artesian zone. 

The two-dimensional models were further generalized by treating the con- 
tact with the crystall ine basement a s  a barrier boundary and generalizing the 
boundary a s  three straight l ines  intersecting a t  right angles .  This model is 
d iscussed  by Ferris and others (1962, p ,  156-159), The model differs from the 
real  aquifer i n  that the model has  no western boundary. In a later section,  we 
will explain why i t i s  not necessary to study a four boundary model of Moscow 
ba s in .  

To simplify calculat ions ,  a l l  pumpage in the model of each zone was ass igned 
to a single central  well which i s  equidistant from the north and south boundaries. 
Distance of the central  well from the e a s t  boundary depends on the posit ions 
of the real  wells in  each zone. The central  well is about midway between the 
real  well posit ions i n  the upper and lower ar tes ian zones and i s  a t  the actual  
position of the real  well in  the middle ar tes ian zone. The image well  arrays a re  
constructed for the central  well and continue outwards to  infinity. In many cal-  
culations,  image wells a s  much a s  several  million feet from the central  pumped 
we11 were used.  

Preliminary calculations indicated that  l i t t le  error was introduced by using 
a single central  well rather than using several  pumping wells a t  the  actual  posi- 
tions of the real  wel ls .  Use of a single well reduces the number of image wel ls  
and the number of calculations needed, a s  well  a s  the difficult ies of interpreta- 
ting the model. The models used a re  shown i n  Figure 9 ,  

Calculations Used in Model Studies 

We assumed a range of values of model aquifer constants  that  includes co- 
efficients of transmissibility estimated from specific capaci t ies  of Moscow basin 
wel ls  (Tab. 4) and values  of coefficients of transmissibility and coefficient of 
storage tha t  have been reported from ba sa l t  aquifers elsewhere We tes ted the 
values in  model aquifers that  were pumped for the same lengths of time and a t  
the same rates  a s  the rea l  aquifers had been pumped. 

Average annual  pumpage for each aquifer was recalculated a s  continuous 
pumpage, i n  gallons per minute, of the single central  well ,  Length of time of 
the pumping periods was calculated in days , 

Using the modified nonequilibrium equation,  the following were computed 
for the end of each  period of pumping: 

1, Infinite-aquifer drawdown a t  a distance of 1 foot from the pumped well 
(time-dra wdown equation) ; 

2 . Slope of the cone of influence ( Lh s;  distance-drawdown equation) ; 



3 .  Radius of the cone of influence (rO ) . A sample calcula t ion is shown 
i n  Table 5 ,  

Theory of image wel ls  shows that  the ef fects  af barrier boundaries wil l  be 
the equivalent  of the sum of the addit ional  drawdowns caused  by the interfer- 
ence  of every pumping image weill within the d i s t a ~ c e  ro a t  the end of the  
pumping period. The theoretical  drawdown of the centra l  we91 a t  the end of 
the pumping period is the drawdown of the centra l  wel l  i t s e l f ,  computed a s  
though i t  were in a n  infini te aquifer ,  plus the sum of the drawdowns i n  the 
centra l  well  c aused  by i r ter ferense  from the image w e l l s ,  well  l o s s e s  being 
neglected,  

The amount of interference caused  by each  image wel l  was  computed 
from a plot  of depth t o  water-depth t o  the cone of influence--against  log of 
d is tance  from the  centra l  wel l ,  On semilog paper ,  a cone of influence plots  
a s  a straight  l ine that  has  i t s  origin a t  r and h a s  a s lope of /J s per log 
cyc l e .  When posi t ions  of the image wel 9 s with respec t  to  t he  central  well  
a r e  plotted,  the graph shows the drawdown in  e a c h  image well  c aused  by  pump- 
ing of the  centra l  well .  Each, image wel l  h a s  the  same effect  on the centra l  
wel l  a s  the centra l  well  h a s  on each  image well ;  therefore, the drawdown 
caused  i n  the image well  by  the centra l  wel l  is the same a s  the drawdown 
caused  i n  the centra i  well  by the image wel l .  A sample plot is  shown i n  Figure 
11, 

In a l l  three model aquifers ,  image well  drawdowns were calcula ted only 
for the  north half of l ine  B (Fig. 9; the l ine  that  p a s s e s  through the centra l  
wel l ) .  Differences between the effects  of the image wel l s  on l ine  1 and the 
e f f ec t s  of the corresponding wel l s  on lfne 2 (Fig.  9; the  line e a s t  of the e a s t  
barrier boundary) are  s o  smal l  that  they c a n  be  neglected,  e spec ia l ly  for 
we l l s  more than l , 0  x 104 feet  from the centra l  well .  Accordingly, the model 
may be  considered to  cons i s t  of 4 half-Pines of image we l l s ,  a l l  of which 
have the same effect  on the  centra l  wel l ,  plus the prime image wel l  on l ine  2 
d i rect ly  e a s t  of the  centra l  we l l ,  plus the centra l  well  i t s e l f .  Total draw- 
down a t  the end  of t he  pumping period is the sum of the  effect  of the north 
half of i ine  1 multiplied by 4 plus the  drawdowns of the prime image wel l  and  
the centra l  well ,  

Drawdowns of individual image wel ls  were computed only for the wel ls  
within 1,O x 105 fee t  of the centra l  wel l .  Beyond th is  d i s tance ,  differences 
between drawdowns of the individual we l l s  i n  e ach  log cyc l e  of d i s tance  a r e  
smal l .  Computations were shortened by taking the average dra wdown over 
e ach  log cyc le  of d is tance  and multiplying i t  by the number of image wel l s  
in  the log cyc l e ,  Some of the log cyc l e s  conta in  a s  many a s  50 image wel ls ;  
therefore the  procedure saved considerable time. In some computations,  draw- 
downs were computed a s  the  average drawdowns over one-tenth of a log cyc le .  
Image wel l  ef fects  were computed out t o  d i s tance  ro  except  tha t  the  l a s t  part- 
i a l  log cyc l e  commonly was  omitted when the effecr of the  we l l s  i n  t he  interval  
would be  very small .  

l o f  t~puifer Predict Drawdown or Buildup of Real Aquifers 

The equations u sed  in the c a ~ c u l a t i o n s  (Tab. 5) show that ,  in a s e r i e s  of 
model s tud ies  that  u se  the same length of time and the same pumping r a t e ,  the 



time-drawdown of the  centra l  well1 i s  rek ' t ed  to: 

lag .ii T : S 
n b 

and  the d i s tance  t 3  the edge of the cone of influence is related to: 

In our computations,  morE than one s e t  of va lues  s f  T and S produced model 
drawdowns that  matched rea l  aquifer drawdowns during the same pumping period. 
The resu l t s  of the computatilaras probably depend more on the ra t io  T:S than 
they do the ac tua l  va lue s  of T and  S , Assuming that  the aquifer wi l l  continue 
to  perform in  the future a s  i t  h a s  ir, the p a s t ,  any  s e t  of va lues  of T a n d  S that  
produced the  same drawdow:n i n  the rslodell aquifer  a s  i n  the r e a l  aquifer  c a n  be 
used  to predict  f u k r e  drawdowns i n  the rea l  aquifer .  

The va lue s  of aquifer cons tan t s  obtanned from the model s t ud i e s  were u sed  
t o  predict  the water l eve l s  in  the zhree a r tes ian  zones  a t  the year  2000 a t  a 
pumping ra te  that  w ~ ~ l d  meet the anhc ipa t ed  demands.  Total water  i n  usab le  
storage a s  of 11965 w a s  es t imated from model: s t ud i e s  in  which pumping r a t e s  
were inc reased  unti l  the water  Bevels were drawn down to  c r i t i ca l  dep ths .  
Cr i t ica l  depth w a s  defined a s  the deptk a t  which dewatering of the aquifer  is 
about to  begin and was  calcula ted a s  depth t o  the  top of the producing zone 
minus a n  al lowance for well  l o s s ,  interference between wel l s  and intermittent 
pumping of wsl8s. The water  in  storage was  ca lcu la ted  by multiplying the  
pumping rate by  the time necessa ry  to brrng the water  l eve l  down t o  the cri- 
t i c a l  depth .  

Mathematical  models were a l s o  c s e d  t o  predict  the buildup of piezometric 
surface tk-at would r e su l t  from ar t i f ic ia l  recf.asge of the upper a r t e s i an  zone.  
Values of aquifer cocs tan t  s for the  pumping madel s tud ies  of the  upper a r t es ian  
zone that  produced the c l o s e s t  match of rea l  aquifer  drawdown were used  i n  
the  computations a s  well1 a s  other vaHcles of aquifer  cons tan t s  that  include co- 
ef f ic ient  of transmissibil i ty es t imated from spec i f i c  c apac i t i e s  of we l l s  and co- 
ef f ic ients  of s torage se lec ted  from the '"nrrnal" range for a r t es ian  aquifers.  
The models were u sed  to  predict  buildup a t  the  Ci ty  Pumping Plant  a t  the e n d  
of art if icial ly recharging for- 100 days  a t  the  r a t e s  of 1000 and 2000 gal lons  per 
minute, 

Puyping of the Upper Artesian Zone 

The longes t  period of record of pumpage and water  l eve l s  is  for the  upper 
a r t es ian  zone,  In 1948, the Ci ty  of Moscow began to  keep  da i ly  records of water  
pumped and of s t a t i c  and  pumping water  l e v e l s ,  The Universi ty of Idaho began 
to keep similar  records in  1954. k few data  a re  avai lable  prior to 1948. Detail- 
e d  hydrographs of the Ci ty  and Un iq~e r s i t y  we l l s  in the upper a r t es ian  zone a re  
shown i n  Figure 17; the  hydrogrash of a n  observation wel l  (7ddl) is shown in  
Figure 15; a general ized hydrograph of water l eve l s  in  the upper a r t es ian  zone 
i n  the vicinity of the Ci ty  Pumping Plant  is shown in  Figure 12. Data a r e  on 
f i le  with the Idaho Bureau of M ~ n e s  and  Geology.  

In  Figure 12, the generallized, composite hydrograph ha s  been smoothed 
i n to  straight-line segments a n d  plotted aga in s t  the  logarithm of time. The plot 



Dra wdown , fee t  

Prime Image = 0.74 

Image Well 2 = 0.70 

Image Well 4 = 0.53 

Image Well 6 = 0.43 

Image Well 8 = 0.3 6 

Image Well 10 = 0.30 

5 Image Wel l s ,  
average = 0.22 

5 Image Wel l s ,  
average = 0 ,09  



Table 5 ,  Sample Computation for  Mathemat ica l  Model  Aquifer Study,  Moscow Basin ,  Idaho 

The sample  is for the  upper a r t e s i an  zone .  

Computation: 

We11 or 
No. of 
Wel ls  i n  
In terval  

Predicted drawdown, 1949-1960, 2 

6 4 
Using S = 1,O x and T = 1.0 x 10 6 

8 
10 
(5) 
(5) 
(5) 
(5) 
(5) 
(52 
(5) 
(5) 
(5) 

I: S 
(5 0) 
(5 0) 
(5 0) 

Data: 

T = 1.0 x lo6 S = l o o  x lo-2 

t = 4.4 x 10 3 Q = 1060 gpm,  

Time-Drawdown for Centra l  Well: 

= 264x 1060 (log 0.3 x 1.0 x l o 6  x 4,4 x lo3) 
1 , O  x 106 1 x 1.0 x lo-L 

Dis tance-  Drawdown of Image Wells: 

Dis t ance  t o  Edge of C o n e  of Influence:  

Average 
Drawdown 

over  
r In terval  

2 .  ox104 
4,O 
6,O 
8,O 

10,o  
1 .0 -2 .0~105  0,22 
2 .O-3-0 0 .09  
3,O-4.0 
4.0-5.0 
5 . 0 - 6 - 0  
6,O-7,O 
7,O-8.0 
8,O-9,O 
9,O-EO,O 
1.0-2 ,O x106 
2,O-3,0 
3.0-4.0 
4.0-5.0 
5 ,O-6,O 

Draw- 
down 

Total ,  north half l ine  1 3.87 

Tota l ,  four half l i n e s  15.48 

Prime 
Image 1 , 7  x l o 4  0.74 

Cen t ra l  Wel l  3.12 

Total for Model  19.34 
Depth t o  Water  a t  S tar t  23.27 
Depth to Water  a t  End 42 .61 



shows three periods of more-or-less constant  rate of decline of water levels :  
1895-1925, 1925-1949, and 1949-1960, The changes  in  ra te  seem to  be related 
to  major improvements in  the City of Moscow water system,  such a s  the dril- 
ling of City Well 3 i n  the late 1920" sand the irsstallation of large-diameter 
mains i n  the  late l94OPs, It: s l~ou ld  be noted  hat th is  composite drawdown 
is based on water levels i n  several  w~ells that  mertualBy interfere with each 
other ,  

Drawdown data u sed  in  rnsdel! a q ~ i i e s  calculatLons were picked from Figure 
12 and are: 

Drawdown in  Feet  
Time Interval 

p- 

Increnlent Total 

The model aquifer of the upper ar tes ian zone was  studied for each  of the three 
periods. Pumping data for 1949-1968 a re  largely from actual  records; data for 
1925-1949 and 1895-1225 were deduced from indirect evidence,  such a s  s a l e s  
of water. 

Level Data,1895-1960 

Records of annual pumpage for the City of Moscow and the University of 
Idaho for 1955-1969 are shown on Table 6 a ,  Duririg th i s  period, University 
pumpage averaged 38 pertcent of City pumpaye, Records of annual pumpage 
for the City of Moscow for 1348-1954 a re  shown on Table 6b. Pumpage for the 
University of Idaho shown on Table 6b was  computed a t  38 percent of City 
pumpage. Average annual total pumpage for the period 1948-1960 is 552,136,000 
gal lons .  This i s  the equivalent of a s ingle  well  pumping 1060 gallons per min- 
ute  continuousky for one year ,  

Records of s a l e s  of water by the City of Moscow for 1948 through 1957 are  
shown on Table 6a and b,  Records of s a l e s  were furnished by the Moscow City 
Clerk. Computations on the relat ions of s a l e s  to  City pumpage, shown on Table 7a,  
show that for 1948 tnrough 1957, gallons pumped equa ls  s a l e s  in  dollars divided 
by the intermediate water rate of $0.22 per thousand gal lons .  Table 7b shows 
pumpage for 1940 thaough 1947 calculated by dividing annual s a l e s  in dollars by 
the then prevailing intermediate rate of $ 8  . l5  per thousand gal lons ,  Data are not 
available on s a l e s  prior to 1940, The years 1948 through 1945 were selected a s  
base  years for the 1925-1949 perlod, and the average annual pumpage a s  calcu- 
lated from 1940-6945 sa l e s  of water is u s e d  a s  the average annual pumpage of the 
entire period, The pumpage is 310,LIC)4,0dO gal lons ,  which i s  the equivalent of 
a single well pumping 590 gallons pet rnlnute eontinuously for a year,  Water-level 
measurements taken in City Well I and in  the observation well  (7ddl) a t  irregular 
intervals a re  avarjlable over most of the pzriod, 

Prior to  1929, few data are avaj lable ,  Laney and others (1923, p ,  11) compu- 
ted the 1923 pumpage a t  230,003,000 gallons based on 12 times the Ayust, 1923, 
consumption of water by the Ci ty  of Moscow (15 million gal lons ,  including an  
allowance for Beakage). We believe this figure is too large because August con- 



sumption is  a t  a much higher ra te  than the average annual consumption, Dur- 
ing the period 1955-1959, August pumpage for the Ci ty  of Moscow averaged 11; 
percent of average annual pumpage, rather than the 8 percent assumed by  Laney 
a n d  others .  Recalculation using the 113 percent figure ind ica tes  that  the annual  
pumpage of the Ci ty  of Moscow i n  1923 w a s  B30,000,000 gal lons .  Adding the 
1919 pumpage for University af Idaho (Laney and others ,  192 3 ,  p. 11) , the to ta l  
is 152,000,000 ga l lons ,  This is &e equivalent  of a s ingle  well  pumping 290 
gal lons  per minute for one yeas, Only xws water Bevels were reported during 
t h i s  period for Ci ty  Well  1; rhese two l eve l s  were " c lo se  to the surface" in  
1895, and 44 fee t  from the surface i n  1923 (Laney and o thers ,  op,  c i t .  , p .  6) .  

Table 6 ,  Water Pumped from the Upper Artesian Zone,  1948-1960 

a ,  1955-1960; data from flow meters on both City and University wel l s ,  

Pumpage, Millions of Gal lons  
Year Ci ty  Universi ty Tota 1 
1960 334,6  l 5 3 , 8  488.4  
1959 432,2 B78,9 602 , l  
1958 372,O 190,O 562,O 
1957 353.2 191.2 548 ,4  
1956 298 ,7  143,3 442,O 
1955 538,9  1159,8 690,7 

City Sa les  
Dollars G a l s  . / ~ o l .  

b ,  1948-1954; data from flow meters on Ci ty  wel ls  and es t imated for Universi ty 
wel l s  b y  Universi ty Fumpage = 0.38 Ci ty  Pumpage. 

Pumpage, Millions of Gal lons  
Year Ci ty  University Total 
1954 398,6 150,O 548 ,6  
1953 390,5 P47,0 537 , s  
1952 383.5 E45,O 528 ,3  
1951 410.5 155.0 565,O 
1950 436,9  P65.0 620.9 
1949 474,6  179,O 653 ,6  
1948 350,O P32,O 482,O 

Ci ty  Sa les  
Dollars G a l s  . / ~ o l .  
82 ,000  4,580 
83,600 4 ,390 
83,500 4 ,350 
111.,800 3 ,450 
82,800 4,350 
84,000 4 ,350 

Model Aquifer Drawdown, 1896-1960 

We ran two s e t s  of drawdown computations for the  upper ar tes ian zone for the 
period 1896-1960. In the f irst  s e t ,  we t e s t ed  a broad range of various combinations 
of poss ible  values  of T and S to s e e  which ones  resulted in model aquifer  draw- 
downs that  most c lo se ly  approached the  rea l  aquifer drawdowns for each  of the 
three periods of approximately equal  ra te  of water-level decl ine .  In the second 
s e r i e s  of computations,  we held  T cons tan t  a t  one of the values  that  produced 
matching resu l t s  in  the  f i rs t  se r ies  of computations and varied S through small  in- 
tervals until  we obtained a value of model aquifer drawdown tha t  most  c lose ly  
approached the rea l  aquifer drawdown during each of the three pumping periods. 



Figure 12. Generalized comporite water level trends, Upper artesian zone, 1895-1960,  Moscow basin, Idaho. 

Lowest annual water I d s  of City of Moscow pumping plant are plotted againrt IoQarlfhlm of time in yoan. 



Table 7. Water Pumped from the Upper Artesian zone ,  1940- 1947 

a .  Computations for est imating Ci ty  pumpage from City  Sa les  

Average s a l e s  in  dollars,  1948-1957 (From Tab, 6) 

4 ,490 gallons/dollar 
$0,22 dollars/thousand gal lons  

Water Rates 

Cos t  per Thousand 
Gal lons  

$0 ,30  $0 ,20  4 ,000 t o  10,000 gal lons  per month 
0 ,22 0.15 10,000 t o  20,000 gal lons  per month 
0,16 0.12 over 20,000 ga l lons  per month 

Relation of Pumpage t o  Sales  

Pumpage 1948-1957 = Dollars sold  
0.22 

Pumpage 1940-1947 = Dollars sold  
0,15 

b .  Estimated Pumpage; City from Dollars Sold/O. 15; University from 0.3 8 of 
Ci ty  Pumpage 

Ci ty  
Dollars Mill ions 
Sold of ga l s .  
48,67 8 324.5 

University 
Mill ions 
of g a l s .  

122.5 
104,5 
88.2 
87.3 
79 ,8  
88.3 
87.6 
96.2 

Total 
Mill ions 
of qa l s .  
447.0 
381.5 
322.0 
318.7 
2 91.2 
322.3 
320.8 
351.1 



Table 8 .  Results of Studies of Models of Upper Artesian Zone Using Different 
Values of Model Aquifer Constants ,  1896-1960. 

A. First se r ies  of computations: Determining values of model drawdowns for 
each  of the three pumping periods using a range of probable values  of T 
and S o  

1949-1960; actual  increment of drawdown over period, 40 feet; 
cumulative drawdown a t  end of period, 125 feet .  

Drawdown Increment 
Cumulative Drawdown 

- 

1925-1949; actual  imcrement of drawdown over period, 40 feet; cu- 
mulative drawdown a t  end of period, 85 feet .  

Dra wdown Increment 
Cumulative Drawdown 

1896-192 5 '  ac tual  increment of drawdown over period, 45 feet .  

Dra wdown Increment 



Table 8 ,  (continued) 

B . Second se r ies  of computations: Determining va lue  of S t ha t  resu l t s  in  
model drawdowns that  are c lo se s t  t o  ac tua l  drawdown for e ach  period 
when T = 1.0 x 1106 gal/da y/ft, 

1949-1960, ac tua l  increment of drawdown, 40 feet ,  

S Draw down 

2 .4  x 10-3 40,78 

1925-1949, ac tua l  increment s f  drawdown, 40 feet ,  

Drawdown 
36 ,66  

1896-1925, ac tua l  increment of drawdown, 45 feet ,  

S 
4.0 x PO-? 



In t h e  f i r s t  s e r i e s  of computa t ions ,  tne va lues  u s e d  are:  

Goefficien-t of Trans 

1,o x 10 6 Specific enpac i ty  of Universi ty well  2 

4 , 3  x l a 5  Specific capac i ty  of C i t y  wel l  3 

2 , O  lo5 Specziie cepaci ty  of Ci ty  well  2 

Coeff ic ient  of Storage 

Mawfrnum value  reported for Columbia 
Ri.ver BasaBe 

A v e ~ a g e  vaBie reported for Columbia 
River Basal t  

Minnrnum value  reported for Columbia 
River Basal t  

Middle of reported "normal" range for 
a r t e s i a n  aqui fers  

Resul ts  of the f i r s t  s e r i e s  of computatiains al-e shown i n  Figure 13 and Table 8 a .  
Figure 13 shows  tha t  no  one s e t  of va lu2s  of T and S reproduced the  a c t u a l  draw- 
down over the entire  pumping period,  Tabie 8a shows tha t  cer ta in  s e t s  of va lues  
of T and S did reproduce the  ac tua l  drawdown dliring one par t  of the  pumping 
period,  but  t h e s e  same va lues  did not r ep rod j~ce  the  a c t u a l  drawdown in a n y  
other par t  of the  pumping period. 

For the period 1949-1968, r ea l  and modell drawdowns match when T = 1.0 x 
l o 6  gal/day/ft and S = 2 .3  x l o m 3 ;  a match would a l s o  be  obtained for T = 4 .0  x 
105 gal/day/ft i f  S were somewhat less than i , B  x and for T = 2 .0  x l o5  
gal/day/ft i f  S were somewhat grea ter  than I ,  0 x ; however,  1 , O  x 
s e e m s  much t o o  large  a value of S t o  b e  ab le  to  occur  i n  an  a r t e s i an  aquifer .  

For the  period 11925-31949, none of the  va ln les  used  produces an  e x a c t  
match.  Matches  would be obtained for T -? 1.13 x l o 6  gal/day/ft when S is 
s l ight ly  g rea te r  than l , O  x ~ o Y ~ ,  for T = 4 . 3  x l o 5  gal/day/ft when S is  somewhat 
g rea t  than 2 . 3  x B B - ~ ,  and for T = 2 .0 x 19' gal/day/ft when S is somewhat smaller  
than l , 0  x  PO-^, 

For the period 1896-1925, none of the  w$lues u s e d  produced a n  e x a c t  match.  
M a t c h e s  would b e  obta ined for T = I , 0  x 130 gaE/day/'ft when S is s igni f icant ly  
smaller  than  1.0 , for T, = 4,0 x ga!fday/'ft when S is somewhat smal- 
l e r  than l .  0 x 10-2, and for T = 2.0  x 105 gai/da;.,'tt when S is somewhat smal ler  
than 2 , 3  x 10-3, 

The r e s u l t s  of the  f i r s t  s e r i e s  of csmpufa 'rmns show tha t  more than one set 
of combinations of T and S c a n  produce modell drawdown va lues  tha t  match r e a l  
aquifer drawdowns,  and tha t  combinatSons oB T a n d  S t h a t  wi l l  produce matching 



va lues  i n  any  one period wi l l  not produce matching va lues  i n  a n y  other period. 
In genera8, for a n y  one value of T, the valge of S t h a t  will r e su l t  i n  matching 
rea l  and model drawdowns i n c r e a s e s  subs tan t i a l ly  i n  e a c h  s u c c e s s i v e  period,  

In our second  s e r i e s  s f  ca lcu la t ions  we determined more e x a c t l y  the  pro- 
bable  matching v a l u e s  of S when T = l , 0  x gal/day/ft. The r e s u l t s ,  given 
i n  Table 8b,  show a n  i n c r e a s e  i n  value  Q$ S of about  a n  order of magnitude 
s i n c e  1896, 

These c h a n g e s  with time i n  model aquifer  c o n s t a n t s  ind ica te  tha t  some of 
the  assumpt ions  on which the  model aquifer  s tud ies  a r e  b a s e d  may no t  b e  
val id .  Poss ib le  reasons  are:  

1, The aquifer  cons tan t s  of the  rea l  aquifers  have changed with time 
and with pumpage. 

2 .  The rea l  aquifer  h a s  received s igni f icant  amounts of recharge.  

3 ,  Some combination of both of the  above.  Evaluation of t h e s e  r e a s o n s  
is deferred t o  a la ter  sec t ion .  

Because  wa te r  from the public-supply we l l s  in  the upper a r t e s ian  zone con- 
t a i n s  very large  amounts  of i ron,  the S i t y  of Moscow and  the Universi ty of 
Idaho have avoided pumping from the  upper a r t e s i a n  zone s i n c e  1965 e x c e p t  in 
emergencies  o r  during high-demand periods i n  t h e  summer. Severa l  i rr igat ion 
a n d  indust r ia l  we l l s  and numerous domestic we l l s  still u t i l ize  the z o n e ,  b u t  
demands a r e  much smal ler  than they were when the zone supplied most  of t h e  
water  u s e d  in  Moscow b a s i n ,  We d o  not know the  future demands of the  upper 
a r t e s ian  zone; therefore ,  we did not  at tempt t o  compute a year 2000 water  l e v e l  
b a s e d  o n  ant ic ipated  demand. 

We did compute the  water  remaining i n  s torage  a s  of 1965. Using the coef-  
f ic ient  of s torage  from spec i f i c  capac i ty  of Universi ty Well  2 (T = 1.0 x lo6 gal/  
day/ft) and the  bes t - f i t  model value  of S for 1949-1960 (S = 2 , 3  x we 
computed t h a t  the upper a r t e s ian  zone would yield about 262.8 million ga l lons  
a year ,  or 500 gpm, unti l  the  year 2 000 .  At tha t  t ime,  depth  t o  water  would b e  
about  150 f e e t ,  which is about  25 f e e t  above the  top  of t h e  producing zone i n  
Ci ty  Wel ls  2 and 3 ,  and  about  15 fee t  above the c r i t i ca l  depth of 165 fee t .  Total 
water  i n  u s a b l e  s torage  is 35 years t imes 2 62.8 million g a l l o n s ,  or 9.2 bi l l ion 
g a l l o n s ,  This figure is  considerably Bower than the  amount reported ear l ier  
(Jones  and Ross ,  1969, p ,  82) owing t o  a miseake in  the  original  ca lcu la t ions .  

This figure on  the  amount sf water i n  s torage  is b a s e d  on  t h e  assumpt ion 
that  no  recharge t a k e s  p lace  and that  coeff ic ient  of s torage  wi l l  no t  i n c r e a s e  
aga in .  D i s c u s s i ~ n  of t h e s e  assumpt ions  i s  postponed t o  a l a t e r  sec t ion .  

Pumping of the Middle Artesian Zone 

Pumpage a n d  Water Level Data ,  1364-1968 

Since Universi ty Well  3 wen t  i n t o  s e r v i c e ,  da i ly  records  have been  kep t  of 
pumpage a s  shown b y  a recording meter arid of s t a t i c  and  pumping water  l e v e l s  



Figure 13. Comparison of actual drawdown i n  upper artesian zone, Moscow basin,  
Idaho (heavy l i n e ) ,  with drawdowns predicted from model aquifer s tudies .  

6 
a. Model value of Coefficient of Transmissibility (T) = 1 .0  x 10 gal /day/f t .  

Coefficients of Storage (S) as shown. 



Figure  1 3  (cont . )  Comparison of a c t u a l  drawdown i n  upper a r t e s i a n  zone, Moscow b a s i n ,  
Idaho (heavy l i n e ) ,  w i th  drawdowns p red ic t ed  from model a q u i f e r  s t u d i e s .  . . 

5 
b. Magel vqlue  of C o e f f i c i e n t  of T r a n s m i s s i b i l i t y  (T) = 4.0 x 10 g a l / w / f t .  

For S = 1.0 x depth t o  wa te r  i s  374 f e e t  i n  1949 and 667 f e e t  i n  
1960 and cannot b e  shown on t h e  drawing a t  t h e  s c a l e  used. 



Figure 1 3  (cont . )  Comparison of a c t u a l  drawdowns i n  upper a r t e s i a n  zone, Moscow bas in ,  
Idaho (heavy l i n e ) ,  wi th  drawdowns p red ic t ed  from model a q u i f e r  s t u d i e s .  

5 
c. Model va lue  of Coef f i c i en t  of T ransmiss ib i l i t y  (T) = 2.0 x 10 g a l / d a y / f t .  

Computations f o r  S = 1.0  x 10'~ and 1 . 0  x 10-4 were n o t  c a r r i e d  p a s t  1925 
because they obviously would be very much below a c t u a l  drawdowns. 



t aken  by a i r l ine ,  Universvty Well1 3 allso was  a projec t  observat ion  well; a 
recording g a g e  w a s  installled on i t  for a short t ime a n d  periodic tape  measure- 
ments  of s t a t l c  water l e v e l  viere taken after the we l l  went  in to  se rv ice .  The 
de ta i l ed  hydrogsapkk is shown on Flgufe 17; da ta  on water  l e v e l s  arid on pump- 
a g e  a re  on f l ie  wf th the I d a h  Bureau si M i n e s  as:d Geology,  SokoY (1966, p .  
13-19) d i s c u s s e d  sktoit-term water lev-il f luc tuat ions  i n  Universi ty Wel l  3 .  

Model  A q p l r e ~  @ ~ y d o v ~ ~ ~ h @ ~ ~ 3 ~ h  -- 

The rn2deI of *!be middle? a ~ t e f i i a n  zone (Fig. 3') w a s  t e s t e d  for the period 
of r ecord ,  1964-1368. T h e  recqrd of water  Peveh fluctuat ions i n d i c a t e s  a de- 
c l ine  of water levels of 8 feeL for the pel iad 4364-1966 a n d  of 10 f e e t  by 
the end of 1968, Pumpage averaged 164 millian ga l lons  a yea r ,  or 312 ga l lons  
a minute.  

Uslng 1 , O  x ~3~ gai/'day/ft, the value of coeff ic ient  of t ransmiss ib i l i ty  
determined frsm spec i f l c  capac i ty  data and coeff ic ient  of s torage  assumed  to 
be the  middle value (1, 0 x I O - ~ )  of the "normal'  a r t e s i a n  range of Ferris a n d  
o the r s  (1962, y o  7 6 )  tbie 1966 and  1968 predicted water  1e;rels a r e  288 a n d  301 
f e e t ,  muck lovker than the a c t u a l  water  l e v e l s  of 258 and 260 f e e t ,  Predicted 
water  l e v e l s  a re  259 and  261 f e e t ,  a lmosr t he  same  a s  a c t u a l  water  l e v e l s ,  
when the coeff ic ient  of s torage  i s  a ssurned t o  b e  the  reported average  value  
(2 .3  x k3-3; of C o ~ u n b i a  River Basa l t s  . 

Because  of the c I o s e n e s s  of a g r e ~ m e n t  of predic ted  and a c t u a l  water  level  , 
we bel ieve  tha t  the  model va lues  of T .= P. 3 x l o 6  gal/day/ft and S = 2 . 3  x 10- 3 
a r e  a t  l e a s t  i n  the same  ra t io  a s  the ac tuaJ  v a l u e s  of T a n d  S for the r ea l  mid- 
d l e  a r t e s i a n  zone .  Because  the value of T is the same a s  the va lue  derived 
from spec i f i c  c a p a c i t y  for the r ea l  quifer ,  we bel ieve  tha t  t h e s e  f igures a re  very 
c l o s e  to the a c t u a l  v a l u e s  of the rea l  aqui fer ,  The aquifer  h a s  not  been pumped 
long enough for a n y  change i n  coefficien: of s torage  t o  become evident .  

Predic tsd  Drawdown, Y964-2L23- 

The average  pumpage for the Universi ty of Idaho from 1964 t o  2000 probably 
wi l l  b e  about  303 million gal lons  per year ,  o r  abou t  570 ga l lons  per  minute. 

The predrcted year 2000 water  level! i s 305 fee t  in  a model tha t  u s e s  the 
bes t - f i t  v a l u e s  of coeff ic ient  of t ransmiss ib i l i ty  a n d  coeff ic ient  of s torage 
(T = 1.0 x gal/da y,'ft; S = 2 . 3  x In a model t h a t  s e s  the  middle 
o f  the ' normal a r t e s i an"  raggge a s  t h e  va lue  for S (1.0 x 1 0 - 4  the water  l eve l  
is about  470 f ee t  when T = % , O  x 1106 gal/day/ft .  

To a l low fo r  unexpected  inc reased  pumpage from the  middle a r t e s i an  zone ,  
we a l s ~  predicted year  2030 water  l e v e l s  a t  a pumping r a t e  of 1.3 bil l ion gal- 
lons  a yea r ,  or 2500 gpm, The year 2 D0d water  Bevel i s  506 fee t  i n a  model 
tha t  u s e s  the  bes t - f i t  va len~s  of T a n d  S .  

Total water  in  u s a b l e  s torage  w a s  computed for the bes t - f i t  va lues  of T 
a n d  S a t  a pumping s'a,te of 1 , 5 7 6  bil l ion gal lons  a yea r ,  or  3000 gpm. In  the  
year  2020,  the water  level wou1.d be  61E! f ee t  and  i n  2025 648 f e e l ,  Cr i t i ca l  
depth i n  U n i v e ~ s l t y  Wel l  3 i s  630 f e e t ,  Totali water  i n  usab le  s torage w a s  
computed on the  b a s i s  of the 2020 water  Bevel a s  55  years  t imes 1.576 bi l l ion 
ga l lons  per year ,  or 86.7' bi l l ion ga l lons ,  The figure on water  i n  s torage  i s  



based on the assumptions that no recharge takes place and that coefficient of 
storage will not change. These assumptisns will be discussed i n  a later 
section, 

Pumpage and Water Level Data,- 

Since City Wells 6 and 8 went i n t ~  service,  daily records have been kept 
of pumpage a s  s h o r n  by non-recording meters and of s ta t ic  and pumping water 
levels  a s  taken by a i r h e .  In additfow , a few water-level measurements have 
been taken by s tee l  tape or electrlc sounder and a recording water-level gage 
was operated for a short t l q c  on G i ~ y  Wekl 8 ,  The detailed hydrographs of 
City Wells 6 aqd 8 ace s h o r n  OF Fdgu~e I7; data on water-level measurements 
and pumpage are  on file with the Idan3 Bureau sf Mines and Geology, Sokol 
(1966, p ,  23-24) discussed L!e shqrt-term water level fluctuations of City 
Well 8. 

Model Aquifer Drawdown, 1965-1968 

The model of the lower ar tes ian zone (Pig. 9) was tested for the period of 
record, 1965-1968, The water-level f l u e t u a t i ~ n s  in City Well 8 (Fig, 17) indi- 
ca te a declf n s  of about 12 feet  over the period. Data for City Well 8 were used 
in the model because tne real  position s f  City Well 8 is very close to the posi- 
tion of the central  w e 1  of the model. Pumpage from the lower ar tes ian zone 
during 1965-1968 averaged 490 million gallons a year, or 930 gpm, 

When the value of ccefficient of transmlssibilfty obtained from specific 
capac iw (8.0 x a04 gal/day/ft) i s  used in the model, predicted wat, nr levels  
are very much below a e t m l  water B S I I ~ E S  even when coefficient of storage is 
very largeo ~,4&=,n l o o  10-2 (maxinum reported value of S for Columbia River 
basal ts)  i s  ussd ,  tkc predictad 1368 water level  is 3 8 feet  compared to  the 3 actual 1968 water level s f  320  feet, M e n  2 . 3  -x 13- (average reported value 
for S for Columbia River basalts)  is us2d, the predicted 1968 water level i s  
720 fee t ,  We did pot predict the 1968 water level  with the value of S that was 
obtained by u s i ~ g  the specific capacity v a h e  of T in  the ratio S:T = 2 .5 x 10-11 
that was obtained from the pumping t e s t  3 March 29-31, 1965 (see  p. 31). The 
value of S was  very Ilaw, 2 . 5  x B O - ~ ,  and obviously would resul t  in water leve ls  
very far below the actual  level. 

If the s p m i f i c  capacity coefficient s f  transmissibility is ignored, and 
' 

various reasonable values  of coefficient s f  storage for Columbia River ba s a l t s  
are substituted in the ratio S:T = 2,s 10- l~  , very high values of T are obtained. 
However, some of t h e m  are in the range of values reported for Snake Plains 
basa l t ,  When the reported mfnirnl_rm value of S for Columbia River basa l t s  
(1,0 x 10-3) is used,  T f s very high--4,Q x 107 gal/day/ft--but s t i l l  is compati- 
ble with values that hdve been sepppted kom pumping t e s t s  i n  Snake Plains ba- 
sa l t s .  Use of these values i n  tale model aquifer yields a predicted 1968 water 
level of 319 feet, a l m . ~ s t  exactly the same a s  the actual  water level  in  the real  

When the reported average value of S r Co  umb'a River basa l t s  (2 .3 aqui'3rf is  used inthn ratio,  T becomes 9.2 x 10 g a l  day ft. Use of these x 10 ' P f f  
values i n  the model yields a predicted 1968 water Bevel of 313 feet ,  only slight- 
ly higher than the a c  tu3% watzr leve l ,  Whi;in the reported maximum value of S 
Columbia River bcdsalt ( B O O  x lo-2)  is used in the ratio, T becomes 4.0 x lo8 
gal/day/ft--a value thz t is unrea.lj stical" ttfgh; the predicted 19 68 water level 



is only  1 foot below the in i t ia l  1904 water leven. 

We interpret  t h e s e  resu l t s  t o  i n d i c a ~ e  the model v a l u e s  of T = 4,0 x l o 7  
gal/day/ft and S = P, 0 x 10-2 are  a t  least  Sq the same ra t io  a s  the ac tua l  v a l u e s  
of  T and S for the reall iower a r t e s ian  zane  a n d  a re  rea l i s t i c ,  although very large ,  
v a l u e s ,  The speci f ic  capac i ty  value of T is too low; any  computat ions based  
on i t  would produce ~resul rs  less tkan the mfnfmum probable performance of the 
aquifer ,  The other model va lues  of T are too large t o  be r e a l i s i t c ,  although their  
r a t io  to  S mzy be sirnilaa to the  ac tua l  raslo faa the rea l  aquifer .  

The predicted average pumpage for tne Ci ty  of Moscow from 1965 t o  2000 is 
1130 million ga l lons  a year ,  or 2153 gal lons  per minute. We predicted t h e  year 
2000 water  l eve l s  i n  Ci ty  WePE 8 for tne  three most  probable model v a l u e s  of 
coeff ic ient  of s torage  and coefficient of t ransmissibi l i ty:  

Depth t o  
Water ,  ft  

We bel ieve  that  these  are  the probable range of va lues  for drawdown a n d  be- 
l i eve  that  the 391 foot l eve l  is t h e  b e s t  va lue  because  of the c l o s e  agreement of 
1968 predicted and  ac tua l  water l eve l s  when these  aquifer  cons tan t s  were u s e d .  
I t  should b e  noted that  the best-f i t  model va lues  a r e  b a s e d  on pumping t e s t  da ta .  

Total water  i n  u s a b l e  storage w a s  computed with two s e t s  of aquifer  c o n s t a n t s .  
With the  best-f i t  model va lues  (T = 4 , 0  x lo7  gal/day/ft and S = l o o  x 10 -3) , 
pumping the  cent ra l  well of the  model aquifer  a t  the  ra te  of 10,6 bi l l ion ga l lons  
per yea r ,  or 20 ,000 gal lons  per minute (almost  10 t imes  the  ant ic ipated  ra te ) ,  re- 
s u l t s  in a year  2090 predicted water  l eve l  of 1085 f e e t ,  somewhat below the  cri t i -  
c a l  depth of 1020 feet for City We11 8 ,  Wirh the same set of fac to r s ,  the  year  
1990 predicted water Bevel is 928 f e e t ,  nearly BOO f ee t  above the  c r i t i ca l  depth.  
Rather than recalculat ing until  we found t h e  e x a c t  year  a t  which the  water  l eve l  
would b e  a t  t h e  c r i t i ca l  depth,  we decided t o  compute water in usab le  s torage  on 
the  b a s i s  of the  1990 water  l eve l .  The water in usab le  storage i s  25 years  t imes 
10.6 billion g a l l o n s ,  or about  262.8 billion galEons, We consider  th i s  t o  b e  the  
optimum es t lmate  oi water in  usable  stovage i n  the lower ar tes ian  aquifer; the 
figure u t i i i z i e s  pumping-test data for coefficient  of t ransmissibi l i ty.  

We a l s o  es t ima ted  the amount of water  in  s torage  using the speci f ic  capaci ty  
va lue  of coefficient  of t r a n s m i s s i b ~ l i t y  (8.0 x 104 gal/day/ft and  the maximum 
va lue  of coeff ic ient  of s torage fo r  Columbia River b a s a l t  (1,O x We be- 
l i eve  t h a t  t h e s e  resu!ts are  considerably below those  to  b e  expected from the  
lower a r t e s ian  zone ,  bu t  w? a l s o  bel ieve  that  the computations should b e  run 
because  the coeff ic ient  of transmissibihity is  b a s e d  on ac tua l  da ta .  If the lower 
a r t e s ian  zone i s  pumped a t  the average  expected 1965-2000 demand (1.130 billion 
gal lons  a year or 2150 gal lons  per  minute) ,  depth t o  water  would b e  906 f e e t  in  



the year 2300 when T = 8,0 x gal/day/ft and S = 1.0 x This water 
level  i s  over 100 feet  above the cr i t ical  depth of 1020 feet  for City Well 8. 
The amount of water in usable storage in  this model i s  35 years times 1.130 
biliion ga l lons ,  or 39,6 billion gallons--the expected demand by the year 
2000. We believe that these f i g ~ r e s ,  which use  the l e a s t  l ikely da ta ,  should 
be kept in  mind although i t  is urllikely that  they are real is t ic .  Both of these  . 
figures are based on the assklmption that  no recharge takes place and that  co- 
efficient of storage not change. These assumptions will be  discussed in 
a la ter  s e c t i ~ n .  

The model aquifers have the same boundaries on the north, e a s t  and south a s  
the real  aquifers and were pumped for the same lengths of time and a t  the same 
rates  a s  the real  aquifers,  They differ from the real  aquifers in  that the model 
aquifer calculations are based on continuous pumpage for one nearly centrally 
located well  and that the western boundary i s  undefined. In  the real  aquifers,  
pumpage i s  intermittant as,d i s  from several  wel ls  located relatively near to  
each  other; furthermore, some sort  of a we s t em boundary ex i s t s  somewhere. 
Other properties of the model aquifers which may not be the same a s  those of 
the real  aquifers are the absence of recharge and the values of the aquifer con- 
s tan ts .  

The model s tudies  of the upper ar tes ian zone show that more than one s e t  of 
model values  of coefficient of transmissibil i ty and coefficient of storage c a n  pro- 
duce drawdowns that a re  similar to the drawdowns of the real  aquifers.  We have 
assumed that predictions of future drawdowns in  an  aquifer can  be made with any 
s e t  of va lues  that  reproduced real  aquifer drawdown. We chose t o  u s e  values  
that  are compatible with available field evidence.  In the upper and middle arte- 
s ian z ines ,  real  aquifer drawdown was duplicated in  models that  used values  of 
T estimated from specif ic  capaci t ies  of wel l s ,  In the lower artesian zone,  the 
specific capacity value of T did not reproduce real  aquifer drawdown for any 
reasonable value of So  A value of T derived from the r a t e  of spread of the cone 
of depression i n  the lower artesian zone did reproduce real  aquifer drawdown. 

The model aquifer s tudies  of the upper ar tes ian zone showed that  any one 
s e t  of values  of model aquifer constants  that  reproduced real  aquifer drawdown 
during any one of the three periods of equal rate of decline of piezometric sur- 
face would not reproduce real  aquifer drawdown in  any other of the periods.  
These differences c a n  be caused  by a change of aquifer constants  with time, 
or by recharge taking p lace ,  or by both. Absence of a western boundary in the 
model aquifer does  not affect our I~ t e rp re t a t i ons  . 
Changes of Coefficient of Transmissibility with Time 

Commonly, a screened or perforated well  in  unconsolidated sediments may 
chow a small t o  moderate increase in  coefficient of transmissibility during the 
early life of the well .  Pumping of the well  increases  the permeability of the 
aquifer i n  the vicinity of the screen,  resulting in  a n  apparent increase i n  T. 
Apparent T may anso decline i n  the later life of such a well i f  the screen open- 
ings  or perforations become clogged, Some of the wells in the upper ar tes ian 
zone (City Well 3 and  University Well 2) are in unconsolidated sands.  



The data on Table 8 suggest  an  increase  in  T of about  a n  order of magnitude 
i n  60 y e a r s ,  assuming that  S remains cons tan t ,  We know of no reference t o  s u c h  
a large inc rease  i n  T i n  the  l i terature and doubt t h a t  it could happen.  If on  the  
o ther  hand,  we assume that  T h a s  remained cons tan t  a t  the  spec i f i c  capac i ty  
value  of x 106 gal/day/ft, the  best-f i t  va lues  of coefficient  of s torage  on 
Table 8 indicare a n  inc rease  of about  a n  order of magnitude. 

Changes  of&ef gcienh of LO-e 

Theary of glound water  s t o ~ a g e  h a s  been d i s c u s s e d  i n  a s e r i e s  of papers 
by  Jacob (foa a summa! y ,  see Fexrds and o the rs ,  1962, p,  74-91), In a n  arte- 
s ian  aquifer ,  water  i s  stored by rhe compression of water  c a u s e d  by the hydro- 
s t a t i c  head in  the a q u i f e ~  and  by the expansion of the  ske le ta l  framework of the  
aquifer a s  water is forced in to  the  inter s t i c e s  of t h e  framework--again by the  
hydros tahc  head.  The expansion of the aquifer  during a n d  af ter  saturat ion de- 
f l ec t s  the  over?.ying materials  upwards,  i f  both the aquifer  and the overlying 
mater ia ls  a re  suff ic ient ly  e Q a s t i c .  When the  hydros ta t ic  head  is  reduced--as 
by pumping a w e l l ,  for instance--water  wil l  expand and  water  be  wil l  forced 
out  of the  in te r s t i ces  a s  the  s k e l e t a l  framework of the aquifer contrac ts  under 
the load of the  overlying mater ia ls ,  In severa l  p laces  i n  the United S ta tes ,  
subs idence  of land surface h a s  been re la ted  t o  contract ion of underlying arte- 
s i a n  aquifers  in  which the hydrostat ic  head  h a s  been reduced by  heavy pumpage 
(Poland, J O Y ,  and Danes ,  G O D , ,  1956; Winslow, A,G. and  Doyel, W.W.,  1954). 

Jacob (1948) noted that  a time Bag would b e  present  between the time that  
hydrostat ic  pressure is reduced and the time that  the  water ac tua l ly  would be  
forced out  of the in te r s t i ces  , particularly if finer-grained materials  such  a s  
c l a y  and s h a l e  a re  included i n  the a q u i f ~ r  sys tem,  Jacob did  not  at tempt t o  
eva lua te  the  time lag  or the amount of change of S because  of the difficulty of 
the mathematical  ana lys i  s necessa ry ,  Taylor (1948) presents  the  solut ion t o  the  
one- d i m e n s i o ~ a l  flow equat ion wkiich predicts  the  ra te  of consolidat ion of a n  
aquifer a s  a fcnct ion of the ra te  of wates removaP, Domenico and  Mifflin (1965) 
have elaborated on th i s  p rocess ,  

We have s e e n  only a few references  in  the  l i terature t o  magnitudes of 
changes  of S with time. Mundorff and others (1964) reported i n c r e a s e s  i n  S of a s  
much a s  two orders of magnitude during the  f i r s t  f ew d a y s  of pumping t e s t s  in ba- 
s a l t s  in  the M u d  Lake area  of  the Snake River Plain.  They expla in  the  inc rease  
a s  the r e s u l t  of s low draining of moderately porous but  s l ightly permeable mater- 
i a l s .  Although the  changes  a re  similar  to those indicated by  t h e  models of 
Moscow b a s i n ,  they take p lace  over a few d a y s  in  a sys tem in which water occurs  
under complex water  table condi t ions ,  We d o  not  know if the  examples from the  
b a s a l t s  of the Snake River Plain c a n  be applied to the Columbia River b a s a l t s  
of  Moscow bas in .  However, they d o  demonstrate tha t  changes  in S with extended 
pumpage a r e  not  unique to Moscow b a s i n ,  

The a r t e s i a n  aquifers  of Moscow ba s i n  have heterogeneous l i thologies , and 
both the b a s a l t s  and the sedimentary rocks  contain large vofumes of low-permea- 
bi l i ty mater ia ls ,  The s i l ty  portions of the sedimentary rocks  probably have high 
porosi ty and could yield large volumes of water over long periods of time. How- 
ever ,  the a r t e s ian  aqu i fe r s  a r e  very rigid; Sokol (1966) computed barometric ef- 
f i c i enc ies  of abou t  9 3  percent  for e a c h  of the three ar tes ian  z o n e s ,  High baro- 
metric effnciencies indicate  rigid aquifers .  Also, we do not know of any evidence  



of subsidence  of Band surface irL Moscow bas in  such  a s  would b e  expec ted  i n  
a n  area  where an  e l a s t i c  aquifer h a s  been heavi ly  pumped, 

Predict ions of future drawdswns are,ba sed  on the  1965 best-f i t  va lues  of 
model coef f i c ien t  Q$ sta,ra e, 2 .3  x 13-- for t he  upper and middle a r t e s ian  
z o n e s  a n d  1,0  x 1 0 ' ~  for t z E lawek- axtesiara zone .  If condit ions of ground wate r  
s torage a re  the same  i n  a l l  three zones--which s e e m s  a reasonable  assumpt ion 
in v iew of :he s i m f l a ~ i t i e s  of the i i ~ k o i o g i e s  s f  the rocks  o f t h e  three zones-- 
:t might be expected tha t  the  in i t i a l  v a l u e s  of S should b e  t h e  same for e a c h  
zone.   he bes t - - f i t  in i t ia l  vaIu\% of s fci the upper a r t e s ian  zone is 3.0 x 10-4 
when the pumping r a t e  is 2913 g p n ,  The much higher value  for the  lower arte- 
s i an  zone ,  1,0 x 10-2, might have some re la t icn  t o  the  much higher in i t i a l  
pumping r s i ~  s f  9 20 gp:m, H o ~ e - ~ ~ e r ,  rela f8.ons of S t o  pumping ra te  a r e  un- 
c lea r  in tha t  th.- initfall pumping rate s f  :he middle. a r t e s ian  zone w a s  only 312 
gpm, but t h e  initl.a$ value of S i s  2 . 3  x 13-3 . The long-term development of 
the upper a r t e s ian  zone migct have influenced the condit ions of ground-water 
s torage i n  the deeper aqu i fe r s ,  but  th is  p r o c e s s  a l s o  is obscure .  

In v iew of the apparent  change of coeff ic ient  of s torage  with time in  the 
upper a r t e s ian  z o n e ,  u s e  of 1965 model data  t o  make prediction of future draw- 
downs h a s  some hazards ,  The model S i n c r e a s e d  with time t o  va lues  consider-  
ably  highet  than those  considered ~ & ~ a n a %  ' for a r t e s ian  aquifers;  how much 
higher t h e  va lues  cau?d g o  is unknown. Further inc rease  might be  poss ib le ;  
on the  other hatld, desnease  i s  poss ib le  i f  water  is being derived from s low drain- 
a g e  of low-pesmeab~lbty nza ter ia ls  which a re  becomfng depleted.  

Effectof Real Aquifer Drawdovm 

In  t h e  t h e o r e t ~ c a l  development sf the  nonequilibrium equat ion,  Theis (1935) 
assumed  that  a l l  water is  derived from s to rage ,  tha t  n o  recharge  t a k e s  p l a c e ,  
and  tha t  the aquifer i s  in f in i t e .  Under t h e s e  condi t ions ,  the cone of depress ion  
would never  c e a s e  t o  expand outwards,  al though the  r a t e  of expansion would 
eventual ly  become negligibly sna i8 .  Water  l e v e l s  i n  the pumping wel l  would 
never c e a s e  to  d e c l i n e ,  a1thaugi.l the ra te  o f  decl ine  eventual ly  would a l s o  be- 
come negligibly smal l ,  

In most  a c t u a l  groundwater s y s t e m s ,  the  aquifer i s  f in i t e ,  h a s  barrier bound- 
a r i e s  and/or recharge boundar ies ,  and recharge is received from ver t i ca l  and/or 
l a t e r a l  sources .  Under these  condi t ions ,  the cone  of influence expands  out- 
wards  unti l  suff ic ient  ver t ica l  ar,d/or l a t e ra l  recharge is in tercepted t o  ba lance  
the  d ischarge  of t h e  well--provided that  adequate  recharge is  ava i l ab le .  If t h e  
pumping ra te  is held cons tan t ,  t h e  water  l e v e l  i n  the  we l l  eventual ly  wi l l  be- 
come cons tan t  when equilibrium is achieved between discharge and in tercepted 
recharge .  

Specia l  f ~ r m s  of the  noneq~i l ibr iurn  equat ion have been developed t o  al low 
for ver t ica l  recharge (see Ferris and otness ,  8 9 U ,  p ,  118-122); l a t e r a l  recharge 
genera l ly  is handled by tCc me::;ad of i n~age  uveLls, Hantush'(1964) desc r ibes  
a method for handlmg combined ver t ica l  and  l a te ra l  recharge under water- table 
condi t ions .  

When the  unmodi f~ed  (no recharge) e q ~ i l i b r i u m  equation is  u s e d  to s tudy  a 
sys tem that  ac tue l ly  does  receive  r e c h a ~ g e ,  the ef fec t  is an apparent  inc rease  



in  coefficient  af storage each  t i m e  that pumping rate is increased--provided 
that the recharge continues t o  be large enough t o  balance the increased demand. 
The amoulit of increase depends upon the ra t i s  of the  amount of water derived 
from storage to  the amount of water derived from recharge. Studies of the 
equation of kydrc8.agic e q ~ i l b r i ~ r a  hfori Moscsv \~  basin  ( s e e  Ross ,  1965, p. 3 3) 
indicate tha t  the amount of water awai9abic to become ground-water recharge 
has  been greatly in  exccas of puP;r.?agc t8,rough the 1960's and will contine t o  
be in  excess oi pumpa~gte unt.il abm': thc year 2000. The apparent progressive 
increases  in  S shown by the :nodel aqujfer s tudies  indicate progressively 
greater a?munss of the water- available for recharge have been utilized a s  demand 
has  increased.  b e a : r s e  the -stirnaked arscunt sf water avaiBabJe for recharge is 
s t i l l  greater thafi the dcmznd, furtrier. apparezt  increases  in S should be possible 
until such r ime a s  demand becomes a s  great- a s  the actual  maximum possible 
recharge about t h ~  year 2'300. 

The r e s ~ l t  s of the model aquifer study are a direct contradiction of the hypo- 
thesis  of Croshy and Chatters (1965) that recharge to Moscow basin is very 
small .  We would l ike  to poznt out that the model aquifer study is an application 
of principles of weX-field hydraulics that are widely used in  the study of ground 
water problems, We believe that the isotope-age data of Crosby and Chatters 
3re incompat ib~e w ~ t h  the hydraulics of Idloscow basin;  the Moscow basin  aquifers 
do receive a great  dea l  of recharge. 

Effect of Westecn Baundary 

The most obvious difference between the three-boundary model aquifer and 
 he real  aquifer is the absence of a western boundary i n  the model aquifer. Cer- 
tainly some wes te~m boundary ex i s t s  in  the real  aquifer, but i t s  position and 
nature a re  not known. 

Even though the no-recharge, three- boundary rnodel i s  not a n  exac t  represen- 
tat ion of the real  aquifer,  the r e s l ~ l t s  of tk.e study of the three-boundary model 
c a n  be applied to the real a q ~ i f e r ,  in  fact ,  th,e resul ts  of the study of the no- 
recharge,  th ree-bo~ndary  model make it unnecessary to design and study a no- 
recharge,  four-boundary rnodel that  mlght be a more exac t  representation of the 
real  aquiter . 

The four-boundary, no-recharge model would be  much smaller than our 
three-boundary aquifer and would have a much smaller amount of water in storage.  
Furthermore, if the western boundary is a barrier boundary-- a s  seems likely-- 
the boundary effect  would be an increase i n  drawdowns in  a four-boundary model 
compared to  a three--boundary mode?, In a four--boundary aquifer i n  which a l l  
boundaries are baaraen- boundaries,  and a91 water i s  derived from storage because 
there i s  no recharge,  drawdowns can only be larger than the drawdowns in  the 
three-bou:?dary aquifer for the same values of T, S ,  and  pumpage. 

However, drawdowns in  the nc-recharg2, three-boundary model are  already 
greater than the actual  drawdowns in  the real  aquifer when values  of T and S 
are used that  appiy to ar tes ian aquifers of the type that  are present i n  Moscow 
basin .  In our s t ~ d i e s ,  the three values  of T used  are a11 based on specific capa- 
c i t i es  of real  wel ls  and therefore a re  real  values  based  on field evidence.  When 
these  values  are  used in  our three- boundary madel with values of S that  are 
normal for ar tes ian aquifers (S = P , O  x 11Y3 to I, 0 x Ferris and  others ,  1962), 



1960 depths to  water are from one hundred to many hundreds of feet greater 
than the actual  depths to  water in  the real  aquifer (Fig, 13) . The on1 excep- Y tion is  for the combination T = l , 0  x 106 gal/day/ft and S = l o o  x 10- both 
of which a re  very large va lues ,  

If the  1960 depths t o  water i n  the no-recharge, three-boundary model are  
already generally much greater than tke actual  1960 depths to water in  the  
real  aquifer, the  1960 depths to wafer in  a no-recharge, four-boundary model 
can  only be even greater--perhaps enormously greater,  The three-boundary 
model has  already demonstrated that  the real  equifer did not drawdown a s  
much a s  it should have compared to an aquifer that  receives no recharge 
and therefore demonstrates that  the real  aquifer did receive recharge. Thus,  
there i s  no need t , ~  s tudy a no-recharge , four-boundary aquifer. 

S u q g e s t e d ~ e t h o d s r  Further Study of Recharge of Moscow Basin 

Considered separately ,  eiL!er the water re leased from ground-water storage 
or the water available from natural recharge seems to be sufficient by i tse l f  
to  supply the water pumped from the ar tes ian aquifers of Moscow basin.  Most 
l ikely,  the water pumped comes from both of these sources,  but not i n  equal  
amounts, Relative amounts can not be determined from the data and procedures 
available t o  u s ;  ot5er methods and more data are  needed. 

One approach to the pioblem could be through a study of the probable 
range of values  of coefficient of storage in  ar tes ian aquifers. In order to  du - P l icate  real  aquifer drawdown, we had to  u se  values of S a s  high a s  1,O x 10- . 
If i t  can be shown that  such high values  are not possible in an  artesian aquifer, 
even after a long p e t i ~ d  of pumpage, then much of the water pumped from Moscow 
bas in  must come frov-, recharge. To ~e b e s t  of our knowledge, the necessary 
theoretical s tudies  of Eong-tern coefficier,t of storage in artesian aquifers have 
not been made, 

Another method would be to  design model aquifers for Moscow basin that  in- 
clude recharge.  The propofliar. of recharge to water derived from storage could 
be increased in  success ive  ana lyses  until model aquifer drawdowns match rea l  
aquifer dra wdowns , 

A field study approach to the problem would be to design pumping t e s t s  
that would produce useful resul ts  i n  the aquifers of Moscow basin such that  
reliable values of T and S might be determined, With these data and additional 
data on other hydrologic factors ,  a more exac t  hydrologic S-udget could b e  deter- 
mined and  the amount of recharge measured ~ ~ t i l i  zing the real  system rather 
a model system, 

Causes  of Decline of P iezor~le t~ ic  Surface of Upper Artesian Zone 

The long-continued decline of water l eve ls  in the upper ar tes ian zone has  
caused concern that  pumpage in Moscow basin has  been i n  exces s  of recharge. 
Although over-pumping cannot be eliminated a s  one working hypothesis to 
explain the d e c l f n i ~ g  water l eve ls ,  an alternate hypst:cesis can be  erected that  
includes adequate recharge tc3 the bas in ,  

Considera tjon of the nonequllibriurr~ equation in  a finrte aquifer h a s  shown 
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that the cone of influence expands untH pumpage is balanced by intercepted 
recharge where adequate recharge is .:~vaUable or until the cone intersects 
barrier boundaries in aU directions. If the pumping rate is held constant, 
the rate of decUne of the water level in the well will decrease as intercep
ted recharge increases and wHl become zen when sufficient recharge is 
intercepted to balance the pumpage. If avaHable n~ccharge is tnsufficient 
to balance thte pumpa,ge o the rate of decH::1e of watrer level in the weU will 
increase with tLme even with the pmtlping rate be]d constant. The rate of 
increase wiH accelerate as barrier boundaries com(:: into effect. 

In Moscow basino the rate of pumping has never been constant. The 
data on pumpage from the upper artesian zone (Tables 6 and 7) show an 
overall increase over the period of 1896-1960, but also show differences of as 
much as 37 percent between the pumpage of 2 successive years. The pump
ages used in the three periods of model studies are the averages over the 
periods; very likely o the rates were lower in the earlier part of each period 
and higher in the later part. 

Because pumpage has increased at an irregular rate, the cone of influence 
in the upper artesian zone would be expected to expand and deepen at an 
i.rregular rate o The effect of the aquifer boundaries probably increased the 
rate of decline of the cone" It should be remembered, however, that the posi
tions of the boundaries are known on only three sides of the basin~ to the west, 
some sort of boundary must be present, but its position and nature are unknown. 
It also should be remembered that the known boundaries were assumed to be 
barrier boundaries for the purposes of the model studies, whereas the results of 
the model studies indicate that some of the boundaries may actually be recharge 
boundaries. The decline of water levels could be the result of the generally 
increasing rate of pumpage plus complicating effects of the aquifer boundaries. 

Perspective on the decline of the water levels near the pumped wells in 
the upper artesian zone may be obtained by comparing the changes between 
each of the pumping periods in the amount of water pumped in millions of gal
lons per year per foot of drawdown. This factor is termed "annual specific 
capacity" 0 

Average Pumping "Annual Specific Capacity 
Rate: Millions Decline in Vlater Levels Millions Gallons/Year 

Period GaHons/Year Increment Cumulative Increment Cumulative 

1895-1925 

192 5-1949 

1949-1960 

152 

310 

552 

45 

40 85 

40 12 5 

3.4 

7.8 

l3 0 8 

3.6 

4.4 

These data show that the "annual specific capacity" of the upper artesian zone in
creased substantially over the period 1896-1960 o whereas it should have decreased 
if the basin were surrounded by impermeable boundaries and the recharge were 
smalL Therefore, these data suggest that the upper artesian zone received con
siderable recharge over the period studied. 

We believe that the hypothesis that assumes that the basin has received con
siderable recharge is more compatible with the "annual specific capacityu data 
than the hypothesis that assumes that pumpage has been considerably in excess 



of recharge. The increasing depths to water i s  the resu1.t of increasing pumping 
rates  and image well  effects  and does not i rd ica te  pumpage in exces s  of re- 
charge, 

Artificially Rechargjng the Upper Artesian Zone 

A proposal for artificial recharge of the upper ar tes ian zone by utilization 
of seasonal  rilnoff from intermittent streams was  presented t o  the Sixth Idaho 
Eng inee r i~g  Geology and Soils Engineering Symposium (Jones,  Ross, and Williams, 
1968). The mathematical model aquifer s tudies  for the recharge system were done 
before the model studies of pumping ~f Moscow bas in ,  Knowledge of possible 
value s of aquifer constants  gained rhrougtl the pumping model s tudies  sugge s t s  
that the anzual buildup of the piezometric surface from recharge may be l e s s  than 
was  predicted (Jones ,  Ross,  and Williams, 1968, p a  2 74). 

Proposed System 

The detai ls  of the proposed system and the  supporting data are i n  Jones ,  
Ross and Williams (1968). A brief outline will be presented here to  provide 
background for the fallowing discussion of the mathematical model study. 

Several of the intermittegt streams that  drain the Palouse Range on the north 
border of Moscow basin have rather larye runoffs during the spring months when 
the snowpack melts,  but a re  t"r;sent.iaLly cbVy &ring the peak demand summer 
months. The water is  not being used  in  Moscow basin a t  th i s  time. The outline 
of the proposed system to utilize this  water by artificial recharge i s :  

1, Divert the spring runoff of the intermittent streams (March through May). 

2 .  Treat the diverted water to bring i t  up to potable standards.  

3 ,  Use  the treated water to recharge the upper artesian zone.  

4 ,  Withdraw the water from temporary underground storage during the peak 
demand season  (June through September). 

The artificial recharge system has  advantages over a surface storage system 
i n  that capital  investment is lower because no large reservoirs must be buil t  
because minimal evaporation lo s se s  can  occur, and because years  of abnormally 
low stream-flow have l i t t le effect  on the water available during the peak demand 
season ,  

An art if icial  recharge system that diverts water a t  Robinson Lake on South 
Fork Palouse River (Fig,  3) and which operates when flow exceeds  1000 gpm . 
and which has  a maximum recharge capacity of 4000 gallons per minute, would 
operate 90 days  a year in  6 years out of 7 and recharge a t  l e a s t  375 million gal- , - 

longs annually,  In 3 or 4 years out of 7 ,  the system would operate 120 days  and 
recharge a t  l eas t  460 million gallons annually. Regulation of stream flow by 
small reservoirs might make an  additionan 80-100 million gal lons  available an- . . 
nually. During a normal year, South Fork Palouse River above Robinson Lake 
should yield about 400 million gallons on a r~n-of - r iver  b a s i s  and 480 million 
gallons i f  stream flow is  regillated, This is about one-third of the anticipated 
1965-2000 average annual demand of 1,159 billzon gal lons .  



Gaging records ( Jones ,  Ross ,  and  Will iams,  1968, p ,  2 68-2 69) indicate 
that  in  about  1 year in  7 ,  discharge of South Fork Palouse  River above  Robinson 
Lake would be ire. e x c e s s  of k O O O  gal lons  per minute on only 50 days  and would 
seldom exceed  2 0 0 0  CjpKi. the e7atte avai lable  for ar t i f ica l  recharge would be  
only about 70 million gallbans . During such dry yea r s ,  Moscow ba s in  would rely 
on water na turallly i n  ground-water s t s rage  plus any carryover of artificially-re- 
charged water ,  T h e  def-kcib would be made up ,  iq par t ,  during other years  in  which 
runoff i s  greater .  One or more dry years  would have l i t t le  long-term effect  on 
the  ar t i f ic ia l  recharge sys tem.  In c o r ~ f l a s t ,  one or more dry years would b e  
disa  strous t o  a surface- storage s y s t e ~ n  in  the Palouse Range drainage.  Available 
reservoir  s i t e s  a r e  small ,  have low storage volume, and evaporation l o s s e s  would 
be  large in proportion to  s torage.  The surface water  reservoir s i t e s  avai lable  
a re  not large enough to  retain wet-year e x c e s s  runoff for u s e  during dry years .  

Additi,-.nal water could be  obtained from Little Bear Creek,  the next  drainage 
bas in  e a s t  of South Fork Palouse River, Assuming tha t  the flow is a t  l e a s t  a s  
large a s  tha t  of South Fork Palouse River, an  addit ional  400 million gal lons  may 
be  avai lable  annually on a run-of-river b a s i s  and  a n  addit ional  480 million gal-  
lons  i f  streamflow is regulated.  During a normal year ,  the combined flow of 
South Fork Palouse  River and Little Bear Creek would provide the  art if icial  re- 
charge sys tem with about two-thirds of the ant ic ipated 1965-2000 demand. 

Eventually, the  eff luent  of the  Moscow Waste-Water Treatment Plant could 
b e  used a s  an  addit ional  source of water for art if icial  recharge.  Faci l i t ies  for 
tertiary treatment of the  eff luent  would need t o  be  constructed.  The Waste-Water 
Treatment Plant  is one source of water in Moscow bas in  which wil l  inc rease  i n  
volume a s  population--and demand--increases,  Al-inual discharge,  now is  
about 300 million ga l lons ,  shculd inc rease  t o  about I billion gal lons  by the year 
2000,  

A t  the  time tha t  we made the study of the ar t i f ic ia l  recharge sys tem,  we had  
no data on amounts of water i n  ground-water storage in Moscow bas in .  We con- 
servatively assumed tha t  the  threa a r t es ian  zones  would yield no more than 
500 million gal lons  annually on a long-term b a s i s  ( Jones ,  Ross ,  and Will iams,  
1968, p .  2 64).  Our s tud ies  of the  pumping of the  mathematical model aquifers 
sugges t  that  a great  dea l  more water  is  avai lable  from natural  sources  in  Moscow 
bas in .  The ar t i f ic ia l  recharge sys tem may not be  needed for many years ,  but it 
should be  kept  in  mind a s  one way that  addit ional  water  can be obtained for 
Moscow basin  a t  a relat ively law cos t .  

Predicted Buildup of the Piezometric Surface under Artificial Recharge 

Recharge through wel ls  seems  t o  be the  most pract ica l  system for Moscow 
bas in .  In i t ia l ly ,  some of the  exist ing wells  could be u sed  for recharge during 
the  spring runoff s e a s o n ,  then the  same wel ls  would be  used a s  supply wel l s  dur- 
ing the  peak demand season ,  Later on ,  addit ional  wel ls  may need t o  be  drilled. 

A s  a first approximation, a wel l  should accep t  water under ar t i f ic ia l  recharge 
a t  about the same ra te  that  the  well  will yield water when pumped. Ci ty  Well  3 
y ie lds  1350 gpm with about B Q  f ee t  of drawdown; presumably, it would build up 
a cone of impression about  10 fee t  high i n  the wel l  when recharged a t  the ra te  of 
1 ,350 gpm. The apex  of the  cone would gradually r i s e  a s  water goes  in to  storage 
and  a s  barrier boundaries take e f f e c t ,  Recharge would become impos s ib le  i f  t he  
cone of impression should r i se  t o  the  surface .  



We have reported ear l ier  ( Jones ,  R o s s ,  and Wil l iams,  1968) o n  a mathe- 
matical  model aquifer  s tudy of a r t i f i c i a l  recharge of ttze upper a r t e s i a n  zone.  
This s tudy was  done before our pumping model! s tud ies ;  therefore,  we had 
l i t t le  knowledge a: tlre \~aEues of coeff ic ient  of t ransmiss ib i l i ty  and coef- 
f ic ient  of  s torage far th?  upper a r t e s i a n  zone tha t  became apparent  during 
the  pumping model s t u d i e s ,  The artificial! Iecharge  computat ions were 
b a s e d  on  T derived from specific c a 2 a c r l i s s  af w e l l s  and S assumed  a s  
the middle of the "normal" range fox ar t~t l -s~an aquifers .  

Our pumping rmdeH s tud ies  show thar  tke  v~aEue af S may be much greater  
than the assumed  value used  i n  tS;e ar t i f ic ia l  recharge s t u d i e s ,  Therefore, 
we have recallcullated probable b ~ l i l d u 2 s  with the larger v a l u e s  of S; t h e  
r e s u l t s  a re  reported on Table 9 ,  

We are  not ce r t a in  a s  t o  whether the  l a rges t  va lues  of S tha t  app ly  t o  
the  pumping models wauid a l s o  apply  t o  the  ar t i f ic ia l  recharge models ,  The 
pumping models values  of S inc reased  wirh t ime; part of the inc rease  could 
have been  the resu l t  of c3mp;ressior, of :he aqs i fe r  tha t  forced water  ou t  of l e n s e s  
o f  c l a y  and s i l t  within the a q ~ i f e r  s y s t e m .  This p rocess  may not  be  ful ly re- 
ve r s ib i l e ,  e s p e c i a l l y  during the short  time in terval  of PO0 d a y s  during which 
ar t i f ic ia l  recharge  would t ake  p lace .  However,  we d o  bel ieve  tha t  t h e  two s e t s  
of va lues  of S represent  tne extren-,~:s of t h e  poss ib le  rarigc of buildups tha t  
a re  compatible with the avanlable data  ozz the propert ies of the upper a r t e s i a n  
zone .  

If we  a s s u m e  that  t h e  pumping model data  do app ly  t o  ar t i f ic ia l  recharge ,  
we c a n  select a n y  of the  combinations of v a l ~ e s  of T and S tha t  reproduced rea l  
aquifer drawdowns i n  a n y  one of the periods of pumping. En order to eva lua te  
the  e f f e c t  of t h e  minimum and rqaximum probable v a l u e s  of S on the bui ldup,  
o n e  s e t  of va lues  should  be  u s e d  from the 1949-9963 period i n  which the maxi- 
mum model va lues  of S apply and one set of v a l ~ e s  should b e  u s e d  from the 
1896-1925 period i n  which the  minimum model v a l u e s  of S apply ,  For both 
per iods ,  we u s e d  T = ] loo  x 106 gal/day/ft; the  va lues  of S u s e d  a r e  2 , 3  x 10-3 
lor 1949-1963 a - ~ d  1,0 x 10-3 for 1895-1925, The value  of T is es t ima ted  from 
the  spec i f i c  capac i ty  of Universi ty Well  2 ; although the va lues  of T should be  
lower for C i ty  Wel ls  1, 2 ,  and 3 ,  the  larger value  of T w a s  u s e d  i n  t h e  pumping 
model and  did reproduce the  ac tua l  drawdown tha t  took place  i n  t h e  rea l  aquifer  
i n  the vicini ty of C i ty  Wel l s  1, 2 ,  and 3. Therefore, we f e e l  just if ied i n  us ing 
the  larger va lue  t o  predict  the  buildup i n  the v ic in i ty  of t h e s e  three we l l s  a t  
t h e  Ci ty  Pumping Plant ,  The resu l t s  of t h e  computat ions a re  shown on Table 9 
and indicate  tha t  the  maximum buildup would be  about  32 feet a t  the  end of 
recharging 2000 gpm, for PO3 d a y s  through a s ingle  wel i  a t  the  Ci ty  Pumping 
Plant .  

If we assume that  t h e  pumping inode1 data d o  no t  app ly  t o  ar t i f ic ia l  recharge ,  
we c a n  compute probable buildup from s p e c i f l " ~  capac l ty  data v a l u e s  of T a n d  
a n  assumed  v a h e  of S=--as we dad an a i r  original  s tudy,  The amount of buildup 
then depends  on the value se lec ted  for To Resul ts  of computat ions for s e v e r a l  
va lues  of T are  on Table 9,  If spec i f i c  capac i ty  data for Universi ty Wel l  2 a r e  
u s e d  t o  determine T ,  t h e  maximum bufldu? would b e  45 fee t  a t  the  e n d  of 100 
days  of recharging a t  2000 gpm, If the spec i f i c  capac i ty  data of C i ty  W e l l s  
2 or 3 a r e  u s e d  t o  determine T, buildups would b e  greater--45 t o  75 feet a t  
the  end of 103 days  of recharging 1300 gpm, and 93 t o  152 feet a t  the  end of 100 
days  recharging a t  2000 gpm, Because  1965 depths  t o  water  i n  the v ic in i ty  of 



City Wells 2 and 3 was about %BQ fee t ,  recharging a t  2000 gpm. through either 
of these  wells would not be  feasible because the cone of impression would 
reach the surface before the end of the recharging season.  

The resul ts  of these  calculat isns  i n d c a t e  that  i t  is feasible  to recharge 
3rtificiaEly a t  t5e rate of 11300 gpm. fo; PO0 days through City Well 2 or 3 ,  
regardless of which set  of ccrt~ditions apply,  I f  the conditions indicated by 
the pumping n o d 4  a q ~ i f s n  studies do apply--and i t  should be  recalled that 
these  data gave resul ts  that  du~Eica  te the actual  performance of the real  
aquifer whereas the data utilizing t h e  "normal" value of S did not--then i t  
is feasible to recharge a t  the rate of 2 0100 gpm, for 100 days .  

Tab12 9 ,  Probable Buildup of f iezometric Surface of Upper 
Artesian Zone Caused by Artificial Recharge through 
a Single Well a t  the City of Moscow Pumping Plant. 

Buildups are Calculated for Several Values of 
Aquifer Cor~s tanrs  for BOO Days of Recharge a t  1000 
and  2000 gpm. 

Buildups 
in  feet  

A ,  Buildup using aquifer constants  tk~at 
are  confornnable with the resul ts  of the 
pumping model s tud ies ,  

Highest probable values of S ,  based 
on 1949-1360 data: T - 1.0  x l o6  gal/day/ft; 
S = 2 . 3  x ~ o - ~ .  6 

Lowest probable values of S , based on 
1896-1925 dafa:  T = 11,O x lo6 gal/day/ft; 
S =P.Ox lo-'. 16 

B ,  Buildup using aquifer constants  that  are not 
conformable with resul ts  of the pumping 
model s tudies  , 

Value of S assumed t a  be middle of 
' bormal 'Vange  for ar tes ian aquifers = 
1.0 x 18-4; T e s ~ m a t e d  from specific 
capaci  tie s of wells .  

Univ, WeEP 2 ,  T = B, Y3 x lo6 gal/day/ft 24 
City Well 3 ,  T = 4.13 x 105 gal/day/ft 45 
Ci ty  weln 2 ,  T = 1,s x 135 gal/day/ft 75 



ZNTEFPRETATilOMS OF L3I';G-TTkM WATER-LEVEL, FJJJGTX3ATIONS 

Water PsveGs I,, va?ekls i n  Moscow b a s i n  dns2lay short-term, s e a s o n a l ,  and 
long-term f l r~ct l -~at lons  nn response  to ~ a t u r a l !  and a r t i f i c i a l  c h a n g e s  i n  hydro- 
logic  conditnons, ?b'atuszl 1 m g - t e t n  c.Lazges aire c a u s e d  by natura l  changes  i n  
recharge  a r d , / ~ r  di~qcr a ge. N a t  ~ a a %  rpcha:ge tto PAcscow bas in  is ent i re ly  from 
precipi ta  tiori withf a; ' , - l>a sirl; t r ~  eaefaee, ::-:-cha;ge f luc taa te  s with s e a s o n a l  
a n d  long-term fluctslai-l , <s oi precipita~iin, '  T h e  n a ~ u r a l  d ischarge  is largely  
b y  underflow act of tl-,e ba sira to t h e  blest, ilnden. natural  condi t ions ,  the  
amount of uiide,:law mic\d@L riearl y ke ( ~ 3 - 1 S t Z ' i t .  

Artificnal cr a n y e s  &I; g~our;d-wateit discs;a;ge a r e  c a u s e d  by pumping of 
w e l l s .  The s t e a d y  declrrie of water  l e v e l s  i? public- supply we l l s  in the  up- 
per  a r t e s i a n  zoce f-om the B8901s t o  thz e a ~ k y  1363 ' s  i ~ l d i c a t e d  long-term 
changes  in  hydraulic conditSo;is, b u t  :lot rrecessari ly a deplet ion of wa te r  
ava i l ab le  ~ O P  u s e .  In the ea r ly  lY60's , gu:npir,g of the  upper a r t e s i a n  zone 
w a s  grea t ly  deeneased and water  l2vels nave  been  rising e v e r  s i n c e ,  

Short- tern wa t?r BeveJl f luctuat ions in alrtesllan we l l s  i n  Moscow b a s i n  
were d i s c u s s e d  b y  Sokoi (1966) - H i s  conc lus ions  will b e  summarized here.  
The water  l e v e l s  i n  the a r t e s i an  w r e ~ d s  respond to c h a n g e s  i n  ground-water 
s to rage ,  t o  purnpiqg ir nearby wel ls ,  and to changes  i n  a tmosph l~r ic  pres- 
su re .  Some of :he a r t e s l a r  w-eETs alls3 exhibiz sl-ort-term, non-periodic fluc- 
tua t ions  ]in response  t o  eal thquake s,Pock waves  or to  wlnd blowing a c r o s s  
the  top of  ope^; cas l r ig ,  AtrnlopSit-ric P ~ K ~ S S U ~ ~  f ~ u c t u a t i o n s  a t  Moscow (Sokol ,  
1966, Fig,  31 a:e a s  much a s  0 .5  fee t  of water  i n  one  d a y  a n d  a s  much a s  1.2 
f e e t  of water  cven a thaec"-day ?erna~d, B a a o ~ ~ e t r i c  e f f i c i enc ies  of the a r t e s i an  
aqui fers  comrtlonly a r e  more than 90 percent;  therefore,  a tmospher ic  pressure  
f luc tuat ions  c a n  produc? a s  much a s  0,4 foot of water - level  f luctuat ion i n  
a n  a r t e s i a n  well i n  a sing9e day  and a s  much a s  11,0 f e e t  over a period of 
seve ra l  d a y s .  T5ese  ci iangzs a r l  la rge  eneugh t o  mask c h a n g e s  c a u s e d  by 
s e a s o n a l  r ecnarge ,  

The basns of our ar ;alysls  of long-term water  l e v e l  f luctuat ions a r e  water- 
l e v e l  records  c o x p i l i d  frsr? various soulcces, The tabula ted  data are  on file 
with the Idaho Bureau of Mines  and  Geo!logy. Hydrographs of the  records for 
w e l l s  i n  Moscow basirA are  shown i n  Figures 14 , 15, 16, and 17 (Figures 15 
and  17 a r e  In the  pocket  a t  lhe e n d  of tkz rc pqrt) . Sources  of data are:  

1, Periodic t a p s  measurements and recording water - level  gage  g raphs  
from 9 project  observat ion  wcljls and 2 U , S o  Geologica l  Survey ob- 
servat ion  we l l s  for the p ~ r a ~ d  196.3-11965, 

2 .  Records oP periodic taps: measurer. e n t s  taken prior t o  9963 i n  the 
2 U , S ,  Geo log ica l  Suivey obsecvatnu:l w e l l s ,  a s  furnished by the 
U,  S o  GeoisgacaP Survey,  

3 ,  Records of pz r~od lc  and  nandarn n?easu:ements, near ly  a l l  by  air- 
Pines, for 7 public- suplply weiJIs, a s  iurnished by the C i t y  of Moscow 
and the Ur,iversaiy oi ~ d a n o .  

Where recording water-levell gage  r e c ~ r d s  w?ii9 u s e d ,  da i ly  h ighes t  wa te r  l e v e l s  
a r e  the  b a s i s  for reporting data from a l l  w e l l s ,  Same of the we l l s  a re  under 
the  inf luence  of pumping of  nearby wekisy therefore,  da i ly  h ighes t  water  l eve l  



would be  the  c l o s e s t  t o  the undisturbed water level  of the  wel l .  

Fluctuations in  Observation Wel l s  in  the Surficial Aquifers 

Water level  measurements were taken periodically by s tee l  tape i n  5 wel ls  
in  the surficial  aquifers;  water-level recording gages  were operated on two of 
the wel l s  for about 1 year and 2 years ,  All a re  water table wells;  4 a r e  a re  in 
surficial  sediments and 1 is i n  granit ic rocks.  The records of the water l eve l s  
i n  the surficial  aquifers sugges t  that  the water table  i n  Moscow bas in  h a s  re- 
mained a t  about the same leve l s  s ince  a t  l ea  s t  the early 1930's .  Williams and 
Allman (1969) have worked out the  relat ions between water l eve l  f luctuations 
and  recharge i n  a portion of the  surficial  aquifers of Moscow bas in .  

The 4 observation wel l s  in  the  surficial  sediments are: 39N-5W-8da1, 9bc1, 
10ac1, and 40N-5 W- 31ca2 . Water l eve l  f luctuations of lOacl and  31ca2 (Fig. 
14 and 15) ref lect  only natural changes  in water l eve l s .  Water l eve l s  in 9bcl 
a re  influenced by i t s  own pumping during the summer months and  those  i n  8dal 
a re  affected by lawn watering during the  summer, 

Well  lOacl is the key observation wel l  for the surficial  aquifers.  I t s  posi- 
tion in  the surficial  materials  overlying crysta l l ine  rocks in the val ley of the  
South Fork Palouse River means that  the water l eve l s  are  influenced by the 
underflow moving from the Palouse Range towards the recharge area  of the  arte-  
s ian aquifers a t  the basalt-crystal l ine rock con tac t  about 1/2 mile south of 
10acl. In addition to  reflecting the annual underflow changes ,  the well might 
a l s o  show any long- term effects  that  heavy pumping of the a r tes ian  aquifers 
might have on the overlying water-table bodies ,  If pumpage of the a r tes ian  
aquifers is too great  to be balanced by the underflow, the water-table might 
be  expected t o  show a long-term decline a s  water moves down from the water 
table to  replace water  removed by pumpage from the a r tes ian  aquifers.  We11 
lOacl a l s o  h a s  the longest  record of any water-table well  in Moscow basin .  I t  
is  a U.S.  Geological  Survey observation well  that  was  measured i n  1934-1940, 
1947-1960, and 1964-1966. The complete hydrograph is  shown on Figure 15 
and  the 1964-1966 hydrograph is shown on Figure 14. Precipitation a t  Moscow 
is shown on both f igures.  

The hydrograph of wel l  lOacl shows annual  f luctuations through a range of 
about 7 fee t  which probably reflect annual  changes  in the amount of underflow 
pass ing wel l  lOac1 in  addition t o  loca l  recharge and discharge of the water 
t ab le ,  Long-term changes  in the water l eve l s  probably reflect  long-term changes  
i n  underflow and i n  loca l  recharge-discharge,  both of which are  the  resu l t s  of 
changes  in precipitat ion.  The generally lower water l eve l s  of 1953 through 1955 
a re  i n  response to  lower than normal precipitation during these  yea r s ,  whereas  
the generally higher water l eve l s  of 1956 through 1959 reflect  higher precipita- 
tion. The lack of a seasona l  r ise  during 1966 may have been due to the unus- 
ual ly  low winter and  spring precipitation; i t  may a l s o  be due to  pumping of 
wel ls  a t  a trai ler  court that  went  in to  operation near BOacl in  1966. Several  
other wel ls  shown on Figure 14 had a less-than-normal s ea sona l  r i se  in the 
spring of 1966. 

The record of lOacl sugges t s  that  the amount of underflow and loca l  recharge- 
discharge i n  the South Fork Palouse River valley h a s  been essen t ia l ly  s tab le  
for many years .  Comparison of the hydrograph of lOacl with the hydrograph of 



Figure  14. Water-1 eve1 f l u c t u a t i o n s  i n  observation we1 l s i n  the s u r f i c i a l  aqui fers ,  
1964-1966, Moscow basin, Idaho. P r e c i p i t a t i o n  from U.S. Weather Burew,  1964, 
and College o f  Mines Weather Sta t i on ,  1965-1966. 
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7ddl, both shown on Figure 15,  shows that iOacl experienced no progressive 
decline during the period 1934-1360 when 7ddl1, a well  in the upper ar tes ian 
zone near the middle of Moscow bas in ,  e x p e r i s x e d  a decline of nearly 40 
feet .  The differences i n  the hydragraphs suggest  that  heavy pumpage in  the 
ar tes ian aquifers t:a s not affected the water table i~ Moscow basin .  

Well 8dal i s  i n  a ~ e c l a i m s d  swa:rlgy at-ea where the position of the water 
table i s  csnf,.al%ea by drains and st>.-% SF:WP~S. TLe axpl i tudes  of the  fluc- 
tuations an a small because of the vvate_ -;able cor.tr01: some accidents 1 re- 
charge d u r ~ n g  the szpmner i s  caused by law:, wateni:ag. Except far the acci-  
dental recharge, ?he patre:n 05 fhucsr~ations i s  s ~ m i l a r  to those i n  10ac1, 
but of smaller amplitude. 

Well 9bcl i s  in  the ~ ~ s l l e y  b9ttoari of Paradise Creek where the water table 
i s  very c lo se  to the surface. A r ~ c ~ r d i n g  gage was  operated in  the well  from 
January, 11964, to June,  1966. Tt-e we]? i s  very c lose  to the western edge 
of the basa l t  and to the recharge area of the arresian aquifers. Well  9bcl 
might have s h o r n  a decline of water IlzveQs i f  the pumpage of the ar tes ian 
aquifers was  greater than water available for recharge. Although only a few 
years of rec~srrd are  available for 9bc1, both Figure 14 and a more detailed 
hydrograph published by Ross (11365 , p l ,  7) skew that during the late-  winter 
to early-spnng necharge season ,  wfc7ter levels  in  9bc9 nearly reach the sur- 
face of the ground. 

Water l eve l s  in  Sbci have risen a s  much a s  2 feet  in 1 week. During 
low-water periods,  depths to water still1 are l e s s  than 18 feet ,  Such high water 
l eve l s  i n  the possible recharge area sf the ar tes ian aquifers are not compatible 
with the concept that  pumpage in  the ar tes ian aquifers i s  in exces s  of the 
water available for recharge t5at p a s s e s  thlough the  recharge a rea .  The pattern 
of annual fH~cruations in  ws?l 3bc1 is i n f , z e n ~ e d  by i t s  own pumpage; fluctua- 
t ions are l e s s  in 1965 than in 1964 and less i n  1366 than in  1965 because pumpage 
was  l e s s  i n  each of these  years .  Jln spi t?  of surn~er - t ime  purnpage, the pattern 
of water-EewI fluctuations i n  9bc9 is snYqiiar to that  of 10acl; the hydrograph 
of 9bcl shows many minor f luc tua thns  not prcsent on the record of 18acl be- 
cause  the data for 9bcl are taken 5a:n a recording gage ,  

Well 3lca2 i s  in a valley bottom, it  adso i s  fairly c lose  to the eastern 
edge of the basa l t  and to  the recharge area of the ar tes ian aquifer. Water l eve l s  
come very c lo se  t o  the surface In the spns,g and depth to  water i s  l e s s  than 
10 feet  in  the fa l l ,  Water-level fluctua'jlc,ns seem to be entirely from natural 
causes ;  the hydrograph i s  similar t o  that of S9ac1, The high water table for 
th is  we19 a l s o  i s  not coinpatlble with tkac c m c e p t  that  purnpage of the ar tes ian 
aquifers i s  in e x c e s s  of the water avaiiable for recharge that p a s s e s  through the 
recharge a rea .  

Well 29aa2 i s  a water-table well  in  the granitic rocks of the surficial aqui- 
e r s .  Unlike the other wells in  tkle sulrf~eial aqbifers,  i t  is some dis tance away 

trom the contact with the  basa l t ,  Water-level fluctuations are somewhat af- 
fected by tb.e pumping ~f well 29aal ,  6 7 5  feet  away,  Daily highest  wfater l eve l s  
are shown on the hydrogiaph in  order to itrlP:xrn~ze the effect  of pumpage; sustain- 
e d  pumping of 23aa9 may draw down water ievels  i n  2 9aa2 by a s  much a s  0 .4  
toot. Seasonal  and annual changes in waser levels  i n  29aa2 are  small compared 
to the other we l l s ,  probably because 2 3aa2 1s not i n  a n  underflow channel a s  
are sorne of tke other w~elBs i n  thc  surflcball aquifers.  



Fluctuations in Observation Upper Artesian Zone 

W e l l s  39N-5W-7cc1, 7ddl ,  and 8cc.l a re  a r t e s ian  w e l l s  i n  the  upper b a s a l t  
and the  upper part  of the  upper in terbeds .  The three w e l l s  are  i n  the  cent ra l  
qnd western  pa r t s  of the  Ci ty  of Moscow and a r e  i n  the  cone of depress ion 
c a u s e d  by pumping of pktblic-supply w e l l s  ig the upper a r t e s ian  zone;  princi- 
p a l  water- level  f luc tuat ions  are  c a u s e d  b y  f luctuat ions  i n  pumping. Sokol 
(1966, p ,  21) computed a barometric ef f ic iency s f  90 .5  percent  for we l l  7cd l  
(Universi ty 2 ) ,  a public-supply we l l  i n  the  upper b a s a l t  and  upper interbed.  
H i s  Figure 3 shows  atmospheric pressure  f luctuations tha t  a r e  a s  much a s  0.5 
fee t  of water  i n  one day a n d  a s  much a s  1.1 f e e t  of water  over a three-day 
period. In we l l s  with;_ a 90 percent  barometric ef f ic iency,  t h e s e  a tmospher ic  
pressure  changes  would c a u s e  watea-level c h a n g e s  of about 0 , 4  and  1.0 feet 
respec t ive ly  , In the  three short- term water-level  f luctuations c a u s e d  
b y  natura l  changes  i n  ground-water s torage  a re  masked by the  c h a n g e s  c a u s e d  
b y  f luctuat ions  i n  pumping and/or f luc tuat ions  i n  atmospheric pressure .  

Wel l  7ddB is the key observation we l l  in  the  upper b a s a l t  and  upper inter- 
b e d ,  I t  i s  a U , S o  Geological  Survey observation we l l  with a record of measure-  
ments t h a t  beg ins  i n  1937, The complete hydrograph is shown on  Figure 15 
and the  1964-1966 hydrograph on Figure 16. Genera l ized water  l e v e l  t rends  
are  shown in  Figure 12.  Well  7ddl is  about  1530 feet from the  cen te r  of pumpage 
of the Ci ty  of Moscow (Ci ty  1,  2 ,  and 3) and about  3000 f e e t  from the c e n t e r  
of pumpage by the Universi ty of Idaho (Universi ty 1 a n d  2 ) .  These public-sup- 
p ly  w e l l s  i n  the  upper b a s a l t  and upper interbed were e s s e n t i a l l y  the  only 
sources  of water  prior to  1960 and were heavi ly  pumped unti l  t h e  ea r ly  1960's .  
Beginning i n  1960, the  source  of the public supp l ies  w a s  shi f ted  to deeper  
we l l s  with C i t y  6 going i n t o  se rv ice  i n  l a t e  1960; Universi ty 3 ,  in l a t e  1963; 
and Ci ty  8 ,  i n  mid-1965. During t h i s  t ime,  pumping of the  upper b a s a l t  and 
upper interbed aquifers  dec reased ,  and vir tual ly c e a s e d  i n  1965-1966. Water  
l e v e l s  i n  7ddl r o s e  s l ight ly  i n  196Q t h o u g h  1964 i n  response  t o  dec reased  
pumpage,  then r o s e  sharply  during 1965-1966. This i n c r e a s e  i n  water  l e v e l s  
i n  7ddl ind ica tes  tha t  the  cone  of dea ress ion  in the  upper a r t e s ian  zone center-  
e d  on  Moscow h a s  dec reased  in  s i z e  and tha t  ground-water s torage  i n  the  upper 
a r t e s ian  zone h a s  i n c r e a s e d ,  A s  t h i s  report w a s  written (summer of 1969), 
water  l e v e l s  i n  7ddl  were still r i s ing ,  but  a t  a l e s s e r  ra te  than in  1965-1966. 
The 1969 wate r  l e v e l s  were  a t  about  65 feet--the same dep ths  a s  i n  the  l a t e  1940 ' s  
and e a r l y  1950 ' s  but  still below those  of the  1 9 3 0 9  s. 

The records  of w e l l s  7cc l  and 8 c c l  are  much shorter  than tha t  of 7dd1, but  
show the  same r is lng trend of water  l e v e l s  during the  period of record. The depth 
of 7ccl  is not kncIvdn , but a son of the  former owner (Albert Hagen,  o ra l  communi- 
cat ion) r eca l l ed  tnat  c l ean  white sand  w a s  penetrated a t  the bottom of t h e  wel l .  
This sand  may be from the upper in terbed.  The w e l l  is blocked by a p is ton pump 
housing a t  about  79 feet, H o w e v i ~ : ~  wates-level  f luctuations i n  t h e  we l l  a r e  
thought t o  represent  the f luc tuat ions  within the  aquifer  b e c a u s e  comparison of 
the measurements from 7cc l  with r e c x d e r  graphs  from wel l s  showing f luctuations 
c a u s e d  by changes  i n  a tmosphel is  p ressure  ind ica te  tha t  the  water  l e v e l s  i n  
7 c c l  a l s o  respond t o  atmospheric p ressa re  c h a n g e s ,  Water l e v e l s  in  8 c c l  a l s o  
seem to  r e s p ~ n d  t c  atm.l?cspheadc pressure  c h a n g e s ,  

The Parker Farm w e l l  of the  University of Idaho (15bcl) is a n  a r t e s i a n  w e l l  
i n  the  upper b a s a l t  aquifer  tha t  w a s  drilled i n  1957. The 1964-1966 water  l e v e l  



f luc tuat ions  a r e  shown on Figure 16 and a l e  shown again  i n  relat ion t o  the  1957 
water  PeveY in  Figure 17. The principal  c a u s e  of water- level  f luc tuat ions  is  
pumping of the w e l l ,  whicn t ends  t o  obscure changes  from other  c a u s e s ,  Two 
nearby bells (!5acl, Elks Golf COUPSF; arid 15ca1, Bennett Lumber Products) 
d o  not seem t q) be I-y&rauBical$y c s ~ n ? c + e d  w i ~ h  th -  Parkor Farm wel l ,  The 
two w e l l s  wfi-y~c hrawilv pumped durirrg tL,u pe'ildd of record, The Elks well  
is a b ~ u t  2100 feet a w a y  and  is pumped a lmos t  cent inuously  during the summer 
months a t  a l a t e  of abou t  G O  gpm. In 1962, t t e  s t a t i c  water  l eve l  i n  the Elks 
wel l  w a s  a t  eE5vadan 2535  or about  SJ feet below the  su r face ,  which is  
near ly  60 feet brfgl-lei t t ~ a n  the graS=ablte water  Bevel in  the Parker Farm 'well 
(e levat ion  2488,  ol absu t  120 f e e t  bekavw the s u ~ f a c e )  . Chemical  a n a l y s e s  of 
wa te r s  from the  bwa wellis a re  very similar  (Tab,  JO; Fig. 25) .  The large dif- 
ference i n  e1evatia:is o; t h e  piezcrmebic su r faces  s u g g e s t s  tha t  the Parker 
Farm wel l  and the Elks we l l  a r e  not  esranectcd hydraulical ly.  The Bennet w e l l ,  
1500 fee t  a w a y ,  i s  pumped continuously,  a l l  yea1 around,  The s t a t i c  water  
l e v e l  in  the Bennett we l l  is  a t  about  e levat ion  2505,  o r  about  90 fee t  below 
the su r face ,  which is  only a b s u t  17 fekt  highen than the  water  l e v e l  i n  the  
'Parker Farm wei l .  However,  the chemical a n a l y s e s  of water  from the  two 
w e l l s  a re  very differerit  (Tab. 10; F4g 2 5 ) .  The smaPI difference i n  e l eva t ions  
of piezometric silaIaces p lus  the ~7ery g rea t  difference i n  chemical  a n a l y s e s  
s u g g e s t s  that the Parker Farm well and  eke Bennett we l l  a re  not connected  
hydraulieadlly, Ht foiltows t h a t ,  f ron  the  dafferences i n  e levat ion  of piezomet- 
r i c  surface  and t r ~ e  d l f f e r e ~ c e s  i n  cIic:.nieal a n a l y s e s ,  the Elks well  and  the  
Bennett we l l  a r c  n s t  conriected h y d r a u l l ~ c a ~ l y  , e v e n  though they a r e  only about  
700 fee t  apar t .  

The hydsograptjs of the Parkcr Fa,li? we91 ( ~ i g  . 16 and Fig. 17) show a s t e a d y  
r i s e  o f  water  l e v e l s  during 1965-1966 t o  l e v e l s  tha t  a re  above the  s t a t i c  water  l eve l  
of the pumping t e s t  i n  November, 1357, This pat tern is  very similar  t o  tha t  of 
wel l  7dd% i n  downtown Moscow,  but  the  r,se r s  not  a s  g rea t ,  Moscow b a s i n  
watea l e v e l s  were a t  ahau t  tl-ear l e w e 2 t  ara 1957 and rose  s t ead i ly  during 1965- 
1966 and  were- c z n s i d e ~ a ~ l l j '  above 1357 l e v e l s  1:1 mid-1969, Such a s imilar  pat- 
tern of the hydkojraphs s u g g e s t s  thar  the  Parkpi Tarn  we l l  is hydraulical ly 
connected  w i th  t k ~  p~~nl l ic -supply  we l l s  i q  Moscow even  though it is about  112,000 
f e e t  from tk.e centpr  04 Ci ty  puanpage a n d  about  15,030 fee t  from the  cen te r  of 
Universi ty pumpbge. However, the  ch?rr.ic-kl drlalysfs of water  from the  'Parker 
Farm we11 (Tab.  10; Fig. 25) is  very dkfferer,: from the chemical  a n a l y s e s  of 
water  from tine public-supply wells rn Moscow tha t  pump water  from the upper 
b a s a l t  and upper in terbed aquifers  (Tab. 13; Fig. 2 5 ) .  The water- level  f luctua-  
tions i n  the  Parker Farm wel l  may ~ e p r e s e n t  natural  inc rease  in ground-water 
s torage  d u r ~ n g  1965-1366, 

C i ty  Well  7 i s  a n  a ~ t e s i a n  we l l  perforated nri the  lower part  of the  second in- 
terbed.  Short-term water-kevel fiuctltarloris were d i s c u s s e d  by SokoY (1966, p .  
11-12] . He shows tha t  f l u c t u a b s n s  are  c a u s e d  b y  c h a n g e s  i n  atmospheric pres-  
sure  a n d  changes  in  s to rage ,  H e  s u g g e s t s  tha t  the aquifer  penetrated b y  C i t y  
7 is not  d i rec t ly  connected  hydrarrllcaily with a n y  of the pumped aquifers  a n d  
that  changes  i n  s torage  are  na tu ra l ,  

With the  except ion  of 7ba2 (Ci ty  7 ) ,  a11 observat ion  we l l s  i n  the  upper 
a r t e s i an  zone showed r is ing water  l e v e l s  d ~ r i n g  the  period of our f ield s t u d i e s  
(1964-1966). These r is ing l e v e l s  vb9ere in  response  to  dec reased  pumpage a n d  in- 
d ica te  a n  i n c r e a s e  i n  ground water i n  s to rage ,  A t  the time th i s  manuscript  w a s  
wri t ten (summer, l969j ,  water  l e v e l s  were stSL1l r is ing in  the  one we l l  s t i l l  being 
measured (7ddl) . 



Universi ty 1, Universi ty 2 ,  Ci ty  1 ,  Ci ty  2 ,  and Ci ty  3 a re  a r t es ian  wel l s  
in  the upper b a s a l t  and upper interbed aquifers.  For many years ,  these  were 
the principal  public-supply wel l s  i n  Moscow basin  and heavy pumping from 
them caused  a deep cone of depress ion i n  the piezometric su r faces  of the 
upper a r t es ian  zcne . Individual detained hydrographs of most  of t he se  wel l s  
s ince  the  c i ty  and University began periodic water level  measurements i n  
t he  ear ly  1950's  a re  shown on Figure 17. Ci ty  P is omitted from Figure 17 
but  is shown along with Ci ty  2 and Universi ty 1 and  7ddl on Figure 12, a 
general ized hydrograph for the period 1896-1966, 

A recording gage  w a s  i n  operation on Universi ty 2 during the  period June 
25 t o  July 14, 1964. Water-level f luctuations during th is  period were analyzed 
by  Sokol (1966, p , 21-22) , He computed a barometric eff iciency of 90.5 per- 
cen t  and concluded that  the s hsrt-term wa ter-level f luctuations were caused  
by changes  in  atmospheric p ressure ,  by  s ea sona l  recharge and/or recovery 
s i nce  shutdown of the  we l l ,  and by pumpi ng of other wel ls .  Prior to June,  
1964, the  principal  c a u s e  of water- l eve l  f luctuations was  pumping of the well .  
The wel l  h a s  been  pumped very little s i nce  Universi ty 3 went in to  service .  

City 1, Ci ty  2 ,  and Ci ty  3 a r e  within a hundred feet  of e ach  other and 
seem to  obtain water  from the same zones ,  The water-level f luctuations i n  
e ach  of these  wel l s  are  c aused  by i t s  own pumping and probably a l s o  are 
c aused  by  pumping of t he  other two. The water-level measurement record is 
most complete for Ci ty  2 ;  the pattern of the  general ized hydrograph on Figure 
12 is similar to that  of 7ddl: increas ing demand i n  the 1 9 4 0 ' s  and  1950's 
c aused  s teady  decl ine  of water  l eve l s  unt i l  the source of public supp l ies  w a s  
shif ted to the deeper  we l l s  i n  the ear ly  1960ts ,  The water  l eve l s  have s i nce  
r isen.  

Universi ty 1 is about  2200 feet  from University 2 ,  but Sokol (1966, p .  21) 
presents  ev idence  tha t  the  two wel l s  a re  poorly connected hydraulically. The 
principal c a u s e  of water-level  fluctuatiori in Universi ty 1 is i t s  own pumping. 
After University 2 went in to  se rv ice ,  pumping i n  Universi ty l decl ined and  
water  l eve l s  rose  after 1958. Only one measurement is ava i lab le  for 1963, and 
none thereafter , 

During the period of our  field s tud ies  (1964-1966) water l eve l s  i n  most  
public supply wel l s  showed the same r is ing trends a s  were shown by the obser-  
vation we l l s ,  The r i se  is i n  response  t o  decreased  pumpage and  represents  
a n  inc rease  of ground water  i n  s torage.  

Fluctuations i n  a n  Observation Well  i n  the  Middle Artesian Zone 

University 3 is a n  a r tes ian  well  perforated i n  the  middle ba sa l t  aquifer. Be-  
fore the well  was  placed in to  se rv ice  i n  September 1964, records of water-level  
f luctuations were obtained by a recorder between December 14, 1963 and May  7 ,  
1964, and  by  tape measurements thereafter ,  The hydrograph is shown on Figure 
17, Sokol (1966, p,  13-19) analyzed the  records prior t o  September, 1964. He 
computed a barometric e f f i c iency  of 91 percent  and concluded tha t  the  principal  
short-term water-level fluctuations are c aused  by  f luctuations i n  atmospheric 
pressure .  After removing the e f fec t s  of atmospheric pressure  changes  from the 
hydrographs, he denons t ra ted  small  water-level  changes  from natural  changes  
i n  ground-water s torage.  Other water  l eve l  changes  that  he d i s cus sed  are 



non-periodic and are caused  by earthquekks arid by wind blowing ac ross  the 
top of the  cas ing before the  well house was  bxil t ,  

After Univk7rsity 2 went irnto service  ,, we took tape measurements a t  about 
weekly intenlala axj8,d tke. Z P ~ V ~ ! F C , ~ ~ : I  3 5  'ideha t#s':?k daily airline measurements. 
Both s e t s  ad data aze reported arid a)-e sl:;dw11,7, tc.yei$ier on Figure 17 for purposes 
of  comparison. Sir].ce trLe wielll,  we:^! l l r ? I . ~  s~E:~'sI?UC&, the principa8 c a u s e  of 
water-level  f luetuarions il.as been pumping o.? t.he well .  Water Pevelis declined 
3bout 8 f e e t  by Dece~nbar of 196C8, a t  ti-,:;. end of two years  of operation. By 
the end of 1968, th:? water :eveis hi3d dK,6:.~fltii?d a n  addit ional  2 feet, These de- 
c l i ne s  were i n  resp  mse t o  the yu:mpi.t~y of r l r . ' ~  weEh. 

Fluctua t iocs  >&~ic~=-&p;pP~.r Wells ,:: t?!? LoV~;.er Artesian Zone 
-m-z-&-z-L- .-An--;=- .------.----- - 

City 8 is a n  a r tes ian  well in thc iiuwer ba sa l t  and  City 6 is an  ar tes ian  wel l  
i n  the lower b a s a l t  and Bower in te lbeds ,  No periodic water-level measurements 
were obtained f ~ o m  Si.z.y 15 prior to  i?.s being piaced in to  service;  a recording gage 
w a s  operated on Gity 8 from Marc?, i 5  ;ss Ap~ril 13, 1965. During t h i s  t ime,  a 
record of the  opelratiian of the pump on City  6 w a s  kept  by  a recording voltmeter 
ins ta l led  on the  pump contr.aEs, Water-.level f luctuations for the  period were 
analyzed by Soksl  (196 Fb ,, p , 2 3-2 4j , wh'2 es tirnated the  barometric eff iciency of 
City 8 t o  be  80  percent arvd determivied ths: ths  major c ause  of water level  fluctua- 
tions was  pumping sf City  6 ,  which is 6 3 3 3  zeet away ,  Comparison of extended- 
s c a l e  recorder grapbis of tPrs V L ~ E ~ + Y ~  I C T ~ ~ ~ S  In S i t y  8 with the recording voltmeter 
graphs from Z i ty  6,' (SakoL 16965, Tng ?r, 15.; sj;ows that  the  direction of trend of water- 
level  in  City 8 i.e.verses within 1 tg> 5 :nin!.,;,s of the time that  the  pump on Ci ty  6 
s t a r t s  or s tops .  During the pzriod that. tic>: ,-ec:):'dbr;g fnstruments were i n  operation,  
pumping of Ci ty  6 caused  daily water- Lsre, G~ic tua t ions  through a range of 2 feet 
in  Ci ty  8 ,  The quickness  with which w a t e r  %sv~!Hs i n  Ci ty  8 respond t o  changes  
i n  pumping in C i t y  6 and t he  arLalant of Iniiui?r,c:e tha t  pumping of Ci ty  6 h a s  on 
the  water Be-~eis i n  'City 8 ,  show t ha t  -.l--~se two we2ls have very good hydraulic 
connection.  P l~m;~ing  of 'City 8 should ha . L r ~  stm,,ang inf luences  on water  l eve l s  
i n  Ci ty  6. 

The wa ter- level  records for Zi ty  8 (Fig , 1.7) are from several  sources .  The 
pumping-te s t  s ta  tie levell of Dfzc,mh==:. 11, 13 5 4 ,  probably w a s  a n  air l ine measure- 
ment; it is believed :o be inaecuratle.  Tk.e r'2corder graph records of March 15- 
April 19 were checked with s t e e l  tapc meas,~!reinents e ach  time the char t s  were 
changed and arc; accurat .e ,  Tla th.2 s:~~,:r:uc?l of 1968, the Moscow Ci ty  Engineer 
discovered that. t h e  air l ine on Ci ty  8 was  50 ieet shorter than originally reported. 
The data shown on !Figur,e 1 J 1,a.i.e been ~ ~ - 1 1  'rectcd t o  remove th i s  error. 

According t o  R , ' J ,  .Day, then lVIos:ow/ G~ :Y  Engineer, (oral  communication, 
19671, recovery of Ci ty  8 is  rathe!!. s low arid most of the  shut-down periods of the 
pump are too skiart to pzrrnit full r e m v e r y ,  I-le reported that  when the pump is 
off for a pericd of more than severa l  S o ~ a s ,  water l eve l s  will recover to about 
310 feet, The measurements furnished by Cnty of Moscow for the period mid-1965 
through 1966 range from betweei? 318 arid 3 3 0  ie,-e: and probably are random points 
on the recovery curve of the  weI%.  The wate: icvels probably a r e  a l s o  a f fec ted  
by  drawdowal c aused  by pgrnpigg of Zi ty  6 ,  T:,e reported recovery of Gity 8 to  
about  3163 fee t  p lus  the severa l  ' nassnal" rneasuleznents i n  the  range of 318, 319, 
320, and  321  fee t  during l a te  1946 suggest  that the s t a t i c  PeveE of City 8 had 
decl ined about  BO k e t  by  3ecenCer ,, 69b5 , afte; about 13 years of operation. 



The principal c a b s e s  of water-level  filuetuations i n  Ci ty  6 a re  its own pump- 
ing,  and ( s i nce  mid-1965) pumping of Ci ty  8 ,  Between 1960 and 1966, Ci ty  6 
was  pumped a t  about 900  gpm. Water l eve l s  declined sl ightly and were about 
2 t o  5 fee t  Bower a t  the end of 1366 tFan they were i n  1960, On January 26,  1967, 
the watea l eve l  wes  mea sured wn? t 5  a s tleel tape a ~ d  w a s  2 89.2 0 fee t  below land 
surface.  At the  time of the measuyement, the pump had  been removed from the 
wel l  and it had not  been  pcrnped f?r sevezal w-ezks. In 1367, the  pumping ra te  
of Ci ty  6 was  inc reased  to  about 12313 gpm. 

to  Ground-Water Supply 

Water tha t  recharges  the artesiar: aquifers milst p a s s  through the  surficial  
aquifers on the way down t o  the artesiar!  aquifers (Fig. 6 ) .  The water  moves 
along t he  basa  I t-crystal l ine c o ~ i a c t  , or tk-ough buried stream channe l s  
(Chang-Lu, 1957, p ,  '76-80) and/or vertlcaEhy through the top of the  ba sa l t  
sequence .  Heavy gumpage i n  the zppeir a r t es ian  zone between 1896 and 1960 
created a subs tan t ia l  decline in  the piezo;:?et:ci&: surface that  must  have in- 
c reased  the ra te  of downwards movement of water ,  I d  recharge to the water  
table  was  less than the amount of water m-novir?g to th- ar tes ian  aquifers ,  a long- 
term decl ine  of water l eve l s  should have occurred i n  the water-table aquifers ,  
If water avai lable  for recharge was  i n  excess of the amount of water  moving t o  
the a r t es ian  aqu i fe r s ,  i t  would zlove i n t c  xhc warsr table aquifers i,n amounts 
sufficient  to keep  the wa t e r -hev l  f h u c t u a t i ~ n s  within the same range a s  when 
pumpage of tE-.e a r t es ian  aquifers did not  af fect  the water  table bod ies .  

A l l  evidence shows that  the watea table i n  Moscow bas in  h a s  not declined 
s ince  a t  l e a s t  the ea r ly  i 9 3 0 9  and  sugges t s  that  the water  t ab le  h a s  remained 
s tab le  s ince  the  d89Q1s,  In th i s  p e r i ~ d  of time, the water  l eve l s  of the  upper 
ar tes ian  zone declined nearly 120 feet  i n  the vicinity of the pumped wel l s ,  

Water-level  f luctuat ions  In the ante i i a n  aqci fers  generally show seasona l  
r i s e s  in the spring that  Sokol (19616, p a  25)  re la tes  to recharge.  The long-con- 
tinued r i s e  in water  l eve l s  in the uppex a r tes ian  zone after  phasing out  of heavy 
pumpage in  the ear ly  and  middle P9C0°s is  addit ional  evidence of recharge.  

The s ea sona l  rises i n  the a r t es ian  aquifers ,  the long-term s tabi l i ty  of the 
water  table  a l l  ind ica te  that  water  avai lable  for recharge in Moscow bas in  s t i l l  
w a s  i n  e x c e s s  of pumpage a t  the time we did oi;r f ield s t ud i e s ,  Water  moves  
down from the water table to  replace water  pumped from the a r tes ian  aquifers ,  
Water that  formerly pa s sed  ou t  of Moscow bas in  a s  surface flow or evapotrans- 
piration ("re jected recharge") moves down in to  the water table to replace  t h e  
water  that  went  down t o  t he  artesiar .  aquifers, Enough water  h a s  moved down from 
the formerly re jec ted recharge to  keep the water table  f luctuations within the  
same range foe the period 1934-la66 and probably for the period 1896-1966. 

Additional re jec ted recharge probably s t i l l  i s  ava i l ab le ,  The es t imates  of 
water  ava i l ab le  for recharge i n  M o s c ~ ~ w  b a s i n  (see Ross ,  1965, p. 30-35) sug- 
g e s t  that  recharge should excepd pumpag, through the year 2000, 

If pumpage from the a r t es ian  zones  should begin t o  exceed  a l l  avai lable  re- 
charge ,  the water t ab le  should begin t o  decline gradually,  A long-term program 
of water-level m e a s u ~ e n e n t s  would grovide the data necessa ry  to determine i f  
the water  table  is  remaining s table  or beginning to decl ine ,  



GEOCHEMISTRY OF GROUND WATER 

Natural water never cons i s t s  of pure H 0, Dissolved inorganic so l i d s ,  
g a s s e s ,  and perhaps dissolved organic maher  a r e  present  in  ground waters .  
In "fresh water" , the d issolved so l ids  cornmonly make up l e s s  than 1 per- 
cen t  by weight; i n  Moscow bas in  ground wate r s ,  the dissolved so l ids  gen- 
era l ly  total  0.81 t o  0 .85 percent ,  Thc term " chemical c o m p o s i t i ~ n  of water" 
means  the kinds  and amounts of materials  dnssolved i n  the  water ,  

Even rain water ,  though commonly regarded a s  pure, conta ins  some dis-  
solved so l ids  and generally p icks  u p  carbon dioxide g a s  a s  i t  p a s s e s  through 
the a tmosphere ,  The carbon dioxide l~nde rgoes  a chemical  reaction with 
the  water  t o  make a very di lu te  solution of carbonic ac id .  A s  the sl ightly 
a c id  water percolated down through the soi l  and rocks to the  water  table to 
become ground water ,  and a s  th.e ground water  moves through the so i l  and rocks ,  
various chemical  p rocesses  of solut ion,  deposit ion,  and reaction take place  
that  c ause  changes  in the chemical  composition of the water ,  The kinds  of 
p roce s se s  that  wil l  take p lace  a r e  influenced by the  mineralogy and  other geo- 
logic  features of the rocks ,  by the  volume of water and the ra te  of circulat ion,  
and by physical-chemical  variables such a s  pressure ,  temperature , pH, and 
oxidation potential ,  I n  some p lace ,  changes  a re  c aused  by act ions  of man. 
These ar t i f ic ia l  changes  a r e  c l a s s e d  a s  contamination or pollution, 

Geochemistry of ground water  is the study of the  changes  in  chemical  com- 
posit ion of water a s  i t  c i rcula tes  through the ground, Deduction of the  reasons  
of the changes  i n  terms of physical-chemical  re la t ions  is  the  goa l  of geochemi- 
c a l  s tudy,  

During the time that  the  public water suppl ies  of Moscow bas in  were ob- 
tained from the upper a r t es ian  zone ,  exce s s ive  amounts of iron caused  many 
annoying problems, One of t h e  goa l s  of our study w a s  t o  determine the factors 
that  control the  origin and distribution of iron i n  the ground waters of Moscow 
bas in ,  Ross (1965, p ,  83-88) determined the hydrologic factors during her 
preliminary s tud ies ,  Our follow -up s tud ies  eliminated many simple chemical  
and  physical-chemical  relat ions a s  c a u s e s  of the  origin and distribution of the 
iron but did not  determine the ac tua l  c a u s e s ,  

During her invest igat ions  of the geohydrology of Moscow bas in ,  Ross (1965, 
p ,  65-88) accumulated much b a s i c  data on the  chemical  quali ty of the ground 
waters ,  She assembled data from 78 chemical  ana ly se s  from various sources;  - most of the ana ly se s  reported only a few const i tuents  of the water .  She deter- 
mined field specif ic conductivity of water from about 280 we l l s ,  determined 
iron content  of water  from about 150 wel l s ,  and measured temperatures of water  
from about 62 wel l s .  

She presented two isogam maps of distribution of speci f ic  conductivity of 
ground waters in Moscow basin;  her p la tes  9 and BO show spec i f i c  conductivity 
i n  the " shallow unconfined aquifers" '  and i n  the "upper confined and deeper 
unconfined aquifers"  respect ively ,  These maps have been  revised;  Figure 23 
is distribution of speci f ic  conductivity in the surficial  aquifers and Figure 27 
in  the upper a r t es ian  zone .  

Ross a l s o  presented two isogam maps of distribution of iron i n  ground waters 



i n  Moscow basin.  Her Plate 89 shows di.st;.ibutiun of iron i n  the " shallow 
unconfined aquifers" and her Plate 2 1 ,  in  the "upper confined and deeper uncon- 
fined aquifersia ". These ina2s a l s o  have been revised; Figure 2 2  i s  distribution 
of iron in  the surficial aquif'zrs and F i g u ~ e  26 ,  in the upper ar tes ian zone.  

Ross d i s c ~ s s e d  tile hydrologic c!xi-:f~sls of the origin and distribution of 
iron and s i l i ca .  Tkn: discussior: i s  yl:;e:-i. k~elaw,; few revisions were necessary.  

Most sf the wells f ~ r  ta.b~icfi ;l!':8~~1:~L~:cl analyses  of water were obtained 
were selected on tkie L a  si s cf da te  In Fo-13' report.  Water was analyzed from 
wells believed to he typieal a: ~ a c k  aquifer,  f r@x wel ls  with waters  high 
i n  iron, or from wel ls  witk, ~ t t ~ s  anom3lo:~s c h a r a c t e r t s t i s ,  The ana lyses  
are  shown on T a b k  10, 2arr ia6 q .~~ ,a?+  ., itI.y of water data ,  such a s  temperatures, 
iron,  fi.eld bicarbona:e, speci t ic  ~ o n d u c i i ~ ~ i t . y ,  arid fi,eEd pH were obtained 
on 2 2  additional wel ls  aft,$>- 2 ~ : ' ~ s  s7a,,-:ipZe?ed her p n e l i n i ~ a r y  study, These 
data are on file wi?h the .!da?io Plu:,,5a; of Mines and GsoSogy, 

Chemical analyses  oi  ~ a t ? : :  frls:n. 42 wells and springs i n  Moscow basin 
are shown in  Table B O O  Samples for 38 of thrr. ana lyses  were collected by 
R ,  W. Jones and were a r~a lyzed  by ti;,? 3a;)artrleat of Agrfculturali Biochemis- 
try and Soils of the University of i'dakc,, Two of the ana lyses  are by the Idaho 
Department of Healtr; arid twc are t h e  avpsages of a number of ana lyses  from 
various sourzes that wera repoi,ted by Pass (1965,  Tab, XVT). Data that  supp- 
lement the a ~ a l y s e s  vwre obt,aii;ad k;:~ S ,  H ,  Ross,  R ,  W, Jones ,  and D.A. 
Myers,  

Thirteen of tl;e samples a re  for freshly pumped water collected from valves  
that bypass the storage system fed by tire pUiTIp .. These samples of water pro- 
bably are very sinnllar to the water, eiirsulaCng ln  the aquifer, The other samples 
were collected from taps  i n  the s tsrage system on. were dipped from open wells.  
The water in  these samples probably was modified to an  unknown extent by the 
metal and air ir, the storage system 02, by co r~ tac t  with the atmosphere . Iron, 
bicarbonate,  and pH are pan'ticaiia!'Ly suscept ible  t o  such alteration. To mini- 
mize changes in  samples after colkctiar.,, the samples were held in a refrigera- 
tor from a few hours after collection untr% ana lys i s ,  

Pr~cedur-es  ------ for !L)btalninq t'ieid An&ticaS Data 

In general ,  the analytical  Babusarojries reported: S i 0 2 ,  A l ,  Ca , M g ,  Na , 
K ,  HC03 ,  so4 C1, NO?, and pH.. Some of the ana lyses  a l s o  showed NH3, 
PO4,  or Mn, Althoug!: h-.e analyhcaii YaLoratories did report Fe and the Depart- 
ment of Agricultural Biachenistxy arid Sai ls  reported specific conductivity, 
their data are nct  shown on Table i but are shown on Table Pi, On Table 10 , 
the data on tempsrature , F e ,  HCO ( ~ i r l d j  , F ,  sgezific conductivity, and pH 3 (Field) were obtaised by K O  W. Jorles , S .  H .  Ross and D ,A .  Myers,  Total dis- 
solved solids and hardness were seicill.ated using methods in Rainwater and 
Thatcher (1960, p .  176-177; 2?1-,2 7 2 )  -. 

Tempera turc 

Terr.perature was taker! wit!: o:dlnai-y th t r  morneters that probably were ac -  
curate to  P deg:ze. Ternperatuse was laLeasai:ed only when water came directly 
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Table 10. Continued. 

I I 

UPPER ARTESIAN ZONE 

7.5 7.00 bypass  
5 .65  2.95 t a p  
- 7 .2  - 

7 .35  7.40 t a p  
7.05 7.20 t a p  
7.85 7.50 t a p  
7.25 7.50 bypass  
7.65 7.30 bypass  

7.25 7.25 t a p  
7 .5  7.45 bypass  
- 8 . 3  

Upper B a s a l t  A q u i f e r s  
39N-5W 

23 5 b b l  8 / 1 1 / 6 5  56 25.0 t r  9 .2  27.2 12.2 17 .5  3.2 - 
24 5 d a l  11 /17 /65  - 44.2 0 250 1 4 1 . 0 5 0 . 1  23 .1  7.6 53  
25 8ab2 - - 55 - 0.26 27 1 0  1 3  2.6 - 
26 9 b a l  11 /23 /65  - 29.6 - 3.0 24.6 10 .2  14 .7  3.2 175  
2 7 9 b c 4  8 /12 /65  - 29.2 t r  t r  29.2 8.5 17 .5  3.6 - 
28 1 5 a c l  8 /11 /65  - 27.5 t r  0.23 36 10.9 22.4 3.2 - 
29 1 5 b c l  11 /16 /65  53  23.3 0 3-112 28.0 10.0 14.7 3.2 165 
3 0 1 5 c a l  8 /11 /65  57 26.3 t r  6.0 38.2 10.9 18 .7  3.6 - 
3 1 1 6 a d 5  8 /13 /65  - 25.0 - 13.5 18.4 7 . 3  17 .5  1 .6  - 
32 1 6 b a l  8 /13 /65  55 28.8 t r  2.9 31.2 9 . 1  1 7 . 5  2.8 - 
33 1 8 b a l  1960 - - - 9.24 36 15 .8  15 .5  - - 

NH , 4 . 6  ppm. 
~ a ? c .  s p e c .  cond.  
NH3, 0 . 3  ppm. 

NH3, 0.2 ppm. 

C a l c .  s p e c .  cond. 
Mn, 0.22 ppm. 
PO4, 0.414 ppm. 
NH3, 0 . 2  ppm. 34 19ba3  11 /24 /65  54 22 .1  t r  0.4 65.2 23.1 18 .9  3.6 279 

3 5 1 9 b b 4  8 /13 /65  - 23.3 - t r  29.4 8 . 5  17 .5  1 . 6  - 
36 19da1 11 /23 /65  - 27.5 0 <1/2 25.4 8.54 16 .8  2.4 210 
37 Average - 28-5 - 3.73 32 11 17  3.6 - 

37.3 41.6 0 . 2  3.54 327 258 480 7.35 7.40 t a p  
1 . 5  9 .0  - 12.4 1 6 5 1 0 8  280 7.3 7.5 t a p  

57.6 7 . 1  0 .2  2.44 199 98 280 7.25 7.10 t a p  
19.2 8 . 6  0 . 3  1.7 1 9 1  1 2 5  - - - 

NH3, 0 . 3  ppm. 
Ave. of 1 3  a n a l .  

Upper I n t e r b e d  A q u i f e r s  
39N-5W 

38  5 a d l 1 1 / 1 7 / 6 5  22.5 0 3-1/2 42 13.2 18.9 3.6 300 
39 6 d c l  11/23/65 1 ~ 3  127.5 0 3-1/2 32.2 1 1 . 5  14 .7  2.8 189 

NH3, 090 ppm. I 6.7 7 .1  0 . 7  0.44 220 159 380 7.55 6.90 t a p  
7.2 7.1 0 . 3  0 .22  168 129 270 7.2 6.90 bypass  

34 7 0 . 3 5 0 . 3  1 8 5 1 3 7  310 - - 

20 2 - - 154 128  260 - - 

C a l c .  s p e c .  cond . ;  
Ave. of 5 ~ n a l . ' ( R o s a  1965) 
C a l c .  spec .  cond. ;  
Ave. o f  8 ~ n a l . ( ~ o s s  1965) 

4 1  7da2 - - 3 .8  30 1 3  - - - 

42 Average 1 - 3 . 3  35.1 13.2 16.5 3.2 - Ave. of 4 Anal .  I Middle A r t e s i a n  Zone 
39N-5W 

43  X 1 1 / 2 4 / 6 5  168 134 0 1 .2  22 11 25 6 204 NH3, 0.30 ppm, I 
Lower A r t e s i a n  Zone 
39N-5W 

4 4 7 b a l 1 1 / 1 6 / 6 5  75 27.5 0 0 .6  25.4 7.95 84 6.9 370 328 12.9 13 .9  1 . 2  0.66 317 96 450 7.85 7.00 bypass  NH3, 0 .5  PPm. 
4 5 8 b a l  11 /16 /65  77 22.5 0 0 . 6  20.6 4.9 71.5 6 . 4 2 7 1  274 15.8 13.9 1 .4  0 . 2 2 2 8 4  72 420 8 . 5 5 7 . 6 0  bypass  N H 3 , 0 2 0 p p m ; ~ 0 ~ f 1 . 2 9 p p m  
46 Average - 25.5 - 0.6 23 6.4 72 6.6 - 301 14 1 4  1 . 3  0.4 286 84 - - - - Ave. o f  2 Ana l .  



from the  pump b y p a s s  va lve ,  without g d n g  through the s torage  sys tem,  and 
when the  p t ~ m p  had b e e p  ~ p e r a t i m g  Izng enough fon the  water  temperature to  
s t ab i l i ze .  2 a t a  ee lp~r ted on Tabbe LO pd-sabably a r e  very c l o s e  t o  a c t u a l  temp- 
esatdre of water  Ira the  aquifer ,  

Aceusate deter m ~ n a  tbsn of dnssolved Iron ac tua l ly  p resen t  i n  the  ground 
water eireulat,ng nn a n  aquifer  is d i f i ~ c u l t ,  According t o  Hem (1959, p. 60) ,  
i ron i n  ground water eonta imng bicaruonare mostly wi l l  b e  i n  the  ferrous 
s t a t e  when pH is between 6 and 8. NIost of the wa te r s  reported on Table 10 
contain b learbanate  and have  p H 9  between 7 and  8 .  A t  l e a s t  100 ppm 
(pa r t s  per  miP~isn)  b learbonate  is  present  i n  37 of the 42 a n a l y s e s .  When 
waters  containing b i c a ~ b o n a t e  arid iior; a e exposed  t o  oxygen,  a s  when a 
sample is col lec ted  a t  a p ~ r n p ,  the fa~hswdng react ion c a n  take  p lace:  

The r e ~ ~ ~ o v a %  of bicarbonate ions  from sclilution may have  marked ef fec t  on  the pH 
of the wa te r ,  If the  sample is  a l l swed  to s t and ,  the  ferr ic  hydroxide will s e t t l e  
to the  bottom of the  con ta ine r ,  Even If the  a n a l y s t  s h a k e s  the  container  care- 
fully piior t~ withdrawing the  a l iquot  for the iron determination,  some of the 
iron kydroxide may s t i c k  t o  tf,e s i d e s  of the conta iner  and the  distr ibution o f  the 
suspended ~ a ?  hydroxide within the s h a k e n  sample may not be uniform, If the  
contalneli i s  r~;yt s h a k e n ,  the  amount of ilron reported may depend upon the  depth  
in to  the cr.ntainer t o  which the pipet te  w a s  Inser ted  when the  a l iquot  w a s  with- 
drawn. Another problem is  c a u s e d  by contamination by iron rus t  from wel l  
casnngs ,  pumps,  s to rage  t a n k s ,  and p ipes  ig +he distr ibution sys tem,  The 
problems of iron i n  water are  d i s c u s s e d  h y  Hem (1959, p ,  58-66). 

Ross (1965, p ,  75-76: mlnlmizeder;ars  c a u s e d  by oxidation of d i s so lved  
iron b y  ma kiny determinations by  s tandard  labosatory colorometric methods 
within k2 hours of cr , l l sc t ion ,  M o s t  sf the data on iron i n  Table PO a r e  from 
Ross or were a l s o  determined within 12 hours of sample co l l ec t ion ,  Where the 
sample  w a s  co l l ec ted  from a vabve tha t  b y p a s s e d  the  storage s y s t e m ,  the  data 
or, ison on Table 10 probably are very c l o s e  t o  the  d i s so lved  iron ac tua l ly  pre- 
s e n t  i n  the  water  circulat ing i n  the aquifer  (p lus  a n y  contamination from the 
we l l  or pump). The i ran  reported for a n a l y s e s  8 ,  2 9 ,  3 6 ,  3 8 ,  and 39 w a s  deter-  
mined i n  the  f ield with a La Motte Chemical  Products Company k i t  tha t  is  ac-  
cura te  t o  abou t  $ pprn iron in  the range of 8 t o  4 pplm and t o  1 ppm i n  the range 
of  4 t a  YO ppm. Determinations were made immedia t e l y  upon col lec t ion  of the  
sample  Determinations by  the  f ield k i t  a re  rleported i n  f rac t ions  rather  than 
d e c i m a l s ,  

l ron reported i n  a n a l y s e s  2 ,  25 ,  33 ,  3 4 ,  40 ,  41, 43 and 45 on Table 10 
and the "]laboratory" iron reported or1 Table PI were reported by the ana ly t i ca l  
labaaator ies ,  The data  probably represent  the  ilrori in  solut ion and par t  of the  
iron hydroxnde in suspens ion  a t  tke time of a n a l y s i s .  

Acidizarisn of water  samples  to  k e e p  iron i n  solut ion unti l  time of a n a l y s e s  
w a s  at tempted (Rainwater and Thatcher,  1960 ,  p.  2 8 ) .  Results  were e r ra t i c  a n d  
time did not permit working out  the  problems with the ac id iza t ion  procedures ,  



Bicarbonate and carbonate content (alkalinity) of water samples can  change 
with time after collection of the sample. Tlr. the aquifer, the carbon dioxide- 
bicarbonate-carbona te system i s  in equilibrium with respect  to the pressure 
and temperature of the ground water. 1:-sh~glng the water to  the surface reduces 
the pressure and commonly increases  the temperature; solubility of carbon 
dioxide in  water decreases  with decrease in pressure and increase in  tempera- 
ture. The carbon dioxide-bicarbona te-carbonate s y s  tem in  the water sample 
tends towards a new sta te  sf equilibrium with respect  to atmospheric pressure 
and prevailing temperature, generally losing carbon dioxide in the process .  
(Hem, p ,  46).  One of the possible reactions is: 

Because hydrogen ions  are used up by this reaction,  pH of the water wil l  change 
unless  some buffering reaction a l so  takes  place.  A bicarbonate-carbonate 
determination made a s  soon a s  a sample is collected directly from a pump should 
be very c lose  to  the actual  bicarbonate-carbonate content of the water within 
the aquifer. If the sample i s  collected from a storage system, the bicarbonate- 
carbonate content may reflect the equilibrium under the conditions in  the stor- 
age system,  rather than i n  the aquifer, 

We determined the bicarbonate-carbonate content of waters from 17 wel ls  
in the field using a LaMotte Chemical Products Company kit .  End points of 
the titrations were determined with a Beckman N2 pH meter. The field proce- 
dure is  substanti l ly the sarne a s  standard laboratory procedure and h a s  equiva- 
lent  accuracy. Only 6 of the samples were collected directly from the pump. 

Fluoride 

Most of the fluoride determinations reported on Table 10 were done with a 
LaMotte Chemical Products Company kit.  The kit probably i s  accurate t o  0.1 
ppm fluoride. The fluorides reported for ana lyses  2 5 ,  33, 40, 43, and 45 
were determined by the analytical  laboratory. Fluoride content probably does 
not change with time after collection of a sample. 

Specific Conductivity 

Specific conductivities reported on Table 10 were measured in  the field with 
a battery-powered Industrial Instruments " SoluBridge" meter equipped with a 
polystyrene dip ce l l .  Specific conductivities were a l so  measured by the De- 
partment of Agricultural Biochemistry and Soils on another " SoluBridge" . 
Side-by-side comparison readings on the same water samples showed that  the 
laboratory instrument consistently read 10 percent higher than the field instru- 
ment (Ross, 1965, p , 68),  Because we have many more readings with the field 
instrument than the laboratory instrument , a l l  lsboratory readings were converted 
t o  equivalent field readings by deducting P O  percent from the laboratory readings. 
On Table PO and BB, data from the Department of Agricultural B i~chemis t ry  and 
Soils are reported a s equivalent field reading s , 



Speci f ic  condulctivity c a n  change between the  time tha t  a water  sample 
is co l l ec ted  a n d  the time sf the  anakysas i f  some of t h e  d i s so lved  const i tu-  
t e n t s  p rec ip i t a t e -  Preeipatatio? s f  ca.lciarn carbonate is a n  example ,  

The pH measurea  a? TE-e ' I r ~ e  a saN~pl . :  n ;  c a l l ec ted  commonly differs  
from the  pH meas~:r.-d w:,lt:n ?LP s a , ~ p l ~  SrS anal:,-zed. lp. addiYon t o  c h a n g e s  
c a u s e d  b y  upsetta:~g of tnz carbo;: dl 3x1 dltd b i ~ a s b s n a t e - c a r b o n a t e  equil i -  
brium, c h a n g e s  may be t l ~ r  resul?. s t  l-*ydr, :ys,; os:ndat;on, precipi tat ion 
( s u c h  a s  calesavrn carbonare; , o- ab~cr -  p+l _.I ui i,mes from t5e laboratory 
(Rainwater and TP;arche:, i 3 5 3 ,  p 2 L J-238, 

A pH measured a t  tne  t i ~ e  tl-? : ; a r ~ p l ~  P S  c ~ l l l i ~ z t e d  direct ly from the  
pump should b e  c l o s e  to the actusll pI-I o' water circulat ing i n  the  aqui fer ,  If 
the  sample is coESected f r ~ n  a s t o r a g e  s ' ~ s t e * ~ ~  t h?  pH m3y ref lec t  condi t ions  
in  the s torage  sys tem rati ,er thar  il-i t* i- ~ ~ J L L " R : .  

We measured pH in !kc f ieid for 28 of t:;e water  a n a l y s e s  reported on 
Table P O  using a Beciman N 2  portable pH m ~ t e r  , The appara tus  probably 
w a s  accura te  ts, 9 -1 pH d n ~ t ,  The uiatz: was  co!ilected d i rec t ly  from the pump 
in  13 of the  sa mpdc s , 

The pH i s  a:Tt' oi t;,e most iimpa:;aVlr faz tors  influencing react ion  r a t e s  
i n  aqueous  sys rems .  Data Qr, field pH os freshly pumped waters  should be 
use fu l  i n  s rud ies  of geocheaaiistry of ground wa te r ,  TJnfsrtunateBy, we  were 
a b l e  to  co l l ec t  f co  f ew data t o  serve  a s  a L ~ a s i s  fog- conc lus ions .  

The d n f f e ~ e n c e s  I-,;.tw,;-in fieid dat2 and I3boratory data on i ron ,  b ica rbona te ,  
pH a n d  spec i f i c  conductivity a r e  sunrm~r ;zed  on Table P B ,  Samples co l l ec ted  
d i rec t ly  from a pulr~lo 1 ypa ss valve  a r e  crdnsnd?r.t d sepa ra te ly  from samples  
co l l ec ted  from a s torage  sys tem 13- d ,ps 2.d i l  dm a r  open wel l .  The samples  
co l l ec ted  from the Lypa s s e  s prcbably a j c  very close t~ the  composit ion of water  
circulat ing in the aquifer  vrhersas samplcs  co l l ec ted  from storage sys tems  or  
dipped from open we i l s  psabakly !-iaTae been mcdiiicd, 

Because  sf the  c1~;l.i~: ~ t 1 a : f ~ m s  between c!,anges i n  i ron ,  b icarbonate ,  and 
pH,  the c a u s e s  wi l l  he d ~ s c u s s e d  toget.r.er fojllownng a descr ip t ion  of the c h a n g e s .  
C a u s e s  s f  change i n  speclaic cor,du':;s~,~ity w ~ ~ i l X  b: d i s c u s s e d  with the descrip-  
tion of the s h a n g e s ,  

Field iron w a s  at. l e a s t  0. l porn i n  2 h i  the  samples  co l l ec ted .  Table 11 
shows t h a t  f ield iron v ~ a  s h i g h ~ r  t'larr k,qSonarony uon in  15 of the  20  samples  . Of 
the  7 samples  collllected direc+B>- i:::am puirip b j rgass  v a l v e s ,  f ield iron i s  higher 
in 4 and  the  same a s  !abosatory nao; n r i  Y 3E tFA{., 83 samples  co l l ec ted  from stor- 
3ge s y s t e m s  81 dnpped f ~ u n  ~74peq W E ~ J L S  hP1J u:c>:r is higher than laboratory iron 
i n  11. These data show tha t  a t  leasl. part  o* t l ; ~  dnssollved iron original ly pre- 
s e n t  i n  the ;ampies g e ~ e r a l i y  p r e c i p t a t ~ d  p f i c r  to the  laboratory a n a l y s i s .  
Field deteimination,  ?vpn fo~r water h ~ r n  strs:agc sys tems  or open w e l l s ,  i s  more 
representatrve af the iron pwc; tn t  tFle gr3urid waters  i n  the aquifer  than labora- 



tory determination from samples that  have been standing for various lengths  of 
time prior t o  ana ly s i s ,  

No geochemical  reason e x i s t s  for laboratory iron t o  b e  higher than f ield 
iron. The 5 ana ly se s  with higher laboratory iron probably a re  erroneous; 
c a u s e s  could  b e  contaminated sample conta iners  or  mis takes  by  t he  ana lys t  
i n  e i ther  the f ield or  laboratory determination. 

Bicarbonate 

According t o  Hem (1959, p .  971, reproducibility of bicarbonate-carbonate 
determinations (alkalini ty)  cannot  be  expec ted  t o  b e  c lose r  than 2 to  5 percent  
from duplicate samples .  The data on Table 11 show differences of a t  l e a s t  
5 percent  i n  14 of the 17 dupl ica te  a n a l y s e s ,  Field bicarbonate is higher i n  
12 of the 14,  The data  show a change i n  the carbon dioxide-bicarbonate- 
carbonate equilibrium i n  t he  samples  between the  time of col lec t ion and the 
time of a n a l y s i s ,  

The two a n a l y s e s  (7 and  19) that  show inc r ea se s  of bicarbonate i n  t he  l'aboratory 
ana ly se s  had  f ield bicarbonates tha t  were much lower than most  of t he  Moscow 
bas in  wate r s ,  The inc rease  may be  due t o  absorption of carbon dioxide a t  the  
time the sample w a s  col lec ted followed b y  displacement  of the equilibrium 
while the sample w a s  i n  storage prior t o  ana ly s i s ,  

According t o  Hem (195 9 ,  p. 49) , accuracy  of pH measurements with pH 
meters is  0.1 pH un i t ,  e i ther  i n  the laboratory or i n  the  f ield.  However, dif- 
ferences  of severa l  tenths  between field and laboratory measurements c a n  b e  
the resu l t s  of changes  i n  the sample af ter  col lec t ion.  

Field pH differs from laboratory pH by a t  l e a s t  0 , 1  pH unit  i n  31 of the  38 
samples  reported in  Table 11, Field pH is higher than laboratory pH i n  19 of 
the 31 samples .  

For 11 of t he  113 samples  co l l ec ted  directly from the pump bypas s ,  f ield pH 
differs from laboratory pH by a t  Peast 0.1 pH uni t ,  and  is higher i n  8 .  For 18 of 
the 25 samples  co l l ec ted  from storage sys tems  or dipped from open we l l s ,  
field pH differs from laboratory pH by  a t  l e a s t  0.1 pH uni t ,  and is higher i n  10. 

Interrelat ions B e  tween Iron, Bicarbonate, and pH 

Bringing a sample of Moscow bas in  ground water  t o  the  surface  changes  
three physical-chemical  condit ions tha t  influence the carbon dioxide-bicarbo- 
nate-carbonate equilibrium and  buffering system a n d  the  solubil i ty of d issolved 
iron: 

1. Pressure on the water  is  reduced t o  atmospheric pressure .  

2 . Temperature becomes greater  or  smal ler ,  depending upon 
rela t i s n s  be tween ground water  temperature and  a i r  tempera- 
ture a t  the  time of col lec t ion and during storage prior t o  
ana ly s i s ,  



Table 11, Comparison of Laboratory Data with Field Data from Chemical  Analyses  
of Ground Waters  from Moscow,  Bas in ,  Idaho 

Differences:  Field va lue  minus laboratory va lue  

Source 
Number 1ronJ/ Bicarbonate Speci f ic  Conductivi ty 
Table 10 ppm ppm % pH Micromhos % 

Surficial  Aquifers 

Samples  co l l ec ted  from 3 +O, 45 - 10 - 2 
b y p a s s  v a l v e s  o n  pumps. B 0 -0,55 -25 - 13 

12 +0,20 -20 - 10 
h 4 -4.15 -19 -11 +0.05 +40 +17 
16 +0.24 -0.15 -40 - 8  

Samples  co l l ec ted  from 
t a p s  i n  p ressu re  s y s t e m s  
or dipped from open w e l l s ,  

Upper Artesian Zone 

Samples  co l l ec ted  from 2 3 -7.55 -0 .5  -30 - 10 
bypa ss v a l v e s  on  pumps.  2 9 0 .0  -20 -12 +0.25 +30 + 12 

30 -5.05 -0.35 -50 -16 
3 2 -21 -0 ,05  -20 -7 
39 -13 -7 -0 ,30  0 0 

Samples  co l l ec ted  from 24 
t aps  i n  p ressu re  s y s t e m s  2 6 
or dipped from open w e l l s .  2 7 

2 8 
3 1 
34 
35 
36 
38 

Middle a n d  Lower Artesian Zones  

Samples  co l l ec ted  from 43 -14 -7 -0.30 
b y p a s s  va lve  o n  pump 44 +2.9  -42 -11 -0.85 

45 -14 -11 -0.95 

1/ Dif ferences  i n  iron a re  shown only  for t h o s e  a n a l y s e s  i n  which f ield i ron  is  g rea te r  - 
than 0.1 ppm . 



3.  Oxygen is added  t o  the  s y s t e m ,  

Solubility of carbon dioxide i n  water  va r i e s  d i rec t ly  with pressure  and  inver- 
s e l y  with temperature. Reduction of p ressu re  c a u s e s  l o s s  of carbon dioxide unti l  
equilibrium is reached with the  part ial  pressure  of atmospheric carbon dioxide.  
An i n c r e a s e  i n  temperature could aY s o  c a u s e  l o s s  of carbon dioxide.  On the 
o ther  hand ,  most  sf the  samples  coV1ected i n  Moscow bas in  were held under re- 
frigeration from a few hours a f t e r  col lec t ion  unt i l  a n a l y s i s ,  If a i r  w a s  p resen t  
i n  the  conta iner ,  refrigeration a t  a temperature be low ground wa te r  temperature 
could r e s u l t  i n  carbon dioxide going i n t o  so lu t ion ,  

Exposure of the  sample t o  atmospheric oxygen is a lmost  imposs ib le  t o  
avoid during col8ection. The oxygen wi l l  oxidize ferrous iron and c a u s e  i t  t o  
prec ip i ta te  a s  ferric hydroxide, removing bicarbonate from the  sys tem i n  the  pro- 
cess, 

The ne t  r e su l t  of t h e s e  three changes  should  b e  lower laboratory va lues  for 
determinations of i ron ,  b icarbonate ,  and  pH,  In Moscow b a s i n  samples  (Tab. 11) , 
laboratory va lues  a re  s igni f icant ly  Power i n  many of  the  dupl ica te  determinations:  

Fa c tor 

Iron 
Bicarbonate 
pH 

Percent  of Samples Analyzed in  Which 
m r a  tory 'JaEues a r e  Lower than Field Values 

These  data  show tha t  precipi tat ion of iron a n d  changing of the carbon dioxide- 
bicarbonate-carbonate equilibrium and buffering sys tem were common p r o c e s s e s  
during the  s torage  of the  Moscow b a s i n  samples .  Other p r o c e s s e s  might a l s o  
be  a t  work. In 16 of the  a n a l y s e s  on Table 11, a t  l e a s t  one  of the three fac tors  is 
s igni f icant ly  higher i n  the labora tory a n a l y s i s .  Higher laboratory iron h a s  b e e n  
d iscounted  a s  probably the r e s u l t  s f  e r rors ,  and too  few data  are  ava i l ab le  on 
f ie ld  bicarbonate to  warrant  conclus ions .  Only two a n a l y s e s  ( 7  a n d  19) show sig-  
n i f icant  i n c r e a s e s  i n  both bicarbonate and pH; 14 a n a l y s e s  show s igni f icant  in-  
c r e a s e s  in pH. 

Speci f ic  Conductivi ty 

According t o  Hem (1959, p .  43) ,d i f f e rences  of a s  much a s  10 percent  be tween 
field and laboratory determinations of spec i f i c  conductivi ty should no t  b e  re- 
garded a s  s igni f icant .  Laboratory s p e c i f i c  conductivi ty shown on Table 11 h a s  
been  corrected t o  remove the ef fec t  of' the  cons i s t en t ly  10 percent  higher readings  
with the laboratory ins t rument ,  After the  correct ion is app l i ed ,  13 of the 3 5 dupli- 
c a t e  determinations differ by more than l O  percent;  4 a r e  from wate r s  co l l ec ted  
from pump b y p a s s  va lve  s o  

No pattern is apparent;  i n  about half of the  r ead ings ,  field spec i f i c  conducti-  
v i ty  is higher and  i n  about  half of the  r ead ings ,  laboratory spec i f i c  conduct iv i ty  
is higher. Field spec i f i c  conductivi ty is higher i n  about  half of the  samples  
drawn from the pump b y p a s s e s  and  is higher i n  about  half of the  samples  withdrawn 
from s torage  s y s t e m s  o r  dipped from open we l l s .  The l ack  of c o n s i s t e n t  pat tern 
s u g g e s t s  tha t  the  d i f ferences  a re  la rgely  c a u s e d  b y  mis takes  i n  taking the  readings .  



One cause  of mi s takes  would be in the sett ing of the temperature correction 
on the instrument; relatively small emors in  temperature correction can  lead 
to  relatively large errors i n  specific conductivity, 

mi-ality of- r o u ~ d  Water in  Moscow Basin . 

OualityKa ter Diagrams 
To aid discussion of chemical quality of water, two standard diagrams 

are  used: the Collins diagram and the Piper diagram. The Collins diagram 
i s  a bar diagram used to  show the relations of cat ions  and anions for typical 
and unusual waters  from each  aquifer, (For an  example, s ee  Fig. 20) . Most 
of the ColPins diagrams used are in weight units;  one Collins diagram is in 
percent by weight. 

The Piper diagram i s  three-field, tri-linear diagram on which a n  ana lys i s  in  
percent by weight plots a s  a point i n  each  field (for a n  example, s ee  Fig. 21). 
The lef t  tri-angular field i s  the cation field,  the right triangular field is the 
anion f ie ld ,  and  the combined relations of cat ions  and anions are  shown in 
the central  diamond field. Construction and interpretation of the diagrams are  
discussed by Hem (1959, p ,  168-172; 178, 182-184). 

Both of the diagrams uti l ize equivalent weight units (equivalents per 
million) rather than the parts per million used in  Table 10. The Department of 
Agricultural Biochemistry and Soils reported ana lyses  in equivalent weight units  
that  were converted to parts per million by use  of conversion factors in Hem 

(1959, p.  32j. In the  Collins diagrams, iron and si l ica in  parts per million a re  
shown by auxil iary bars .  

Ratios and percentages of chemical data from Table 10 (expressed in equiva- 
lent  units) are given in Table 12. 

General Quality of Moscow Basin Ground Waters 

Most of the  ground waters in  Moscow basin have rather similar chemical 
ana lyses .  Nearly a l l  of them plot in  the left-central portion of the diamond 
field of the Fiper diagram (Fig, 18). Analyses plotting in this part of the field 
a re  characterized by calcium plus magnesium being more abundant than sodium 
plus potass ium and by bicarbonate plus carbonate being more abundant than 
sulfate plus chloride.  The percentage data on Table 12 show that in  most of the  
ana lyses ,  calcium makes up almost half of the cat ions  and bicarbonate makes 
up a t  l ea s t  three-fourths of the a n i o ~ s .  

In a simple c lass i f icat ion of waters based  on dominant cation and dominant 
anion, most of the  Moscow basin waters  are calcium bicarbonate waters.  The 
three ana lyses  that  plot i n  the upper part of the central  field a re  calcium sulfate 
waters and the two that  plot in  the Power part of the field are sodium bicarbonate 
waters.  

Distribution of iron content,  a s  shown on Figure 18, shows l i t t le relation 
to  the distribution s f  major cat ions  and anions.  The three calcium sulfate 
waters do have high contents of iron,  but s o  do some of the calcium bicarbonate 
waters.  Silica contents of Moscow basin waters are  relatively high compared 
to most ground waters ,  High-iron waters are common in both the surficial 
aquifers and the upper ar tes ian zone in  the vicinity of the c lay  deposits  e a s t  



E X P L A N A T I O N  

Area of circle in d~amond field indicates iron in parts per million. 
o Less than 0.3 ppm iron. 0 10- 15 ppm iron. 
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more than 15 ppm iron; 
figures in middle ore 
iron in ppm. 

FIGURE 18. 

SUMMARY OF CHEMICAL CHARACTER OF WATER FROM ALL AQUIFERS 

Moscow Basin, Idaho 





of Moscow (Figs.  2 2  and  26).  Origin of iron and s i l i ca  i n  Moscow basin  
waters  wil l  be d i s cus sed  below. 

Some waters  in  Moscow bas in ,  e spec ia l ly  in  the surficial  aquifers,  
show evidence of contamination from fert i l izers or sept ic  tank effluents.  
High-nitrogen fert i l izers commonly are used in farming i n  the vicinity of 
Moscow and s ep t i c  tanks  are  numerous outs ide  of the c i ty  l imi ts ,  Accord- 
ing to  Hem (1959, p ,  1l8),  where nitrate in  water  is derived from organic 
polBution, the high nitrate commonly is accompanied by high chloride.  
In Moscow bas in ,  waters  believed t o  be  free from contamination general ly  
contain l e s s  than P pprn nitrate and l e s s  than 20 pprn chlor ides ,  Higher 
n i t ra tes  alone sugges t  contamination from fert i l izers whereas  higher nit- 
r a t e s  p lus  high chlor ides  sugges t  contamination from sep t ic  tank effluent  
or barn-yard w a s t e s .  For the purposes of our Moscow bas in  s tudy,  we 
sugges t  that  waters  containing more than 10 pprn ni t ra tes  but less than 30 
pprn chlorides should be  suspected of poss ible  contamination from ferti- 
l i ze r s  whereas  waters  containing more than 10 pprn ni t ra tes  p lus  more than 
30 pprn chlorides should be  suspec ted  of poss ible  contamination from 
sep t i c  tank effluent. 

Relations of Specific Conductivity t o  Total Dissolved Solids 

The r e l a t i ~ n  between speci f ic  conductivi ty and total  dissolved sol ids  
may be  exp re s se s  a s  (Hem, 1959, p .  49): 

(s.c,) (A) = (T.D,S.) 

If speci f ic  conductivi ty is expressed i n  micromhos/cm a t  25O C , to ta l  dis- 
solved sol ids  wil l  be  i n  par ts  per million, The factor "A" wil l  have a value 
ranging from 6,s t o  li,6 and ,  un less  the water  is  of unusual  composition, 
will  b e  between 0.5 5 and  0 ,7  5 ,  In a group of waters  of generally similar 
composition tha t  have common origin,  A will approach a constant  and can  
be used  to convert  speci f ic  conductivi t ies t o  rea sonable approximations of 
total d issolved so l i d s .  

In Figure l 9 ,  f ield speci f ic  conductivity of the analyzed samples of 
Moscow bas in  waters  a r e  plotted aga in s t  ca lcula ted to ta l  d issolved sol ids .  
Waters that  a re  thought to  be contaminated a re  omitted. Waters from the sur- 
f ic ia l  aquifers are  plotted separate ly  from the wate r s  from the  ar tes ian  aquifers .  
In both plots ,  the ana ly se s  fal l  very c lo se  t o  a s t ra ight  l ine and the s lope 
of the l ine ind ica tes  that  the value of A is 6 .66 for waters  both from the sur- 
f ic ia l  and  the a r tes ian  aquifers.  

Ross (1965, p ,  64-65) briefly d i s cus sed  pH of waters  in Moscow bas in .  
She published a n  isogam map of pH in the "upper confined aquifer" t ha t  indi- 
ca ted regular changes  from one part of the aquifer t o  another.  The map w a s  
based  on unpublished data in the f i les  of the Idaho Bureau of Mines  and 
Geology,  Source of the data and method of determination a r e  not known. 

The pH data that  we co l lec ted ,  e spec ia l ly  the f ield pH d a t a ,  do  not show 
any simple,  regular change i n  pH from one part of of a n  aquifer to another. 
The differences between laboratory pH and field pH indicate  the unreliabil i ty 
of pH data from unknown sources  obtained by unknown means.  



Distribution s f  pH in the Moscow basin ground waters i s  more complex 
than i t  seemed to  be a t  the time of Rossppreliminary report, The data a t  hand 
a t  the end of our study do not justlfy any atzemgts a t  lsogam maps of pH in  
Moscow basin ground waters. 

Ground waters from different geologic environments, surficial sedi- 
ments and crystalline rocks,  have been included in the surficial aquifers. 
Little significant &fferences at.2 present between the waters from the two en- 
vironments. Relatively high nitrates and chlorides in several  analyses  pro- 
bably are the result  of contamination, 

Four of the ana lyses  are  compared in a Collins diagram in  Figure 20, 
Analyses l o  and 13 are  typical waters; anaBysls 18 shows possible contami- 
nation; analysis  7 i s  an abnormal natusal water, Analysis 10 i s  from well 
39N-5W-PZabl, a dug well absut 50 feet  deep in weathered granitic rock 
near the upper edge of Moscow basin,  Total dissolved sol ids  i s  127 ppm, 
about average for the uncontaminated waters from the surficial aquifers. 
Analysis 13 is from well  39N-5W-l6bcl, a dug well 18 feet  deep in  surficial 
sediments near the center of the bas in ,  Total dissolved solids is 208 ppm, 
which is high for uncontaminated waters from the surficial aquifers,  but 
chlorides and nitrates are Yaw- Analysis 11 is from well 39N-5W-9bc1, a 
dug well 18 feet  deep in  surficial sediments near the center of Moscow basin.  
Total dissolved s3Pids i s  500 pprn and chlorides and nitrates both are high; 
the water in this well may have Seen contaminated by septic tank effluent. 
Analysis 7 is from well 33N-5W-9ccl, a d ~ l l l e d  well 160 feet  deep in surfi- 
cia1 materials and perhaps into weathered granitic rocks i n  the area of high- 
iron waters near the clay deposi ts  e a s t  of Moscow (Figs. 22 and 26). Total 
dissolved solids i s  321 ppm, rather high for uncontaminated waters from the 
surficial aquifers.  The water is abnormal in that sulfate is the dominant 
anion; iron i s  high, 3 ,6  ppm, Nitrates and chlorides are normal; the water 
probably is not contaminated , 

Relations of 2 1  analyses  of water from the surficial aquifers a re  shown 
on a Piper diagram in Figure 21, High-nitrate ana lyses  3 ,  4 ,  111, and 21 
a l so  are high chloride and indicate possible contamination from sept ic  tank 
effluent; high nittate analysis  16 i s  barely below the minimum value that in- 
dicates sept ic  tank effluent contamination; high-nitrate ana lyses  2 and  9 
indicate possible contamination from ferti l izers.  Analysis 7 plots near the 
upper vertices of the central field and anion field, Except for analyses  7 
and 21, the analyses  with more tharL 0 . 3  ppm iron plot to the left  of the cen- 
tral field and cluster  near the bicarbonate vertex of the anion field; however, 
these ana lyses  a re  scattered i n  the cation field,  When ailalyses 3 ,  4 ,  7 , 11, 
and 21 are excluded, the average of the ana lyses  plots well to the left  of 
the central f ield,  

Only 8 of the 21 ana lyses ,  or 38 percent,,, show more than 0 , 3  ppm iron, 
Iron contents of water flom 80 wells and springs i n  the surficial aquifers 
(Ross, 1965) are shown in Figures 22 and 2 6 ,  Distribution of the iran con- 
tents  is :  

Iron Number of Hror, Number s f  
ppm 

0,O-O,E 
Ana 1ys e s 

48 
Analyses 

8 
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Figure 19. Relations between specific conductivity and total dissolved 
solids, Moscow basin, Idaho. Analyses with more than 10 PPM 
chlorides or nitrates omitted because of possible contamination 
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Figure 20.  Chemical character of waters from several wells in the 

surficial aquifers, Moscow Basin, Idaho 
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0 Analysis; number refers to number of @ Analysis, more than O.2ppm iron 
analysis on Table 10. and more than IOppm NO3. 
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FIGURE 21. 

CHEMICAL CHARACTER OF WATER FROM 

WELLS IN THE SWRFlClAL AQUIFERS 

Moscow Basin, Idaho 



Figure 22 .  Iron in water in surficial aquifers in port 
of Moscow basin, Idaho 
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These data ir ,dieate tha t  exce;sive iron is m:y moderately common ir, wa te r s  
from the  suaficiall aquifers;  only 20 sf 83 e . ra lyses ,  or  25 percent ,  have iron 
i n  e x c e s s  of ti- e U . S . Public HeaJth Service vecsmmended maximum of 0 .3  
ppm. The somew?,at higher percentage  shown i n  Figure 21 probably is  the  
r e s u l t  of s e l e c t i v e  sarnpLL~ig of 'C igh-iron wa te r s .  The data  points  on Figure 
2 2  seem too scatzer,d ro gustify ddsawixrg cf csr i taurs ,  Eiowever, higher 
v a l u e s  seem t o  b e  nsre  clj;a;l,mor~ i n  tr,c v n e i n i ~ y  of the hngh-iron c l a y  depos i t s  
t o  the e a s t  of Moscfaw, 

Dis ta ibuaon s f  specafic conductivi ty of waters  from abou t  135 w e l l s  i n  
the  surf ic ia l  aqui fers  ( k o s s ,  1365) is  shgswri i n  Figure 2 3 ,  Two controls  of 
spec i f i c  conductnvity a r e  present;  one is natural  a n d  the other  is  ar t i f ic ia l ,  
The natural  carktrcl is  length of travei: a s  groundwater and length of time tha t  
the  water  h a s  b e e n  i n  con tac t  wish the ~ s c k s .  Wate r s  a t  the  outer--and 
higher--margins of the  bas in  genera l ly  have lower spec i f i c  conductivi ty than 
wa te r s  nearer  the cen te r  of the  bas in ;  part  of the wa te r s  i n  the cen te r  of the  
b a s i n  have  moved down the  water- table gradiens from higher a r e a s  in  the 
b a s i n .  This  control  is s h a m  by the 100 and  200 micromho i s o p l e t h s ,  

The ar t i f ic ia l  control  is  cantamination thas c a u s e s  l o c a l ,  anomalously 
high readings ,  :n drawing the i s o p l e t h s  for Figure 23 ,  readings  that  seemed 
anomaIsus ly  hegka for the  pos i t ion  i n  the  basirt were ignored b e c a u s e  of pos- 
s ib le  contamination.  However,  some of the anomalous readings  could b e  
the  r e s u l t  s f  na tura l  p r o c e s s e s .  The 39C1 micrornho isople th  may b e  influenced 
b y  we l l s  W ~ P C ~ ~  have  water  tha t  is 2dEected by contamination,  The area  ins ide  
of the 300 micromho isople th  conta lns  many s e p t i c  tanks  and some farm land; 
s e v e r a l  chemical  a n a l y s e s  horn w e l l s  irsslde the 3 0 8  mferomho isople th  con- 
t a i n  both high ni trate  a n d  high ch%or%de.  

We stud1.-d the  waters  of the  upper b a s a l t  s epa ra te ly  from the  waters  of 
the  upper inrprbed to  s e e  i f  a n y  sigr1ilicar.t differences were p resen t ,  None 
were de tec ted .  waters  f rom only two w5l:s i n  the  upper a r t e s i a n  zone showed 
ev idence  of p o s s i b l e  contamination.  

Four of the a n a l y s e s  a r e  compared on a Co l l ins  diagram i n  Figure 24 ,  Ana- 
l y s i s  32 is typicall wa te r  from the upper basa l t ;  a n a l y s i s  39 is typica l  water  
from the  upper nnterbed; a n a l y s i s  40 is more-or-less normal water  from the up- 
per  interbed tha t  shows  the h ighes t  s i l i ca  content  reported from Moscow bas in ;  
a n d  a n a l y s i s  2 4 ns a n  abnormal water  from the  upper b a s a l t  tha t  h a s  the h ighes t  
i ron content  reported i n  Moscsw bas in .  

Analysis  3 2  is  from wel l  39N-5W-l6bal, a dri l led we l l  i n  b a s a l t  160 f e e t  
deep  nea r  the c o r t a c t  with the crys ta l l ine  basement  a n d  i n  the  area  of high-iron 
wa te r s  near  the c l a y  d e p s s i t s  e a s t  o f  Moscow,  Total d i s so lved  s o l i d s  is 169 
ppm, which is  rather  Bow cers,pared t o  the  average  for waters  from b a s a l t s .  
Analysis  39 ns from well 99N-5W-6bcl0 a drilled we l l  376 f e e t  deep  i n  the  up- 
per  interbed near  the cent ra l  part  of Moscow bas in  and about  a mile from the  
con tac t  with the  crystailline b a s ~ n e - t f .  Total d i s so l~ved  so l ids  is 168 ppm, 
which i s  low fbr r  wat-rs f r c x  t h ~  u p p ~ ~  i ~ . t e s b e d ,  Analysis 40 is the average of 5 
a n a l y s e s  ( R o s s ,  1965, Tab, XVlj of waters  from wel l  39N-5W-7cdl (Universi ty 
29, a d r i l k d  we81 355 f e e t  deep  i n  the upper interbed near  the  cen te r  of Moscow 



b a s i n .  Total d issolved so l ids  i s  185 ppm,  about  average  for waters  from the 
upper in terbed.  Sil ica w a s  reported i n  only P sf the 5 a n a l y s e s ;  therefore,  
the 62 ppm value l a c k s  verif icat ion,  Differences between a n a l y s i s  40 and 
a n d  a n a l y s e s  32 and  39 a re  small ;  a n a l y s i s  40 does  show sl ightly higher 
su l fa te  . 

Analysis  24  is from well  39N-5W-5dal, a dri l led wel l  186 f e e t  deep  i n  
the upper basal', near  the cor,tact with the crys ta i l ine  basement  and i n  the  
area of high-iron waters  near  the c l a y  deposi rs  e a s t  of Moscow,  Total d is -  
so lved s o l i d s  is 1609 ppm, a lmost  a tE.,ausar.d ppm higher than that  of any  un- 
contaminated Moscow bas in  water ,  Ir3n content  is very high; 2 a n a l y s e s  
b y  R ,  W, Jones  were 240 a n d  2 60 ppm, An a n a l y s i s  in  the f i l e s  of the Moscow 
office of Cull igan Soft Water Service showed 268 pprn (Culligan a n a l y s i s  
N2167 86,  File No, 11-12 0 ,  C u l h i g a ~  Laboratories,  Northbrook, I l l inois;  
ana lyzed  October 7 ,  E965), The a n a l y s i s  by the Department of Agricultural 
Biochemistry and Soi ls  shows onlv l2 ppm, but  the a n a l y s t  s t a t ed  tha t  the  
r e s u l t s  were not accura te  owing t o  precipi tat ion of very large ainounts of 
i ron  hydroxide. in  addit ion t o  high iron and  high to ta l  d i s so lved  s o l i d s ,  ana- 
l y s i s  40 a l s o  is abnormal i n  tha t  su l fa te  i s  by far the  most abundant  anion.  

The high-irorL water  shown In a n a l y s i s  24 h a s  limited a rea l  ex ten t ,  Ana- 
l y s i s  38 is from well  5ad9, which is  only a few hundred yards  from wel l  5dal .  
Wel l  5adl  is deeper--405 feet--and t a p s  the uQper interbed,  Iron in analy- 
sis 38 is 3% ppm, a value tha t  is rather high but  within the  range of va lues  
shown b y  a number of other we l l s  i n  Moscow b a s i n ,  The waters  i n  a n a l y s i s  
38  a r e  normal zalcium bicarbonate w a t e r s .  Nearby we l l s  in  the susficial  
aqu i fe r s ,  5abl  and 5 acB, apparently have normal waters  although complete 
a n a l y s e s  were not ob ta ined ,  Well  SabS i s  a d r i l l ~ d  wel l  80 fee t  d e e p  tapping 
a s a n d  bed  in  the surf ic ia l  aquifers;  f leld speci f ic  conductivi ty is 195 mic- 
romhos and f ield pH i s  6 , 9 5 .  Iron w a s  not determined bu t  n o  ev idence  of 
high iron content  w a s  present  in the upate:-, Well  5 a e l  is a dri l led well  110 
fee t  deep;  f ield spec i f i c  conductivizy is 215 rnlcrornhos, f ield pH is 7.15, 
a n d  f ield iron is 0 . 0  pprn, 

Relat ions of 18 a n a l y s e s  of waters  from the  upper a r t e s i a n  zone a r e  
shown on a Piper diagram i n  Figure 25. Compared t o  the  a n a l y s e s  from the 
surf ic ia l  aqulfers  (Fig, 211, most of the a n a l y s e s  from the upper a r t e s ian  
zone plot  within a smal ler  a r e a ,  indicat ing a greater  uniformity of qual i ty  
of water ,  The a rea  i n  which the  upper a r t e s ian  zone a n a l y s e s  plot is over- 
lapped by the area i n  which the  surf ic ia l  aquifer a n a l y s e s  p lo t .  

Very l i t t le  evidence  of contaminatfon is p resen t  in  the upper a r t e s i a n  
zone a n a l y s e s ,  Analys is  35 ,  the only a n a l y s i s  with more than 10 pprn n i t r a te ,  
h a s  only 9 pp,m ch lo r ides  and plots  in  the middle of a group of low-nitrate 
a ~ a l y s e s ,  Analysis  3 4 ,  the  only a n a l y s i s  with more than 30 pprn chlor ide ,  
h a s  only 3 .54  pprn ni t ra te .  Analysis  35 may show evidence  of contamination 
from fer t i l izers ,  but  a n a l y s i s  34 is below the l imi ts  tha t  are  considered evi-  
dence of contamination for b ~ t h  ni trate and chloride.  

Unlike the selaficial aquifers ,  the  a n a l y s e s  with mare than 3 , 3  pprn 
iron d o  not group,  b u t  are  sca t t e red  in  a l l  three f ie lds  of the Piper diagram. 
The anion tr iangle shows  that  severa l  a n a l y s e s  ( 3 0 , 3 3 ,  34 ,  40) have su l fa te  



Figure 23. Specific conductance of water in surficial aquifers, Moscow basin, 
Idaho. 



Figure 24. Chemical character of water from several wells in the upper 

artesian zone, Moscow Bas~n,  Idaho. 



CATIONS PERCENTAGE REACTING VALUES ANIONS 

0 Analysis; number refers to number A Average of 13 analyses of waters 
of analysis on Table 10. from upper basalt aquifers. 

Analysis, more than 0.3ppm Fe. 

8 Analysis, more than IOppm NO3. 

t7 Average of 4 analyses of waters 
from upper interbed aquifers. 

FIGURE 25. 

CHEMICAL CHARACTER OF WATERS FROM 

WELLS IN THE UPPER ARTESIAN ZONE, 

Moscow Basin, Idaho. 
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contents  tha t  are  relat ively higher than in  any of the  normal waters of the 
surf ic ia l  aquifers .  Analysis 2 4  plots  near the upper ver t ices  of the  anion 
field and centra l  field because  of the  dominance of the sulfate ion.  When 
ana lys i s  2 4  is excluded,  th3 two averag3 ana ly se s  (37,  average for waters 
from upper ba sa l t  and 4 2 ,  average fo: waters kom upper interbed) plot very 
c lo se  together in a l l  f i e lds ,  

Of the  18 ana lv se s  plotted in  Figure 2 5 ,  l 4  (78 percent) show more than 
0 . 3  ppm iron. Iron contents  of waters from 33 wel l s  in  the  upper a r t es ian  
zone (Ross, 19 65) a r e  shown 11-1 Figure 2  6 ,  Distribution of the  iron contents  
is: 

Iron Number s f  Iron Number of 
ppm Analyses 

0 ,O-0 ,1  8  
ppm 
3-10 

Analyses 
8 

These data show that  exce s s ive  iron is very cornmon i n  waters from the up- 
per a r t es ian  zone;  2 2  of the  33 ana ly se s  (66  percent) show iron in e x c e s s  of 
the 0 .3  pprn maximum recommended by the U . S. Public Health Service.  The 
somewhat higher percentage of high-iron waters shown on Figure 2 5  is the 
resul t  of se lec t ive  samplvng of high--iron waters .  The 3  ppm isople th  on 
Figure 26  erxcloses a n  area in  which mclst of the waters analyzed contain 
more than 3  pprn iron.  This alPea seems  to  have a c l o s e  relation t o  the high- 
iron c lay  deposi ts .  

Distribution of speci f ic  conductivi ty of waters from about  2 5  we l l s  i n  
the upper a r t es ian  zone (Ross, 1965)  is shown in  Figure 2 7 .  Values of spec i f i c  
conductivity tha t  seemed anomalous for thefr posit ion in the bas in  were ignored 
i n  drawing the i sop l e th s ,  It should be  noted tha t  the unusual  waters shown 
in  ana lys i s  2 4  indicate  tha t  a t  least,  some of the anomalous va lues  a re  natural .  

Ross (1965, p ,  71) noted a r ea s  of corzsistently high speci f ic  conductivi ty 
along the lower reaches  of the South Fork Palouse River and suggested that  
the higher values  are  the  resul t  of high speci f ic  conductivi ty waters  percola- 
ting down from the r iver ,  These a reas  are shown by the  300  and 4 0 0  micromho 
isople ths  on Figure 2 7 .  Infiltration s tud ies  by Williams and Allman (1969) 
show that  recharge does  take  place along the Bower reaches  of South Fork 
Palouse River during the spring runoff, A closure  of the 300  micromho iso-  
pleth in the western  part of the Ci ty  of Moscow is based  on calcula ted speci-  
fic conductivi t ies for University Wells  li and 2 .  If the  data are correct ,  the 
higher speci f ic  conductivi ty could be the  resul t  of longer time underground and 
greater  length of travel  of the w a t ~ r ,  

Quali ty of Water-fmMid~d-rtesian Zones 

Only one ana ly s i s  is  avai lable  of water from the  middle a r t es ian  zone and 
only two a r e  avai lable  from the  lower a r t es ian  zone.  The three ana ly se s  a re  
shown on a Col l ins  diagram in Figure 2 8  and on a Piper diagram in  Figure 2 9 .  

Analysis 4 3  i s  from wel l  39N-5W-7bcl (Universi ty 3)  , a drilled wel l  1336 
feet  deep that  obta ins  water  from the  middle a r t es ian  zone through perforations 



i n  the casing between depths of 661 and 776 feet .  Total dissolved sol ids  is 
170 ppm, somewhat lower than the average for the upper ar tes ian zone.  The 
Collins diagram shows a somewhat different cation distribution compared to 
the upper ar tes ian zone and surficial  aquifers: sodium is relatively more abun- 
dant and calcium less abundant; magnesium is about the same. The differ- 
ences  i n  sodium and calcium cause  the ana lys i s  to plot further towards the 
sodium plus potassium vertex of the cation field of the Piper diagram and to 
plot below the area of the upper ar tes ian zone ana lyses  in  the central  diamond; 
ana lys i s  43 is just  within the lower part of the area of the surficial aquifer 
ana lyses  i n  the central  diamond field,  

Analysis 44 is from well 39N-5W-7bal (City Well 8) , a drilled well pro- 
ducing from depths of 1047 to 1263 feet  in the lower ar tes ian zone. Analysis 
45 is  from well  39N-5W-8bal (City Well  6 ) ,  a drilled well producing from 
depths of 982 to  1308 feet  i n  the lower ar tes ian zone. Total dissolved sol ids  
are 317 ppm in ana lys i s  44 and 2 84 ppm in  ana lys i s  45,  about 100 ppm higher 
than the averages from the upper artesian zone. On the Collins diagram, 
the two ana lyses  show cation patterns very similar to each other but very 
different from any other Moscow basin ground water: sodium is the dominant 
cation.  Bicarbonate is still the dominant anion. On the Piper diagram, ana- 
l y s e s  44 and 45 plot almost a t  the same point. In the cation f ie ld ,  they plot 
much further towards the sodium vertex than any other analysis  because of 
the dominance of sodium. In the central  f ield,  they plot well  below the 
a r eas  in  which the other ana lyses  plot. 

Analyses of water from Pullman, Washington wel ls  (Foxworthy and  Wash- 
burn, 1963, Fig. 11, p. 30) plot i n  about the same place on a Piper diagram 
a s  ana lys i s  43 (middle ar tes ian zone).  None of the waters analyzed in  the 
vicinity of Pullman plot in the same area a s  ana lyses  44 and 45 (lower arte- 
s ian zone).  

Geochemical Evolution of Ground Water 

Hem (195, 201-220) presents a relatively extensive discussion of the re- 
la t ions  of quali ty of water to geologic conditions. Relations of water quali ty 
to mineralogical composition of the rocks in an  aquifer depend upon the stab- 
i l i ty  toward water or solubility i n  water of the individual mineral spec ies  pre- 
s en t  i n  the rock. A very soluble mineral present only in trace amounts may 
have profound influence ,on the quality of ground water. Differences i n  climate,  
or in weathering can  produce very different types of waters from essen t ia l ly  
similar original rocks. Because of these complications, quality of water can  
be related t o  rock types  only in  a general  way. 

Water which fa l ls  a s  precipitation along the upper parts of Moscow basin 
can  move through a variety of rock types  a s  i t  migrates down into the ar tes ian 
aquifers in the central  part of the bas in ,  Some of the water p a s s e s  through a 
sequence of: 

1. Soil derived from crystall ine rocks or from loes s .  
2 .  Weathered crystalline rocks--granite or quartzite. 
3. Unweathered crystall ine rocks.  
4 .  Surficial materials--loess; surficial sediments derived 

from crystall ine rocks or from loes s .  
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Figure 28. Chemical character of water from several wells in the middle and 

lower artesian zones, Moscow Basin, Idaho. 
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FIGURE 29.  

CHEMICAL CHARACTER OF WATER FROM 
MIDDLE AND LOWER ARTESIAN ZONES, 

Moscow Basin, Idaho 



Figure 30. Relations of chemical character of woter from different aquifers 

Moscow Ea:;in, Idahc. 



5 , Interbeds-- sedimentary materialls derived from 
c rys  tallline rock s o  

6 ,  Basalt--both weathered a n d  unweathered,  

This sequence  i s  further complicated by the irbfluence of p a s t  c l ima tes ,  The 
c l imate  w a s  warmer and w e v ~ e r  when the  b a s s i t s  were la id  down a n d  a n  even t  of 
t ropica l  weathering was respcns ib le  f s a  t h e  c l a y  depos i t s  e a s t  of Moscow 
(Hosterman and  o"hers, 1960,  p ,  11). In Moscow b a s i n ,  re la t ions  between 
qua l i ty  of water  and minera b g y  of aqui fers  a r e  complex,  

The four pr inc ipal  ions  of Moscow bas in  ground wa te r s  a r e  ca lc ium,  mag- 
nes ium,  sodium, and b icarbonate ,  The most  logica l  origin for ca lc ium,  mag- 
nes ium,  and sodium is tke weathering of fe ldspars  and mafic minera ls .  The bi- 
carbonate  probably came from carbon dioxide picked up  a s  the  water  fell through 
the  atmosphere or moved down through the  zone of area t ion  above the water  t ab le .  
Calcium and bicarbonate  a l s o  could P.ave come from weathering of ca lc i t e  v e i n s  
i n  the  c rys ta l l ine  rocks  = 

Gran i t i c  rocks  a n d  felidspa th ic  sedimentary rocks  derived from grani t ic  
rocks  have re la t ive ly  high sodium content  b e c a u s e  of the  presence  of large 
amounts of f e ldspar s  i n  which sodium is  more abundant  than calcium and of pre- 
s e n c e  of only smal l  amounts of caEcium-or magnesium-rich minerals  such  a s  
b io t i t e ,  hornblende,  or pyroxene. Weathering of the  fe ldspar  t ends  t o  make a 
g rea t  dea l  of sodium ava i l ab le  to  be  p icked up  by c i rcula t ing  ground wa te r s .  
L e s s e r  amounts of calcium and magnesium a r e  made ava i l ab le  from the  fe ldspar s  
and  the  mafic minera ls .  

Basa l t s  have re la t ive ly  high calcium and magnesium con ten t  b e c a u s e  of the 
p resence  of la rge  amounts of fe ldspars  in which calcium is more abundant  than 
sodium and  of large amounts of ca lc ium-andlor  magnesium-rich minerals  such  
3s pyroxene a n d  o l iv ine .  Weathering of b a s a l t  t ends  to  make a g r e a t  dea l  of 
calcium and magnesium ava i l ab le  to b e  p icked up  by circulat ing ground w a t e r s ,  
along with l e s s e r  amounts of sodium. 

Relat ions be tween the  chemical  qual i ty  of wa te r  of e a c h  of the aquifers  
a r e  shown i n  two kinds of Col l ins  diagrams i n  Figure 30.  The upper diagram is 
i n  weight  un i t s  (epm) a n d  the lower diagram is  i n  percent  by weight  ca t ions  and  
a n i o n s ,  Comparisons of differences be tween average  a n a l y s e s  from e a c h  aquifer  
a r e  shown i n  Table 13,  

The average  anaPys1.s of wa te r s  from the  su r i i c i a l  aqui fers  (22) conta ins  
only a little more sodium by weight  than the ave rage  a n a l y s i s  of waters  from 
the  upper b a s a l t s  (37).  The water  from the  upper b a s a l t  con ta ins  subs tan t i a l ly  
more magnesium, ca lc ium,  b icarbonate ,  s u l f a t e ,  and  to ta l  so l ids .  The differ- 
e n c e  in  sodium between the two a n a l y s e s  probably is not  s ignif icant;  the a c t u a l  
difference i n  weight uni ts  i s  only 8.05 epm e v e n  though it makes  a difference 
of 11 percent ,  The i n c r e a s e  i n  weight  un i t s  of ca lc ium a n d  magnesium is signifi- 
c a n t ,  The d i f ferences  sugges t  tha t  re la t ive ly  sodium-rich waters  with ra ther  
l o w  to ta l  s o l i d s  moved dawn in to  the  upper b a s a l t  a n d  picked up  addi t ional  
d i s so lved  so l ids .  The ca t ions  p icked up a re  calcium and  magnesium, which 
a r e  the  ca t ions  tha t  should b e  ava i l ab le  i n  b a s a l t .  The i n c r e a s e  i n  bicarbon- 
a t e  could b e  the  r e s u l t  of a change i n  the  carbon dioxide-bicarbonate-carbonate 



equilibrium when the posi  tively-charged magne sium and calcium ions  became 
avai lable  t o  the  sys tem.  The inc rease  in  sul fa te  could be  from the a l tera t ion 
of pyrite; pyrite is present  in  the ba sa1t.s and cIla ye y in terbeds  of the upper ar- 
t e s ian  zone .  

Figure 30 and Table 13 show that  water rnsvmng down from the  upper arte- 
s i an  zone through the  middle a r t es ian  zone t o  the  Power a r tes ian  undergoes 
changes  tha t  cannot  be explained i n  t e r n s  of the major minerals  p resen t  i n  
the  rocks ,  Total so l ids  g o  u p ,  a s  is t o  be  expec ted  with increasing d i s tance  
of t ravel  a s  ground waser, However, calcium and  magnesium, the two ca t ions  
that  would be expected in  inc rease  i n  basa l t  aquifers , ac tua l ly  dec r ea se ,  both 
i n  percent and i n  weight un i t s .  

The data show no  change i n  magnesium between the  upper and  middle arte- 
s i an  zones ,  but  a decrease  between t h ~  middle and  lower a r t es ian  zones .  
Calcium dec rea se s  between the upper and middle a r t es ian  zones  and  decrea- 
s e s  again  between the  middle and lower a r t es ian  zones  whereas  sodium in- 
c r e a s e s  between each  of t he  zones ,  Bicarbonate is  about the same i n  the  up- 
per and middle a r t es ian  zones ,  but i nc r ea se s  substant ia l ly  i n  the lower arte- 
s i an  zone.  Total so l ids  dec r ea se s  somewhat between the upper and  middle 
ar tes ian  z o n e s ,  but then inc reases  s.rtbstanzial9y i n  the lower a r t es ian  zone.  
The anomalocls distr ibution of ca t ions  probably is the resul t  of cat ion exchange 
accompanied by  precipitat ion and soIutfon s f  i on s ,  

Cat ion E x c h a n s  

Cation exchange ,  a l s o  known a s  b a s e  exchange,  i s  the exchange of 
ca t ions  i n  solution i n  water  for ca t ions  loose ly  held  i n  the c rys ta l  l a t t i ces  
of the minerals  i n  the  aquifer ,  The exchange p rocess  is reversible and  follows 
the l aw  of mass  act ion;  however, d ivalent  ca t ions  are held more t ightly than 
monovalent ca t ions  i n  the c rys ta l  l a t t i c e s ,  If a water containing abundant di- 
valent  ca t ions  p a s s e s  through a n  aquifer containing a n  abundance of mineral 
gra ins  with loosely-held morllsvalierlt c a t i ons ,  the  divalent  ca t ions  wi l l  be  ex- 
changed for monova8ent ca tfons , Principles of cat ion exchange a r e  d i s cus sed  
by  Hem (1959, p ,  219-2231, 

In Moscow b a s i n ,  the divalent  ca t ions  calcium and magnesium a r e  exchanged 
by the  monovalent cat3 on sodium a s  the water  moves down through the middle 
and lower a r t es ian  zones ,  The minerals involved i n  the exchange probably a r e  
c l ay  minerals. In t he  p roce s s ,  the waters  a r e  natural ly softened.  

The exchange p roce s se s  and a s soc i a t ed  precipitation and solution of ions  
a re  shown on a Piper diagram in  Figure 31, The changes  are indicated by  arrows 
connecting the plots  of the average ana ly se s  i n  the cat ion field and  cen t ra l  
f ie ld ,  Because the  Piper diagram is ba sed  on percentages  and does  not show 
changes  in  disso8ved so l i d s ,  spec ia l  symlb~ l s  a r e  u sed  in  the  centra l  field t o  
show the changes  i n  to ta l  d issolved so l i d s  and i n  ha rdness ,  

Beginning with the  plot of ana lys i s  2 2 ,  the  average ana ly s i s  of wa te r s  
from the surficial  aquifers ,  a n  inc rease  i n  relat ive amount of magnesium a s  the 
water  p a s s e s  down in to  the upper a r t es lan  zone is shown by the average ana- 
l y s e s  of the upper a r t es ian  zone (analyses  3 7 and  42) plotting on the same 
percent  calcium line a s  ana lys i s  22,  Although the calcium by  weight  i nc r ea se s  
by  0 ,26  epm, the total  d issolved so l i d s  a l s o  inc reases  s o  tha t  percentage calcium 
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FIGURE 31. 
GEOCHEMICAL EVOLUTION OF GROUND WATERS, Moscow basin, Idaho 

Numbers refer to number of analysis on Table 10. 

22. Surficial aquifers, average o f  16 analyses. 

37. Upper basalt aquifers of  upper artesian zone; average o f  13 
analyses. 

42. Upper interbed aquifers of upper artesian zone; average of 4 analyses. 

43.  Middle artesian zone, I analysis. 

46. Lower artesian zone, average of 2 analyses. 



Table 13. Comparisons of Differences Between Average Analyses of Waters 
from the Different Aquifers, Moscow Basin, Idaho 

A. Differences between surficial aquifers and upper basalt aquifers. 

Mg Ca Na + K HC03 804 Cl Total 
percent percent percent percent percent percent solids 

Analysis epm cation epm cation epm cation epm anion e;em anion epm anion epm 

22 Surficial 0.48 18 1.24 48 0.87 32 2.28 86 0 .ll 4 0.26 10 5.24 
37 Upper 0.89 27 1.60 48 0.82 22 3 012 83 0.40 ll 0.24 6 7 0 07 

+0 0 41 +9 +0 .2 6 00 -0.05 ~11 +0 0 29 -3 +0.29 +7 -0~02 ~4 +1.83 

B. Differences between upper basalts and middle artesian zone. 

Mg Ca Na + K HC0 3 804 Cl Total 

percent percent percent percent percent percent solids 
Analysis epm cation epm cation epm cation e.em anion epm anion epm anion epm 

37 Upper 0.89 27 1.60 48 0.82 22 3 012 83 0.40 11 0.24 6 7 0 07 
43 Middle 0.90 28 1.12 35 L20 37 3 011 91 0.09 3 0.20 6 6 0 62 

+0 0 01 +1 ~0.48 -7 +0.38 +15 -0 0 01 +8 ~o .31 -8 -0.04 0 -0.45 
-....;] 

co 
c. Differences between middle artesian zone and lower artesian zone. OJ 

Mg Ca Na + K HC0 3 804 Cl Total 
percent percent percent percent percent percent solids 

Analysis Apm cation epm cation epm cation epm anion epm anion epm anion epm 

43 Middle 0.90 28 1.12 35 1.20 37 3 011 91 0.09 3 0.20 6 6 0 62 
46 Lower 0.52 11 1.15 23 3.2 9 65 4 0 95 88 0.29 5 0.39 7 10 0 59 

-0.38 -27 +0.03 -12 +2.09 +28 +1.84 -3 +Oo20 +2 +0 019 +1 +3. 97 



remains the same.  The increase  in total  d issolved sol ids  is from 127 to 191 
and 193 pprn and  the hardness inc reases  from 87 to 125 and  142 pprn a s  calcium 
carbonate.  The increase  i n  hardness  ref lects  the  increase  i n  calcium and magne- 
sium by weight,  probably by a solutional  process .  Lack of change i n  sodium 
by weight sugges t s  that  no ba se  exchange processes  are involved. 

Cation exchange and/or precipitation a s  the water p a s s e s  into the middle 
ar tes ian zone are  shown by  the ana lys i s  from the  middle ar tes ian zone,  ana lys i s  
43 ,  plotting very nearly on the  same percent magnesium line a s  the ana ly se s  
from the upper ar tes ian zone,  Calcium dec rea se s  and sodium inc rea se s ,  both 
by weight and by percent,  but the change in sodium is  not a s  large a s  the  change 
i n  calcium, Much of the decrease  i n  calcium i s  the  resul t  of exchange for sodium. 
The r e s t  of the decrease  i n  calcium might be l inked with the decrease  i n  sul- 
fa te  , suggesting precipitation of calcium sulfa te-gypsum . Precipitation is sug- 
ge s t ed  by the decrease  in  to ta l  dissolved sol ids  from 191 and 193 pprn to 170 ppm. 
Exchange of calcium by sodium has  naturally softened the water ,  reducing 
the hardness  from 12 5-142 pprn to 101 pprn a s  calcium carbonate . 

Further cation exchange plus solution of addit ional  ions  a s  the water 
p a s s e s  in to  the  lower a r tes ian  zone is shown by  the average ana lys i s  of the lower 
ar tes ian zone,  ana lys i s  46 ,  plotting near the sodium vertex of the cation field 
and  having a higher total  d issolved solids--but lower hardness--compared t o  
the middle ar tes ian zone,  Calcium by weight is  essen t ia l ly  the same a s  i n  
the middle a r tes ian  zone but magnesium by weight is substantial ly reduced.  
Sodium by  weight and bicarbonate by weight are substantial ly increa s ed .  Total 
d issolved so l ids  increased to  286 ppm. Removal of magnesium could be the re- 
sul t  of a b a s e  exchange process  that  produced part of the sodium and caused  the 
reduction i n  hardness  to  84 pprn a s  calcium carbonate.  When the reduction in 
equivalent  weignt of magnesium is subtracted from the increase  i n  equivalent  
weight of sodium, the remaining increase  in  sodium is 1.71 epm, which nearly 
ba lances  the  increase  of 1.84 epm of bicarbonate. 

The increase  by weight of sodium and bicarbonate might seem t o  be  the  re- 
su l t  of direct  solution of sodium bicarbonate in  the  lower ar tes ian zone or of 
the  solution of sodium ions  accompanied by  a further shi f t  i n  the  carbon dioxide- 
bicarbonate-carbona t e  equilibrium s y s  tem. However, no source of sodium bi- 
carbonate is known in  the lower a r tes ian  aquifers of Moscow basin;  mineralogy 
and  geology seem t o  be very similar to  the upper and  middle artesian zones .  
The higher total  d issolved sol ids  probably is simply the  resul t  of greater length 
of time i n  contact  with rocks a s  ground water ,  Perhaps the increase  i n  sodium 
is a two-step process .  At some leve l  between the middle and  lower a r tes ian  
zones ,  the descending water picked up readily available calcium and magnesium 
ions that  caused  a sh i f t  i n  the carbon dioxide-bicarbonate-carbonate equilibrium 
that  produced more bicarbonate ions  and,  for the f i rs t  time i n  Moscow bas in ,  
carbonate ions  (ana lys i s  45) . Then, a s the  waters continued to  descend ,  cal-  
cium and magnesium were replaced by sodium through cat ion exchange processes .  

Origin and Distribution of Iron and Silica 

Orlgin and distribution of iron i n  the ground water was  one of the original 
goa l s  of our s tudy,  We hoped that  we would be ab le  t o  relate iron contents  t o  
some simple chemical  or physical-chemical factors i n  the ground waters.  We 



did not succeed,  

Ross (1965, p ,  83-88) determined the geohydrologic factors in the origin 
and distribution of iron in the surficial aquifers and upper artesian zone and 
showed that  the somewhat higher than normal si l ica is related,  in part, to 
origin of the iron,  

R e _ l a t i p n o f r y  of Water 

At the time that we did our field work, relations of solubil i t ies of various 
spec ies  of iron m i ~ e r a l s  had been worked out i n  relation t o  pH and oxidation 
potential (Garrels and Chris t ,  1965, p ,  178-223). Back and Barnes (1965) 
reported on a field study where iron concentration varied systematically with 
oxidation potential but showed l i t t le  coprela tion to pH. 

We had a portable pH meter, but we did not have the time to develop 
techniques for measuring oxidation potentials of ground water in  the field under 
the conditions that prevail in Moscow basin.  Our pH data a t  l e a s t  a re  conform- 
able with the resul ts  of Back and Barnes, Ida relation t o  iron content is ap- 
parent. 

We attempted ta relate iron content to  pH, to  concentrations of other ions ,  
t o  ratios of ions ,  and t o  temperature of ground water, Relations that were ex- 
amined included field iron to pH (both Pabora tory and field) , to bicarbonate 
(both laboratory and f ie ld) ,  to sulfa te ,  to the ratio of bicarbonate t o  sulfa te ,  
to chloride, and  to  temperature of ground water, On a l l  p lots ,  the points were 
scattered and no relations were apparent between the factors plotted. 

Origin of Iron i n  Ground Waters of Moscow Basin 

When the a rea l  distribution of iron is plotted,  however, i t  becomes evi- 
dent that high iron occurs either in water from granitic rocks or in water from 
wells that  are along the basalt-granitic rock contact ,  Almost a l l  high iron 
wel l s ,  whether i n  granit ic rock or basa l t ,  are  i n  an  area between the South Fork 
of the Palouse River and Paradise Creek,  In addition, the highest  amounts of 
iron occur i n  the upper ar tes ian zone (Fig. 26 ) 

Much of this  area that i s  completely encircled by a zone of anomalously 
high iron content is underlain by the Canfield-Rodgers c lay deposit  (Hite , 1930; 
Schied, 1940' Hosterman and others,  1960). Most other high iron areas  are 
a l so  in proximity to c lay  deposi ts ,  The eastern portion of the upper ar tes ian 
zone i s  recharged almost exclusively through these deposits .  

Shallow wel ls  and deep wells in  a r eas  away from c lay  or highly weathered 
granitic rock generally are relatively iron free, Thus, i t  seems that iron i s  re- 
la ted to c lay  deposi ts ,  

According to  Hosterman and others ,  (1960, p ,  11-20), c lay deposi ts  i n  
northern Idaho and eastern Washington can  be divided, by origin, into three 
types: (1) residual c lay  formed fram basa l t ,  (2) residual c lay from granitic rocks,  
and (3) transported c lay  formed from granitic rocks. Table 14 compares the 
chemical composition of the three types,  The percentages of total  ferric oxide 
(Fez 03 )  and available ferric oxide are of special  importance i n  determining the 
origin of iron in  the ground water,  Accarding to  Hosterman and others (1960, 
p ,  10-11) .. 



The ferric oxide (Fe2Q3] 1.1 a zlay deposit  may be locked i n  
unweathered pyroxene, amphibol: , biotite , magnetite, and il- 
menate, but it  may a l s o  be i n  such weathering products a s  geo- 
thite , hematite,  limonite, and nagn-beari ng c lay minerals such 
a s  nontrenits. Therefore, some of ~e total  k r r i c  oxide is 
avai lable ,  By deiinition, available ferrle ~ x i d e  i s  the percen- 
tage by weight cf the ferric oxide i n  the  calc ined c lay  that  i s  
soluble in a 20 percent solction s f  suEfur:c ac id  after  boiling 
for B hour, , ,%TI general ,  the good drainage cofiditions that  
help to produce kaslinite flush out the iron oxides ,  The iron 
oxides i n  resrclual c lay  deposi ts  usualiy increase with depth 
a s  weathering effects  become l e s s  pronounced, 

The la rges t  portion of the Ganffeld-Rodgers deposit  is  transported c lay  
derived from granitic sock; some of the clay i s  residual from granitic rock, 
and a very small portiosu i s  residual f r ~ m  basa l t ,  In the transported c lay ,  
almost a l l  of the ferric oxide i s  c lass i f ied a s  avaldable. Much of this 
available ferric oxide should be soluble by percolating ground water,  al- 
though the exact  mechanism of solution i s  co t  known. 

Water i n  the surficiad aquifers moves rekatively slowly, and high iron 
water canLot move far f rcm thc source.  NormalEy, water high in  iron i n  the 
upper confined zone dos s  not move far from the c lay deposits  because of 
the  piezsmetrlc surface depression Real t h e  aquifer boundary. 

However, d u ~ i n g  pealods of heavy pumping of this aquifer, the piezo- 
metric depress ions  are enlarged, or deepened, or both and are displaced 
farther wes t  cf the aqul fes boundary. Thus, ground water high i n  iron from 
the c lay deposlt  moves away from thc  deposi t ,  a ~ d  i s  pumped from wel ls  
farther wes t  i n  Moscow bas in ,  The e f k c t  was  particularly noticeable i n  
the University of Edahs w~l1.s during t h e  heavy pumping period of the 1950's .  

Average Chemical Properties of the Three Types of Clay in 
Northern Idaho Clay Deposits  

Property 

Ignition l o s s  ( 7 0 0 ~  C) 
Total A12 0 
Available 2 1 , ~  _ ' 3 Recovery A1 0 
Total Fe,o,, 2 3 

Recovery Fe ' 
Total S10, 2 3 
Total T ~ O ;  
Moisture a t  i30O C 

Residual Clays  Transported 
Clays  

Basaltic Granit ic Granitic 
(percent)_ (percent) (percent) 

1 After Mosterman a c d  others, 1969, p ,  19, 



Although large amougts ~f iren f rcm surfici2l c lay deposits  do not now 
seem to affect the middle a ~ d  Zcvier artesian zones,  i t  is probable that  iron 
content i n  water fmm these zones will irlcrzase a t  some future date ,  At 
l e a s t  some of the recharge tr7, these lower squifers m u s t  come through the 
c lay deposits  a t  the eastern edge ol: ".,e aquifsrs; inzreased Bcwering of the 
piezometrie surfaces stoll ld irxr~ba se the a~m;'ur~t r,i recharge from this  area . 

In addit ion,  some s i l ica  i~ndoa;ht,xil;. a3s3 cijmes from weathering pro- 
c e s s e s  that  affect  the basa l t ,  This s!l?.za v~iirould be in  water tha t  is relatively 
iron free, s ~ l c h  a s  that  dscm t h e  m i d d l 2  artesf an zone, Hem (1970 . Table 12 , 
p ,  106) c i t e s  two ana lyses  of water &om w d l s  is, Columbia River basa l t  that  
are high in sf l ica , yet  Zovi in i r ~ r i ,  

Origin of Silica i n  Ground Wat i:- Mcsszw Basin 

Silica (SiO ) i n  almost a l l  Msszow basin water is higher than the median 
value of 17 m g h  ficr ground warer qdoted by Davis (19 64) . However, most 
Moscow basin ana lyses  a re  En tha  ~ o m r n c ~ l y  observed range of 1 t o  around 
30 mg/l (Hem, 9970, p ,  1091, Tke U a S o  P ~ b l f s  Health Service does  not 
place a limit on s i l ica  in  dri~lei7g water because i t  i s  not consickred a health 
hazard il; quanb t ies  f o u ~ d  in most nat7lral waters.  

Si l ica ,  both a s  qtlastz and ir, n ~ n - c , ~ ~ - s t ~ ~ l ! : . ~ e  forms, i s  a major consti- 
tuent of most rock types ,  Q~ar r t z ,  v;!,l~:k i s  almost pure crystall ine s i l i ca ,  
h a s  a solubility a t  nermal g:o.snd wc. ter tsnperature  s ar,d pH's  of about 
6 mg/l. However, the solubility cf si i ica ln ?;norphous form h a s  been reported 
to be a s  high a s  115 mg/l a t  2 5" .C (Morcy and  others ,  1964) . 

Hem (1970, p.  104-195; points c u t  that  " i t  seems probable. . . that  most of 
the dissolved si8ica. . .in natural water r-3 su l t s  eriginally from the chemical 
breakdown of s i l i ca te  mfnlsrals i n  P R O C ~ ? S S ~ S  of weatlhedrig." The igneous 
rocks of Moscow basan, formed a? tenpesatures and pressures  much different 
from those t o  whick they a r ~  POW s ~ t , e c t e d ,  are relatively prone to chemical 
change. Our s tudies  of weii  logs ar.d cct t ings  s h ~ w  that weathered granitic 
rocks may extecd more than 2 59 feet  below gvound surface.  

Uniformly high s i l f s a  cantent  accbo- In water from a i l  artesian zones a s  
well  a s  from the surficial aquifers. E a ~ y  whecc ircn content i s  relatively 
low, si l ica is s t i l l  h igh ,  

The weathedng of granitic rcck and ei.ay m;nerals probably contributes 
the greates t  amount of si l ica to eke water, AEtschuler and others (1963, 
p.  148-152) show Lhat low xempcratzli-e ccnversion of iron-and alumina-rich 
montmoriilonite t o  kac j l r l t e  re leases  mote th-a~: enough s i l ica  t o  account for 
a l l  of the sik!ca i n  Mosccw basia: waters ,  Clays  i n  the  interbed aquifers 
between basa l t  f iows, a s  well a s  *zla;r f x m  the CanSeld-Rodgess deposi t ,  
would serve a s  a source oi tl-e s i l i ca .  



RELATIOKS OF MOSCOW BASIN STVDIES TO MOSCOW-PULLMAN GROUND WATER 
PROBLEMS 

Our s tudies  h-rstve been restricted to the  Moscow sub-basin of the larger 
Moscow-PuBlman ground-water bas in  of Idaho and Washington. The Moscow- 
Pullman basin  tag be considered a hydrologic system in  which two centers  of 
purnpag2 a re  present--the Mosccw c e ~ t e r  caused by pumpage a t  the City of 
MGSCOVJ aa~d  the Universi':,ty s:f idahas 2nd the $~5!.man center caused  by pump- 
age  a t  the  City of Bu%iZm~ar; a r d  Washingtog State University. The resul ts  of 
our s tudies  s f  the Moscow sub-basin must be evaluated i n  terms of the  entire 
bas in .  In p a r t i c u l ~ r ,  we must examine the effect  of pumpage a t  the Pullman 
center  on v~rater; in:ie1s a t  the Moscow cer2ter- 3n.d s n  interpretations of model 
aqul.ier s tudies  of the Moscow sub-basin. In  addit ion,  we will describe a 
made1 that could be used  to study the complete Moscow-Pullman bas in ,  

Effect r;c Pu:~p-an 0.1 Wate'f Levels a t  Moscow --- 

The; apparently very Paage aquiier constants  of the Columbia River Basalt  
a t  Moscow irrdicate that  radii of canes  o influefice s f  wel1.s are very large 
(Table 4 ) .  Mutual il;..terl"erence may ex i s t  between the well fields a t  the 
two pumping centers  and a l s o  between the image wel l  array for the two cen- 
t e r s ,  Therefore, water ietirel fluctuations in the Moscow sub-basin may in- 
clude a component that: i s  the resul t  cf pumpage a t  the Pullman center,  The 
interference p r ~ b a b l y  i s  on a braod sce le  related to the overa1.l operation of 
Rhi? two wzPl f i e lds  r a t k r  tharr t a  starting and stopping of pumps on indivi- 
dual wel%s. During cu,e studie s o  con",ina*cus water Yevel recording gages  
were cparated fer a t  l e a s t  short periods of time on weB1s in  each of the three 
ar tes ian zones of the Moscow sub-hasir,, We did not s e e  any water level  
fluctuations that  we are able  t o  relate to operation s f  individual wel ls  a t  
Pu%l.man (See a l s o  Sokol, E956). 

En our section on wa?:er IzveB f;;uctuatf,ons i n  the Moscow sub-basin,  we 
eonciuded that  the  water table  i n  the surflciaa aquifers of Moscow basin  has  
not  declined En spi te  o i  Cl.e 1.arge de~cl2ne of water levels  in the upper artesian 
zone. We inteTp!reted th i s  to mean that  recharge is a t  l e a s t  sufficient t o  bal- 
ance the pumpage in  the Moscow sub-basin,  The same interpretation can  be  
applied to the Moscow-Pullman basin: lack of decline of water l eve l s  i n  the  
surficial  aquifers through 1965 indicates  that  recharge was  sufficient to baB- 
ance  the combined pumpage of bloseoh- and duulliman through 1965. The only 
available est imate for rec5arge to the Moscow-Pullman basin  that  u t i l izes  
the equation of h y d r ~ ~ l ~ g i c  equilibrium i s  that of Packer (1955). His  figure 
of 3.5 billion gal lons  annually i s  greater than the  anticipated demand for the 
Moscow-Pullman basin in the year 21308. If Packer" est imate is reasonably 
correct ,  recharge should balance pumpage through 2000  for the entire basin .  

Effect of P u m p & a k $ u L l . z a ~ . .  on I~terpretatLons of Model Aquifer Studies of 
t h e  Moscow Sub-ba s in  -- - 

In  our model aquifer studl.es, we c o ~ p a ~ e d  model aquifer drswdowns with 
th--. ac tual  drawdown in the  real  aquifers,  We assumed that  Lhe actual  draw- 
dovm in  the reaP aqe~i.fa- was  solelly the resul t  of the pumpage a t  the  Moscow 
center ,  Possibly,  the actual  drawdown i n  the real  aquifer includes a component 
that  is t h e  resul t  cd punpage a t  ths  PuZlman center ,  If we could prove this  
hypo thes l .~  vae cauld quantify the PudEman center component, and  then remove 
i,k {ram the totaa drawd.om ah the Moscow centes and  the drawdown a t  Moscow 
w u l d  be less than the drawdovn-s used i n  ow- s tud ies ,  



We interpreted the results  of our mcdel aquifer s tudies  to indicate that  
drawdowns a t  Moscow are much l e s s  than would occur if aquifer constants ,  
especial ly  coefficient of storage,  were i n  the "normal" range of values .  We 
concluded that  ei ther aquifer constants a re  very large or a great  dea l  of 
recharge h a s  taken place,  Removal of any Pullman center component of draw- 
down would mean that drawdowns are  evem l e s s  than were to be expected 
and leads  t o  the  conclusion that  aquifer constants are  even higher or that 
recharge i s  even greater than our Mosccw sub-basin s tudies  indicate .  

A M o d e l ~ s ~ ~ - P u l E m a n  Basin 

A model of Moscow-Pullman basirr can be designed that  ut i l izes  the same 
general  principles that  we used for the Moscow sub-basin study, but the 
model would b e  more complex. Two centers  of pumpage would be necessary ,  
one a t  Moscow and  one a t  Pullman, The boundaries would be generalized 
a s  a wedge shape,  rather than a s  a rectilinear shape.  The north boundary 
would b e  the  partially buried crystall ine high that  trends east-west  from the 
Palouse Range through Albion; the south b o u ~ d a r y  would be  the partially 
buried crystall ine high that  extends S70W through Paradise Ridge and Bald 
Butte to Granite Point, The Snake River cu t s  obliquely across  part of the 
open edge of the wedge and probably const i tutes  a discharge boundary. 
The number of image wells and the prcblem of balancing them would be much 
more complex than our Moscow sub-basin model, A simple two-boundary, 
wedge-shaped aquifer model is d iscbssed  by Ferris and others (1962, p ,  154). 

Using data on pumpage and  water levels  a t  both Moscow and Pullman in  
the model would permit comparison of actual  drawdowns with model draw- 
downs that  resul t  from various combinations of assumptions a s  to  the pro- 
perties of the aquifers. Assumptions that  resul t  in  model drawdowns that  
match real  drawdowns could then be evaluated a s  to the  probability of their 
actually existing in  the Moscow-PuIlman basin ,  



General  S tatemant -- -- 

The ground-w-n ter supply 17 Molsc~vt~ basin i s  adequate t~ meet the expected 
d e ~ a r  d s  t h r ~ u q h  t h e  year 2 On3 and perhaps ' I ~ n g e r  , The long-continued decline 
of water l eve l s  in  the upper artesaan zane i s  amt necessar i ly  the result  of deple- 
tion 3 f  t h ~  entiso ground-v~at9.r supply. At lea s t  p a ~ k  i E z  decline i s  caused  
by c o n $ l ~ u a % l y  increasing :atins s f  puaypags i n  a smaL SasiL i n  which short-term 
barrier berrndnsy efqeets arc p ro~ouncsd .  Sucik drawdowns are normal i n  the 
hydrcluqiz systcam of Moscow basin  and are to be expected i n  the future i n  the 
we9Bs r"n tk,- 1~idd;e and lower a r t e s k a ~  zcnes  wbthcbYece  ssar i ly  indicating 
that pumpi7g f s in 3x:es s g?_f "e~~,CLargda. 

The resc l t s  s f  o1.r model aquifer s t ~ d l e s  can  be interpreted either to 
mean that  30 rachsrqe tak 2s place and the  ground water i n  storage i s  sufficient 
to meet the needs CE tEl9 basin urtik the year 2800 or to mean that considerable 
recharge dcses iaka- place in L!e bas in ,  The apparent increase  i n  model coef-  
ficie9t of storage ~f the Lpper aates2an zece  during each  of the success ive  
periods s f  ma] 3r j;-crease ef pumpage suggests  that recharge was  available to 
meet each  increase  I? purzpsgs. The records of water l eve l s  in  observation 
wel ls  in  the surflele% aquifers sh,&a~b' 1 4  long-term declines and consti tute fur- 
ther evidence that recharge was suffieientt ts  balance pumpage through 1965. 
Thus, two independe2t l ines  ,d e~r ldense ,  one based on mathematical s tudies  
and the othes o~ f;sid data ,  indicate that recharge was  sufficient to balance 
pumpage tlkpi~2g,"l. 1355. Estimates of m7ate: available for recharge indicate 
that  suffic:ent e r : o ~ n t s  wfII be availabie througkr the year 2000, both to  the 
Moscow skrb-basin and to the Bdrger Mescow-Pullman bas in ,  

The naeia~raJ recharge can be augmented by art if icial  recharge through wel ls ,  
utilizing seasona l  surface-\v$ ter runzff and effluents of wa ste-water treatment 
plants.  Such a program would provide sufficient additional water to meet the 
needs oi Moscow has in  wel'J. into Lhi? 34s",c--.ntusy. 

The excess ive  anoun t s  s f  iron in the waters of the upper ar tes ian zone 
are caused by lateral  migration of high-iron waters from iron-rich clay de- 
posits  along the margins of th? recharge area of the ar tes ian aquifers. Pumpage 
o f  the deeper ar tes ian aquifers may someday induce high-iron waters to move 
downwards and iricrr>ase the Pren c o n t m t  of the deeper aquifers. Except for 
the excess ive  iron in parts s f  the bas in ,  the ground wa ters contain no unusual 
or undesiaaGJ3 chexfca l  cs~mstkrarants. The shallower waters are relatively rich 
in cadcium whfch 4s replaced by sodium by base  exchange processes  a s  the 
waters move to the deeper a q ~ i f e r s .  

D e p t h s  --- to Wate rand  Estimates of Water i n  Storage 

If we assurn? that no recharge takes  place,  then the best-fit  model aquifer 
data _For recerltl yezrrs cf bun?pi?g a re  ttfe bes t  indicatls*1 of the future properties 
of the Moscc;aw basin aqiliters. U n . ? ~ s  this  assumption, %he amount of water i n  
usable storage i? M ~ s e o v ~  bas i c  a s  of 1365, 'Jke amount of water that will remain 
in u sab l l~  stc~rag'? i n  tke eyear 2300 after meeting a ~ t i c i p a t e d  demacds, and the 
depths  to water iaz tkJe yeair 2136'2 are e(sstimated to be: 



Bill ions of Ga i lons  Depth t o  Water  

Artesian In Storage Consump tion In  Storage 
Zone --- 1965 .1.965-20f;fl 2 000 19 65 2 000 ---- - 

Upper 9.2 3 '? 12 0 ? 

Middle 

Lower 
Sub- minimum 3 9 . 6  
Optimum 262.8 

To ta l s ,  Middle 
and Lower Zones 
only 

Sub- 
minimum 126.2 
Optimum 3 4 9 , 5  

If no recharge  d o e s  take p lace  and a l l  wa te r  pumped comes  from s to rage ,  the 
water  i n  ground-water s torage  i n  Moscow b a s i n  is adequa te  t o  meet  the n e e d s  of 
the bas in  p a s t  the yea r  2 000. The 76 to 299 bil l ion ga l lons  tha t  should remain 
i n  s torage  i n  the yea r  2000 should meet the n e e d s  of the b a s i n  a t  l e a s t  unti l  2030 
and  perhaps unt i l  2100. 

These f igures a re  b a s e d  on the probably inval id  assumpt ion tha t  no recharge 
t a k e s  p lace  but  are  u s e f u l  in managing a b a s i n  i n  which recharge d o e s  take  p lace  
and. is  concea led  a s  a n  unusual ly  high value  of coeff ic ient  of s torage .  If recharge 
i s  l a rge ,  then the  dep ths  to water  a t  a n y  g iven  time i n  the future wil l  b e  less than 
those  predicted i n  the  no-recharge model .  Should pumpage i n c r e a s e  t o  a n  amount 
notably greater  than the recharge ,  depths  t o  water  wi l l  become greater  than those  
predicted i n  th i s  part icular  no-recharge model. 



RECOMMENDATIONS 

The resul ts  of our s tudies  convince u s  that  the Moscow basin ground-water 
supply will meet the demand until a t  l e a s t  the year 2000. Adequate time is 
available to make further studies and t o  evaluate the various alternatives before 
making a decision on the bes t  way t o  meet the future water needs of the basin .  
This decision should be based on scient i f ic ,  engineering, and economic analy- 
s i s  of data that  are  not yet avai lable ,  We recommend a program consist ing of: 

1. Appointment of a Pullman-Moscow Hydrologist to supervise a con- 
tinuing program of study and evaluation of the water resources of 
the ba sin; 

2 .  Study of the engineering design and econ.omics of artificial re- 
charge and of recycling of waste  water; 

3 . Further study of simple models based on existing data; 

4 .  Implementation of a long-term program of bas ic  data collection; 

5 . More sophisticated model aquifer s tudies  of the  basin a s  the 
bas ic  data become available.  

This program should continue for about 2 0 years  and would permit a final 
decision a s  t o  the future sources of water for the basin  around the year 1990, 
leaving a t  lea s t  10 years  to  design and build the necessary physical plant 
should importation of water into the basin prove to be the only feasible al- 
terna tive . 

Pullman-Moscow Hydrologist 

Study of the Pullman-Moscow basin lacks  coordination. Over the years ,  
different persons affi l iated with various federal ,  s t a t e ,  and local agencies  
have studied unrelated a spec t s  of the  hydrology of the basin .  Many of these  
s tudies  have recommended continuation of collection of bas ic  data relating 
t o  the a spec t  of the basin hydrology that  was covered in  that  particular 
study. None of t hese  data-collection programs has  continued to any signi- 
f icant extent.  The person making the recommendation either is not a resi- 
dent of the area,  or i f  he i s  a resident,  he turns to  other duties and does 
not  have the time himself to continue the data collection program. As a n  
example, none of our project observation wells h a s  been measured s ince 
1966; a l l  water-level recording gages  have been removed from wells.  We 
simply have too many other things t o  do to take the time to continue the data 
collection program. 

Continuity of data collection could be assured by appointment of a Pullman- 
Moscow Hydrologist whose duties would include: 

1. Supervision of resumption and continuation of bas ic  data collection; 

2 . Continuing evaluation of the usefulness of the various data being 
collected and interim interpretations of the significance of the data; 



3 ,  Supervision and coordination of design,  implementation, and continu- 
a?don of such new programs that  he or other workers consider neces- 
sary ro the continuing study vrpf the basin;  

4 ,  Advf sing the cities ;ica u n i v e s s i t l ~ s  a s  to the interim s t a tu s  s f  the  
bas in  water supply a r d  a s  to  pew stalddss thnt should be implemented. 

We suggest  that  a half-time positbcn b e  created t o  be housed a t  one of the 
universit ies or i n  orne s f  thz cities and that  the c o s t  of the posit ion be shared 
by the four agencies .  Cos ts  would include salary,  expenses ,  and fringe bene- 
fits of the  position i tse l f  plus additiosrsl c o s t s  06 new programs. Some of the 

@ 

new programs might rzceive suppzrt frr,rn other governmental agenc ies ,  
w 

A a t i f . ; c i a l a a c d  Recycling Waste Water 

The artificial! recharge plan that  v7z proposed should be  cheaper than long- s 

distance importation of water,  Hcweverg WE: have only made very preliminary 
c o s t  es t imates ,  Tentativ? des lgrs  of several  al ternative physical  plants should 
be  worked out and the  capi ta l  investment and operating c a s t s  of each  should 
be analyzed,  The concept of recycling effluent of the Moscow Waste Water 
Treatment Plant should be included i n  the alternatives under study, A similar 
program should be  evalu3ted fx- IDl:!l;nan which a l s o  h a s  a wastewater treatment 
plant and a s t r ean  with seasonal  r u m f f ,  

Addition32 Studies cf Simpk Modzls - 
In studying our Moscow basfrn a q ~ i f e r  nodeB we were able t o  examine 

only a limited number of possible combinations of data because of the time 
consumed i n  doing computations with graphs and a hand calculator,  Adapted 
t o  the computer, our model cculd be used  to p e d i c t  t he  drawdowns a t  t he  
end of each  year Ircm 9 6 5  ",I 2000 fex  several  s e t s  of assumptions a s  to the  
properties of the aquifers.  Ozr Moscow bas in  aqti3,fer node l  can  be modified 
t o  include the edfect of recharge. A s e e s ;  of s tudies  should b e  run i n  which 
various percentages of the water pumped ara assumed to come from recharge,  
Comparison of the: drawdowns predicted from these s tudies  with the  ac tua l  
drawdowns would h a d  to a better- ?ind8-3rs?:anding sf the hydrologic properties of 
t he  aquifers and  of the actual  recharge a s  well a s  providing a b a s i s  for deter- 
mining the rate of drawdown that should be  considered "normal" i n  t he  future 
operations i n  the bas in ,  , 

The model s tudies  should b~ ~ u p p ~ r t e d  by a theoretical study of the problem 
of change of coefficient of storage with time and of the  range of possible  
values of coefficieh-st of storage ir? a n  ar tes ian aquifer. A better theoretical  
knowledge of long-term c ~ e f f i c i s r t  of storage would permit better evaluation 
of the amount of recharge t o  Moal=au7 has in ,  

Additional Basic  Data  Collection --- 

Systematic bas i c  data collection should be greatly expanded and the ex- 
panded program should continue a t  l e a s t  until 1990. Nearly a l l  s tudies  t o  
date have been short-term icvestngatlons, generally a s  part of a current research 
project of a faculty member or graduate stndent a t  one of the two universit ies.  
The duty of Hang-term bzs ic  data ecsllectfon should be assumed jointly by the 
Ci t ies  of Moscow and Pullmas and the Physifcal PlantDDivfsions of the Univer- 
s i ty  of Idaho and Washington State University. Assignment of personnel fund- 



ing of the data collection prrdgrarn should become part of the regular 
operations of these o~rganizations , DeveBopment of some special  study 
techniques can be considered research for which funding from outside 
sources is possfbHe, but once a technique h a s  been developed, routine 
operation should be supported by local  funds. Routine programs should 
involve csl%ect%on of data on surface-water runoff, microclimate, water- 
level  fluctuations i n  observa tiora wel ls ,  a,.ad hydrologic properties of 
aquifers. 

The number of stream-gaging stations should be  increased. Surface- 
water studies should be expanded to  include regular collection of data 
on suspended sediment and chemical qualily s f  water. These data a re  
particularly needed a s  a means s f  furthzr evaluation of art if icial  recharge. 
Basic research a l s o  i s  needed on stream gaging methods i n  streams with 
small discharge and wide variation in  flow, (See Chang-Lu, 1967, p. 
69-70 for a discussion of problems i n  stream-gaging of Paradise Creek 
d~wns t r eam of the City of Moscow Waste-Water Treatment Plant.) 

The number of c l ima t~ log ica l  stations should be  increased. In parti- 
cular,  more precipitatlcn and evaporation data are needed i n  the catch- 
ment area i n  the Palouse Range. 

Systematic water-level mesisurements shound be resumed i n  observa- 
tion wells.  Although data are being ccllected in  some of the pumped wells 
in the basin,  data are  needed from observation wells in  the three artesian 
zones and from wells i n  t h s  surficla4 sediments and in  the exposed crystal- 
l ine basement, I t  may be necessary t o  drill special  wells solely for ob- 
servation purposes, 

Pumping t e s t s  t o  determine aquifer ccnstants  have not proved sat is-  
factory i n  Moscow basin because of the rapidity with which boundary ef- 
fects influence water levels  i n  the wells.  Basic research should be done 
on boundary effects in  small aquifers with large aquifer constants.  The 
theoretiean study should be followed by pumping t e s t s  in Moscow basin 
that should lead to  better field data on +he properties of the aquifers. 

Studies of More - Sophisticated Model Aquifers 

Availability of a large amount of basic  hydrologic data would justify 
use  of aquifer models that are more sophisticated than those we used. 
According t o  R , E D  Williams (oral communication) , existing models that  
could be uszd i f  sufficient data were available include unsteady s ta te  
(transient) finite difference or finim element models (Pender and Bredhoeft, 
1969; Javandel and Witherspoon, 1969), A s teady s ta te ,  finite element 
model a l so  is available that could be  used to  determine the steady s ta te  
safe yield of the basin and a l so  t~ evaluate the proposed artificial re- 
charge program (Freeze and Witherspoon, 11966, 1967, and 1968; r reeze  , 
1969). Presumably, other sophisticated methods will be developed in  
the future that could be used in  Moscow basin; however, almost any sop- 
histicated method will require far b ~ t t e r  bas ic  data than are  now available 
for Moscow basin.  



The 1970- 199- -- 

Our s tudies  indicate that the natural grcund-water supply will meet 
the  needs of Moscow-,Pullman basin  pas t  the yeas 2000, If the  basic  data 
c o l l e c t i ~ n  program and m s d d  s tudies  that  we recommend begin immediately, 
twenty years  of c$sematiclr and tasting twenty years of basic  data will 
be available by 8990. A csmpe8-.hensive re~r iew of the hydrology of the  basin  
i n  the year 1930 would serve a s  the bas i s  a1 a decision a s  t o  whether to con- 
tinue to  uti l ize the  resources c_F the be,sin cnly o? to import water from out- 
s ide of the  bas in .  If the d e c i s i r , ~  is to import water, a t  l e a s t  ten years 
will be available to design and  build the  system before the  demands of 
the basin  exceed the amount of reoharga that  is a.vaiJable a s  indicated by 
the present s t~~d.d .  

If during the  period 1970-199G, pumpage does  exceed recharge, t h e  
f i rs t  rel iable indication will be excess ive ,  Song-%erm decline in water 
l eve ls  i n  observation wel l s ,  espcc is l iy  i n the  surficial  aquifers,  plus a n  
increase i n  drawdown i n  producticla weBls. It  should b e  emphasized that  
t hese  decl ines  would be i n  e x c e s s  cf decEinss predicted from model 
aquifer s tud ies ,  Declining water 1e~reSs are t o  be  expected i n  the ar tes ian 
aquifers during the period 1970--9999 because of increased pumping ra tes  and 
the inevitable increased effsct  of tEz2 Darner boundaries, As long a s  the 
decline i s  no g r ~ a t e r  than thar predizted by  the most reliable model of 
the bas in ,  then no immediate danger 3f depletion e x i s t s ,  Should the actual  
decline exceed predicted decEf ce consis tent ly  , then the model being used 
should b e  re-evaluated and the  possibfZbity of pumpage i n  exces s  or re- 
charge should be reviewed, A program of continuous monitoring of water 
levels  i n  unpumpad observation w ~ l l s  and of comparing predicted and 
actual  d r a w d ~ w n s  of supply wells s h o d d  furnish ample warning i f  pumpage 
begin to  exceed recharge,  S~ifficic~nt tine would be  available to  design 
and  build a water impcration sys  tzrn be for@ t h e  ground-water supply becomes 
fully depleted. 
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