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A b s t r a c t 

The low- tempera tu re geothermal r e sou rce of p o r t i o n s of Yakima County, 
s o u t h - c e n t r a l Washington, i s d e f i n e d by seve ra l l e a s t squares l i n e a r 
r e g r e s s i o n a n a l y s e s of bo t tom-hole t e m p e r a t u r e and depth d a t a . I n t r a - b o r e h o l e 
f low preven t s t h e use of borehole t empera tu re g r a d i e n t s f o r geothermal 
r e sou rce a s se s smen t . The t r a d i t i o n a l method of c a l c u l a t i n g geothermal 
g r a d i e n t s by u t i l i z i n g bo t tom-ho le t e m p e r a t u r e s and assumed l a n d - s u r f a c e 
t e m p e r a t u r e s proved u n s a t i s f a c t o r y . 

Bottom-hole t empera tu re and depth data were s e p a r a t e d i n t o f o u r t e e n well 
da t a groups based on geographic p r o x i m i t y , land s l o p e az imuth , and p o s i t i o n 
wi th in t h e r e g i o n a l ground-water f low system. The depths of t h e s e wel l s range 
from over 50 m t o almost 600 m. 

The r e g r e s s i o n ana ly se s of t h e s e well da ta groups i n d i c a t e t h a t t h e 
p r o j e c t e d l a n d - s u r f a c e t empera tu re and geothermal g r a d i e n t range from 10.6 t o 
14.0°C and from 24.9 t o 52.2°C/km, r e s p e c t i v e l y . The depth t o t h e 20°C 
i so the rm ranges from 142 t o 346 m. The average p r o j e c t e d l a n d - s u r f a c e 
t e m p e r a t u r e and geothermal g r a d i e n t a r e approximate ly 11.3°C and 43.0°C/km, 
r e s p e c t i v e l y . The average depth t o the 20°C i so the rm i s approximate ly 202 m. 
The p r o j e c t e d l a n d - s u r f a c e t empera tu re appears t o d e c r e a s e and the depth t o 
t h e 20°C i so the rm appears t o i n c r e a s e as t h e l a n d - s u r f a c e e l e v a t i o n of t h e 
well da ta group i n c r e a s e s . 

S t r a t i g r a p h i c c o r r e l a t i o n diagrams developed from borehole geophysical 
and l i t h o l o g i c logs a r e given f o r l o c a l i t i e s wi th in t h e lower Yakima, Black 
Rock, Moxee, Ahtanum, Cowiche, and Naches v a l l e y s . These c o r r e l a t i o n diagrams 
a r e combined with t h e i r r e s p e c t i v e bo reho le t empera tu re logs and well da ta 
group p r e d i c t e d t e m p e r a t u r e cu rves t o a s s e s s t h e v a l i d i t y of the r e g r e s s i o n 
a n a l y s e s and t o de te rmine a q u i f e r l o c a t i o n s , t e m p e r a t u r e s , and d i r e c t i o n s of 
i n t r a - b o r e h o l e f l ow . 

A r e g r e s s i o n a n a l y s i s of da ta from w e l l s of s o u t h - c e n t r a l Washington with 
bo t tom-hole depths of over 700 m t o almost 3 km sugges t s t h a t t h e p r o j e c t e d 
l a n d - s u r f a c e t e m p e r a t u r e and geothermal g r a d i e n t of t h i s depth i n t e r v a l a r e 
21.8°C and 31.3°C/km, r e s p e c t i v e l y . The depth t o t h e 100°C i so the rm i s 
approximate ly 2513 m. 
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I n t r o d u c t i o n 

The low- tempera ture geothermal r e source wi th in t h e a q u i f e r s of t h e 
Columbia P la t eau has become a s i g n i f i c a n t , a l b e i t minor, energy source dur ing 
t h e l a s t decade . U t i l i z a t i o n of t h i s r e source i s expected t o i n c r e a s e as 
o t h e r energy sources become more c o s t l y and as t h e number and depth of t h e 
water w e l l s of t h e Columbia P l a t eau i n c r e a s e s . 

The s tudy a r e a , t h e Yakima r e g i o n , i s l o c a t e d in s o u t h - c e n t r a l Washington 
s t a t e , as shown in F igure 1. The reg ion l i e s in t h e Yakima Folds geomorphic 
province on t h e western edge of t h e Columbia P l a t e a u . A s e r i e s of 
s o u t h e a s t w a r d - t r e n d i n g a n t i c l i n a l r i d g e s and s y n c l i n a l v a l l e y s dominate t h e 
topography of t h e r e g i o n . This i n v e s t i g a t i o n i s l i m i t e d p r i m a r i l y t o the 
v a l l e y s of t h e r e g i o n . 

The r e s e a r c h which cu lminated in t h i s r e p o r t was aimed at d e s c r i b i n g t h e 
na tu re of t h e low-tempera ture ground water of the Yakima r e g i o n . A review of 
t h e geology, s t r a t i g r a p h y , and ground-water hydrology precedes t h e d e s c r i p t i o n 
of t h e geothermal r e s o u r c e of t h e r e g i o n . 

Geology, S t r a t i g r a p h y , and Geologic S t r u c t u r e s of t h e Yakima Region 

Geology 

The lava f lows of t h e Columbia River Basa l t Group (CRBG) and t h e 
in t e rbedded and o v e r l y i n g sediments of t h e E l l ensburg Formation comprise t h e 
bulk of t h e n e a r - s u r f a c e s t r a t i g r a p h i c s e c t i o n of t h e Yakima r e g i o n . The 
d e p o s i t i o n of t h e lava f lows and in te rbedded sediments occurred du r ing t h e 
e a r l y t o l a t e Miocene, approximate ly 16.5 t o 10.5 m i l l i o n y e a r s B.P. (Swanson 
and Wright , 1978; Swanson and o t h e r s , 1979a). These d e p o s i t s formed du r ing a 
per iod of coeval b a s a l t i c and c a l c - a l k a l i n e volcanism and a l l u v i a l 
s ed imen ta t ion (Schmincke, 1967a; Swanson and Wright , 1978). V a l l e y - f i l l i n g 
P l iocene and Quaternary sediments o v e r l i e t h e o lde r fo rma t ions th roughout most 
of t h e r e g i o n . Quaternary a n d e s i t i c f lows occur in t h e Cowiche Va l l ey . 

Columbia River Basa l t Group 

The CRBG c o n s i s t s of numerous f i n e - g r a i n e d , t h o l e i i t i c b a s a l t f lows which 
e rup ted in t h e e a s t e r n t w o - t h i r d s of t h e Columbia P la t eau (Swanson and Wright , 
1978). These b a s a l t f lows moved i n t o the Yakima reg ion over g e n t l e 
pa l eos lopes t h a t dipped t o the s o u t h , wes t , and nor thwest (Schmincke, 1967a; 
Long and o t h e r s , 1980). The t h i c k n e s s of t h e CRBG in t h e reg ion i s unknown 
but probably exceeds 1,000 m (Ben t l ey , 1977; Bentley and o t h e r s , 1980). 

The t y p i c a l CRBG f low averages 30 t o 40 m in t h i c k n e s s and commonly 
e x h i b i t s t h r e e major zones of i n t r a f l o w s t r u c t u r e s (Swanson, 1967; Diery and 
McKee, 1969). These z o n e s - - t h e e n t a b l a t u r e , t h e co lonnade , and the 
p i l l o w - p a l a g o n i t e complex—and t h e i r d i s t i n g u i s h i n g f e a t u r e s a re i l l u s t r a t e d 
in Figure 2 . 

Columbia River Basa l t Group I n t r a f l o w S t r u c t u r e s 

The f o l l o w i n g d e s c r i p t i o n of b a s a l t i n t r a f l o w s t r u c t u r e s has been 
ob ta ined p r i m a r i l y from Swanson (1967) and Swanson and Wright (1978) and f o r 
t h e sake of b r e v i t y i s p r e sen t ed below wi thout a p p r o p r i a t e c i t a t i o n s . 
De ta i l ed in fo rma t ion about b a s a l t i n t r a f l o w s t r u c t u r e s i s given by Myers and 
o t h e r s (1979) and Myers and P r i ce (1981) . 



FIGURE 1 LOCATION OF THE STUDY AREA 



FIGURE 2 IDEALIZED BASALT INTRAFLOW STRUCTURES 



The colonnade c o n s i s t s of n e a r l y v e r t i c a l , t h r e e - t o e i g h t - s i d e d columns 
which average l m in d i ame te r and 5 t o 10 m in l e n g t h . Columns w i t h i n t h e 
co lonnade range from 10 cm t o 5 m in d i ame te r and may reach a l e n g t h of 50 t o 
75 m. Columnar c o n t a c t s a r e p l a n a r t o u n d u l a t o r y , and t h e columns a r e commonly 
subd iv ided by c r o s s - c u t t i n g , b l o c k y , and p l a t y j o i n t s . A v e s i c u l a r zone o f t e n 
o c c u r s in t h e lower s e v e r a l c e n t i m e t e r s of t h e co lonnade . 

The c o n t a c t between t h e co lonnade and t h e o v e r l y i n g e n t a b l a t u r e i s 
normal ly s h a r p , with t h e t r a n s i t i o n o c c u r r i n g over 1 t o 2 cm, but i t can be 
g r a d a t i o n a l over s e v e r a l m e t e r s . The d i ame te r of t h e e n t a b l a t u r e columns i s 
g e n e r a l l y l e s s than 25 cm, and t h e c o n t a c t s a r e commonly h igh ly u n d u l a t o r y . 
The columns a re o f t e n d e s c r i b e d as be ing in f a n - , t e n t - , o r s y n c l i n a l - s h a p e d 
a r r angemen t s . Hackly j o i n t s a r e common and , when abundan t , may o b l i t e r a t e t h e 
columnar s t r u c t u r e s . The upper p o r t i o n of t h e e n t a b l a t u r e i s o f t e n v e s i c u l a r 
and may grade i n t o a p o o r l y - d e f i n e d zone of l a r g e r d i ame te r columns c a l l e d t h e 
upper co lonnade . A p i l l o w - p a l a g o n i t e complex, which i n d i c a t e s t h a t d e p o s i t i o n 
o c c u r r e d in w a t e r , may be found a t t h e base of a b a s a l t f l o w . 

The sequence of an e n t a b l a t u r e o v e r l y i n g t h e co lonnade does not occur in 
eve ry f l o w . Myers and o t h e r s (1979) d e s c r i b e d Grande Ronde i n t r a f l o w 
s t r u c t u r e s in t h e Pasco Basin and d e f i n e d t h r e e f low t y p e s which were based on 
t h e p re sence of t h e s e s t r u c t u r e s . Type 1 f l o w s a r e t h i n (10-30 m) and l a ck a 
d i s t i n c t e n t a b l a t u r e . Type 2 f l o w s a r e t h i c k (45-76 m) and c o n s i s t of 
a l t e r n a t i n g t i e r s of e n t a b l a t u r e and c o l o n n a d e - t y p e columns which g rade upward 
i n t o a hackly e n t a b l a t u r e . Type 3 f l o w s a r e modera te ly t h i c k (30-80 m) and 
posses s a w e l l - d e f i n e d c o l o n n a d e , e n t a b l a t u r e , and a c rude upper co lonnade . 

Depending upon p o s i t i o n w i t h i n t h e f l o w , t h e d i f f e r e n c e in i n t r a f l o w 
s t r u c t u r e s causes t h e b a s a l t f l o w t o e x h i b i t a wide range of p o r o s i t y . 
Es t ima ted e f f e c t i v e p o r o s i t i e s range f rom l e s s t h a n 1 p e r c e n t f o r dense b a s a l t 
t o 16 pe r cen t f o r f r a c t u r e d b a s a l t (Gephart and o t h e r s , 1979). F r a c t u r e 
measurements of t h e Grande Ronde b a s a l t f l o w s in t h e Pasco Basin i n d i c a t e t h a t 
most f r a c t u r e s a r e l e s s t h a n 1 mm wide and t h a t 85 p e r c e n t of them a r e f i l l e d 
(Gephar t and o t h e r s , 1979) . Rare , u n f i l l e d f r a c t u r e s of up t o 12 mm width were 
a l s o noted (Gephart and o t h e r s , 1979) . 

E l l e n s b u r g Formation 

The sediments t h a t a r e i n t e r b e d d e d wi th and o v e r l i e t h e CRBG have been 
grouped t o g e t h e r as t h e E l l e n s b u r g Formation (Swanson and o t h e r s , 1979a) . In 
g e n e r a l , t h e t h i c k n e s s and f r e q u e n c y of t h e i n t e r b e d s i n c r e a s e as t h e 
s t r a t i g r a p h i c s e c t i o n becomes younge r . I n t e r b e d t h i c k n e s s e s average l e s s t h a n 
20 m bu t may be g r e a t e r than 100 m or a b s e n t a l t o g e t h e r . 

The composi t ion of t h e sed iments r e f l e c t s f o u r d i f f e r e n t s o u r c e s : 
v o l c a n i c l a s t i c , p l u t o n i c - m e t a m o r p h i c , b a s a l t i c , and b i o g e n e t i c (Schmincke, 
1967a; Swanson and Wr igh t , 1978) . The v o l c a n i c l a s t i c sediments were 
t r a n s p o r t e d i n t o t h e r eg ion by r i v e r s and l a h a r s and as a s h f a l l s f rom t h e 
Cascade r e g i o n . Sediments of p l u t o n i c - m e t a m o r p h i c o r i g i n were t r a n s p o r t e d 
i n t o t h e r eg ion from t h e no r th by t h e a n c e s t r a l Columbia River and f rom t h e 
west by r i v e r s and s t r e a m s . Sediments of b a s a l t i c and b i o g e n e t i c o r i g i n were 
d e r i v e d l o c a l l y . 

The i n t e r b e d sed iments may range f rom cobble t o c l a y - s i z e m a t e r i a l and , 
in some l o c a l i t i e s , may be f u s e d t o g l a s s by a succeed ing l a v a f low 
(Schmincke, 1967b). An ave rage e s t i m a t e d e f f e c t i v e p o r o s i t y f o r t h e i n t e r b e d s 
i s r e p o r t e d t o be l e s s t h a n 10 p e r c e n t (Gephart and o t h e r s , 1979) and would 
vary a c c o r d i n g t o t h e i n t e r b e d c o m p o s i t i o n . 



S t r a t i g r a p h y 

Geologic s t u d i e s in t h e Yakima reg ion were i n i t i a t e d near the t u r n of t h e 
cen tu ry by Russel l (1893) and Smith (1901) . Ear ly a t t empts a t r eg iona l 
s t r a t i g r a p h i c c o r r e l a t i o n were based on t h e pe t ro logy of t h e i n t e r b e d s , 
e s p e c i a l l y the d i a t o m i t e d e p o s i t s , and t h e b a s a l t f l ows (Smith, 1903; Waring, 
1913; Waters , 1955). L a t e r a l v a r i a t i o n s in t h e composi t ion of t h e i n t e r b e d s 
and s i m i l a r i t i e s in t h e exposed b a s a l t f lows led t o con fus ion and i n a c c u r a t e 
c o r r e l a t i o n s (Waters , 1955) . More r e c e n t s t u d i e s have u t i l i z e d bulk rock 
c h e m i s t r y , pa l eomagne t i c s , and boreho le geophysics and have culminated in t h e 
p u b l i c a t i o n of a r e v i s e d s t r a t i g r a p h i c nomenclature f o r t h e CRBG and 
reconna i s sance geo log i c maps of t h e Columbia P l a t e a u (Swanson and o t h e r s , 
1979a; Swanson and o t h e r s , 1979b). Geologic s t u d i e s have progressed beyond 
t h e r econna i s sance l eve l in t h e Pasco Bas in . 

The CRBG has been d iv ided i n t o one subgroup, f i v e f o r m a t i o n s , and 
f o u r t e e n members (Swanson and o t h e r s , 1979a). The t h r e e youngest 
f o r m a t i o n s - - t h e Grande Ronde, t h e Wanapum, and t h e Saddle Mountains—have been 
mapped in t h i s reg ion and comprise t h e Yakima Basa l t Subgroup (Swanson and 
o t h e r s , 1979b). Members of t h e CRBG p re sen t in t h e Yakima reg ion inc lude t h e 
Elephant Mountain, Pomona, Huntzinger ( A s o t i n ? ) , and t h e Umat i l la members of 
t h e Saddle Mountains Format ion , and t h e P r i e s t Rap ids , Roza, and Frenchman 
Spr ings members of t h e Wanapum Formation. Many unnamed f lows occur in t h e 
Grande Ronde Format ion. 

The Vantage, Squaw Creek, Quincy(?) , Mabton, S e l a h , and R a t t l e s n a k e Ridge 
members a long with s e v e r a l unnamed i n t e r b e d s comprise t h e E l l ensburg Formation 
in t h e Yakima r e g i o n . The boundary between t h e Miocene and P l iocene 
E l l ensburg Formation and t h e o v e r l y i n g Quaternary sediments i s poor ly d e f i n e d , 
a t l e a s t in terms of r eg iona l borehole geophysical s t u d i e s , because of t h e 
s i m i l a r i t y in l i t h o l o g y . In t h i s r e p o r t , t hose sediments t h a t l i e above t h e 
youngest b a s a l t f l o w , normal ly t h e Elephant Mountain Member, have been grouped 
as t h e upper E l l ensburg and Quaternary sed iments . 

Quaternary d e p o s i t s i n c l u d e v a l l e y - f i l l i n g a l l u v i a l sands and g r a v e l s and 
l a n d s l i d e d e b r i s . The Tie ton A n d e s i t e , a P l e i s t o c e n e vo l can i c f low or f l o w s , 
extends i n t o the Naches Val ley in t h e western po r t i on of t h e s tudy a r e a . 

A g e n e r a l i z e d s t r a t i g r a p h i c s e c t i o n i s given in Figure 3. The younger 
CRBG f lows a r e absen t f rom t h e s t r a t i g r a p h i c s e c t i o n in t h e western po r t ion of 
t h e Yakima r e g i o n . 

S t r a t i g r a p h i c c o r r e l a t i o n diagrams (F igures 4 t o 20) have been prepared 
f o r l o c a l i t i e s w i th in t h e lower Yakima, Black Rock, Moxee, Ahtanum, Cowiche, 
and Naches v a l l e y s . The l o c a t i o n s of t h e c o r r e l a t i o n l i n e s a r e shown in P l a t e 
1. These c o r r e l a t i o n diagrams have been developed by i n t e r p r e t i n g borehole 
geophysical logs in combinat ion with d r i l l e r s ' ( l i t h o l o g i c ) logs and a v a i l a b l e 
r econna i s sance geo log i c mapping. The e l e v a t i o n s and t h i c k n e s s e s of t h e 
i n d i v i d u a l f lows and i n t e r b e d s a re given in Tables 1 th rough 4. 

Borehole geophysica l logs have been c o l l e c t e d on t h e Columbia P la t eau by 
t h e Geological Engineer ing Sec t ion of t h e Department of C iv i l and 
Environmental Engineer ing a t Washington S t a t e U n i v e r s i t y s i nce 1967. Previous 
boreho le s t r a t i g r a p h i c s t u d i e s in t h e Yakima region i n c l u d e Crosby and o t h e r s 
(1972) , Siems and o t h e r s (1973) , Robine t te and o t h e r s (1977) , Lobdell and 
Brown (1977) , and Brown (1978, 1979a, 1980). The c o r r e l a t i o n diagrams given 
in F igures 4 t o 20 r e l y g r e a t l y on t h e i n fo rma t ion provided by t h e s e e a r l i e r 
s t u d i e s . 

Neut ron-ep i thermal neut ron boreho le logs a re shown in F igures 4 through 
20, but i t should be noted t h a t n a t u r a l gamma, gamma-gamma, neutron-gamma, and 



FIGURE 3 GENERALIZED STRATIGRAPHIC COLUMN 



FIGURE 4 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 5 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 6 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 7 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 8 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 9 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 10 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 11 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 12 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 13 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 14 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 15 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 16 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 17 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 18 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 19 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



FIGURE 20 STRATIGRAPHIC CORRELATION DIAGRAM - LINE 10 



Table 1. E l e v a t i o n s a t t h e Tops of t h e Geologic Uni t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock V a l l e y s 1 

Quate rna ry and Upper E l l e n s b u r g 
Formation 

E lephan t Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Se lah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Spr ings Member, Flow 1 

Frenchman Spr ings Member, Flow 2 

Frenchman Spr ings Member, Flow 3 

Frenchman Spr ings Member, Flow 4 

Frenchman Sp r ings Member, Flow 5 

Frenchman Spr ings Member, Flow 6 

Vantage Member 

Grande Ronde Formation 



Table I . E l e v a t i o n s a t t he Tops of t h e Geologic Un i t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Qua te rna ry and Upper E l l e n s b u r g 
Formation 

E lephan t Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Selah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Spr ings Member, Flow 1 

Frenchman Sp r ings Member, Flow 2 

Frenchman Spr ings Member, Flow 3 

Frenchman Spr ings Member, Flow 4 

Frenchman Sp r ings Member, Flow 5 

Frenchman Spr ings Member, Flow 6 

Vantage Member 

Grande Ronde Formation 



Table 1. E l e v a t i o n s a t t h e Tops of t h e Geologic Un i t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Qua te rna ry and Upper E l l e n s b u r g 
Formation 

E lephan t Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Se lah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman S p r i n g s Member, Flow 1 

Frenchman S p r i n g s Member, Flow 2 

Frenchman S p r i n g s Member, Flow 3 

Frenchman S p r i n g s Member, Flow 4 

Frenchman S p r i n g s Member, Flow 5 

Frenchman S p r i n g s Member, Flow 6 

Vantage Member 

Grande Ronde Format ion 



Table 1. E l e v a t i o n s a t t h e Tops of t h e Geologic Un i t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Qua te rna ry and Upper E l l e n s b u r g 
Formation 

E lephan t Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Se lah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Spr ings Member, Flow 1 

Frenchman Sp r ings Member, Flow 2 

Frenchman Spr ings Member, Flow 3 

Frenchman Spr ings Member, Flow 4 

Frenchman Spr ings Member, Flow 5 

Frenchman Spr ings Member, Flow 6 

Vantage Member 

Grande Ronde Formation 



Table 1. E l e v a t i o n s a t t h e Tops of t h e Geologic Un i t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Notes : 

* g e o l o g i c u n i t i s a b s e n t 

** e l e v a t i o n unknown because i n d i v i d u a l g e o l o g i c u n i t s were no t s e p a r a t e d 

1 e l e v a t i o n s a r e r e p o r t e d in f e e t above mean sea l e v e l 

2 7 . 9 m t h i c k i n t e r b e d l o c a t e d from -497 t o -523 f t 

3 1 .5 m t h i c k i n t e r b e d l o c a t e d from 140 t o 145 f t 



Table 2. E l e v a t i o n s a t t h e Tops of t h e Geologic Uni t s 
in t h e Cowiche and Naches V a l l e y s 1 

Quate rnary and Upper E l l en sbu rg 
Formation 

T ie ton A n d e s i t e 

Sediments 

Pomona Member 

Selah Member 

H u n t z i n g e r ( ? ) Member 

Sediments 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Sp r ings Member 

Notes: 

* g e o l o g i c u n i t i s a b s e n t 

1 e l e v a t i o n s a r e r e p o r t e d in f e e t above mean sea l e v e l 



Table 3. Elevations at the Tops of t h e Geologic Uni t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys (cont.) 

Qua te rna ry and Upper E l l e n s b u r g 
Formation 

Elephant Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Se lah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Spr ings Member, Flow 1 

Frenchman Sp r ings Member, Flow 2 

Frenchman Spr ings Member, Flow 3 

Frenchman Spr ings Member, Flow 4 

Frenchman Spr ings Member, Flow 5 

Frenchman Spr ings Member, Flow 6 

Vantage Member 

Grande Ronde Formation 



Table 3. Elevations at the Tops of t h e Geologic Un i t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Qua te rna ry and Upper E l l e n s b u r g 
Formation 

Elephant Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Se lah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Spr ings Member, Flow 1 

Frenchman Spr ings Member, Flow 2 

Frenchman Sp r ings Member, Flow 3 

Frenchman Sp r ings Member, Flow 4 

Frenchman Sp r ings Member, Flow 5 

Frenchman Sp r ings Member, Flow 6 

Vantage Member 

Grande Ronde Formation 



Table 3. Elevations at the Tops of t h e Geologic Uni t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Qua te rna ry and Upper E l l e n s b u r g 
Formation 

Elephant Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Se lah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Spr ings Member, Flow 1 

Frenchman Spr ings Member, Flow 2 

Frenchman Sp r ings Member, Flow 3 

Frenchman Sp r ings Member, Flow 4 

Frenchman Spr ings Member, Flow 5 

Frenchman Sp r ings Member, Flow 6 

Vantage Member 

Grande Ronde Formation 



Table 3. Elevations at the Tops of t h e Geologic Uni t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Qua te rna ry and Upper E l l e n s b u r g 
Formation 

Elephant Mountain Member 

R a t t l e s n a k e Ridge Member 

Pomona Member 

Selah Member 

Umat i l l a Member 

Mabton Member 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Sp r ings Member, Flow 1 

Frenchman Sp r ings Member, Flow 2 

Frenchman Spr ings Member, Flow 3 

Frenchman Spr ings Member, Flow 4 

Frenchman Sp r ings Member, Flow 5 

Frenchman Sp r ings Member, Flow 6 

Vantage Member 

Grande Ronde Formation 



Table 3. Elevations at the Tops of t h e Geologic Uni t s 
in t h e Lower Yakima, Ahtanum, Moxee, and Black Rock Va l l eys ( c o n t . ) 

Notes : 

* g e o l o g i c u n i t i s a b s e n t 

** t h i c k n e s s unknown because i n d i v i d u a l g e o l o g i c u n i t s were no t s e p a r a t e d 

1 t h i c k n e s s e s a r e r e p o r t e d in m e t e r s . For most w e l l s , t h e l a s t t h i c k n e s s r e p o r t e d i s no t 
a t r u e t h i c k n e s s because of incomple te p e n e t r a t i o n of t h e g e o l o g i c u n i t . 

2 c o n t a i n s two l e n s e s of s h a l e 

3 r e p o r t e d t h i c k n e s s i s a c t u a l l y t h e t o t a l t h i c k n e s s of more than one f low a n d / o r i n t e r b e d 

4 i n c l u d e s 6 . 1 m of s h a l e from 1288 t o 1308 f t 

5 may i n c l u d e Umat i l l a f low 

6 i n c l u d e s 2 . 1 m of b a s a l t 



Table 4. Th icknesses of t h e Geologic Uni t s 
in t h e Cowiche and Naches V a l l e y s 1 

Quate rnary and Upper E l l e n s b u r g 
Formation 

T i e t o n A n d e s i t e 

Sediments 

Pomona Member 

Se lah Member 

H u n t z i n g e r ( ? ) Member 

Sediments 

P r i e s t Rapids Member (Upper) 



Unnamed I n t e r b e d 

P r i e s t Rapids Member (Lower) 

I n t e r b e d (Quincy? Member) 

Roza Member 

Squaw Creek Member 

Frenchman Spr ings Member 

Notes : 

* g e o l o g i c u n i t i s a b s e n t 

1 t h i c k n e s s e s a r e r e p o r t e d in m e t e r s . For most w e l l s , t h e l a s t t h i c k n e s s i s not 
a t r u e t h i c k n e s s because of incomple te p e n e t r a t i o n of t h e g e o l o g i c u n i t . 

2 i n c l u d e s 11 .3 m of sed iments 



c a l i p e r l ogs were a l s o u t i l i z e d f o r t h e s e c o r r e l a t i o n s . The b o r e h o l e 
geophys ica l log s u i t e t h a t i s commonly c o l l e c t e d by Washington S t a t e 
U n i v e r s i t y i n c l u d e s t h e n e u t r o n - e p i t h e r m a l n e u t r o n , neutron-gamma, n a t u r a l 
gamma, gamma-gamma, f l u i d t e m p e r a t u r e , f l u i d r e s i s t i v i t y , wall rock 
r e s i s t i v i t y , spon taneous p o t e n t i a l , f l o w m e t e r , and c a l i p e r l o g s . Borehole 
geophys ica l l og s u i t e s f o r t h e w e l l s shown in F i g u r e s 4 th rough 20 a r e 
a v a i l a b l e a t t h e Geo log ica l Eng inee r ing S e c t i o n . 

An overview of t h e g e o l o g i c u n i t s of t h e r e g i o n i s given below. 
I n t e r e s t e d r e a d e r s a r e r e f e r r e d t o Swanson ( 1 9 6 6 ) , Swanson (1967) , Schmincke 
(1967a, 1967b, 1967c ) , Diery and McKee (1969) , Ben t l ey (1977) , Campbell (1976, 
1977a, 1977b) , Swanson and Wright (1978) , Swanson and o t h e r s (1979a, 1979b, 
1979c) , Myers and o t h e r s (1979) , Tanaka and o t h e r s (1979) , Gephart and o t h e r s 
(1979) , and Ben t l ey and o t h e r s (1980) f o r more d e t a i l e d i n f o r m a t i o n . 

Grande Ronde Format ion 

The Grande Ronde Formation has been i n f o r m a l l y d i v i d e d i n t o f o u r 
m a g n e t o s t r a t i g r a p h i c u n i t s , of which t h r e e u n i t s (N1 , R 2 , and N2 , where N i s 
normal and R i s r e v e r s e d magnet ic p o l a r i t y ) have been mapped in t h e r e g i o n 
(Swanson and o t h e r s , 1979b). The t o t a l t h i c k n e s s of t h e Grande Ronde 
Formation in t h e Yakima r eg ion probably does not exceed 1,000 m and may vary as 
much as 400 m because of an i r r e g u l a r p r e - b a s a l t topography (Bent ley and 
o t h e r s , 1980) . I n d i v i d u a l f l o w s ave rage 20 t o 30 m in t h i c k n e s s (Ben t l ey and 
o t h e r s , 1980) . 

None of t h e w e l l s f o r which c o r r e l a t i o n d iagrams a r e given in t h i s r e p o r t 
have comple t e ly p e n e t r a t e d t h e f o r m a t i o n . The Grande Ronde Formation was 
t e n t a t i v e l y i d e n t i f i e d a long c o r r e l a t i o n l i n e s of t h e Ahtanum Val ley ( F i g u r e s 
14 and 15) where a t h i c k n e s s of over 146 m was p e n e t r a t e d . S u r f a c e exposures 
of t h e Grande Ronde Formation a r e found a long t h e wes t e rn margin of t h e r e g i o n 
and t h e a n t i c l i n a l r i d g e s (Swanson and o t h e r s , 1979b) . 

I n t e r b e d s w i t h i n t h e Grande Ronde Formation a r e common and a re g e n e r a l l y 
l e s s t h a n 15 m t h i c k , wi th i n t e r b e d t h i c k n e s s and abundance d e c r e a s i n g in an 
e a s t e r l y d i r e c t i o n (Ben t l ey and o t h e r s , 1980) . The i n t e r b e d s a re composed of 
v o l c a n i c l a s t i c s a n d s t o n e , s i l t s t o n e , c l a y s t o n e , and pumiceous v o l c a n i c b r e c c i a 
(Ben t ley and o t h e r s , 1980) . Although some i n t e r b e d s may be e x t e n s i v e , most 
a r e l a t e r a l l y discont inuous and u n r e l i a b l e as s t r a t i g r a p h i c markers (Ben t l ey 
and o t h e r s , 1980) . Sources of sediment i n c l u d e contemporaneous volcanism in 
t h e Cascade r e g i o n , a l l u v i a l d e p o s i t i o n of p l u t o n i c - m e t a m o r p h i c sed iments f rom 
t h e n o r t h , and l o c a l e r o s i o n (Schmincke, 1967a; Ben t l ey and o t h e r s , 1980) . 

Vantage Member of t h e E l l e n s b u r g Formation 

The Vantage Member of t h e E l l e n s b u r g Formation l i e s between t h e Grande 
Ronde and Wanapum B a s a l t f o r m a t i o n s t h r o u g h o u t most of t h e r e g i o n . This 
member i s composed of v o l c a n i c l a s t i c s a n d s t o n e s , s i l t s t o n e s , c l a y s t o n e s , and 
minor amounts of cong lomera te and d i a t o m i t e (Diery and McKee, 1969; Ben t l ey 
and o t h e r s , 1980) . The r e p o r t e d t h i c k n e s s of t h i s member ranges f rom 0 t o 30 m 
(Diery and McKee, 1969; B e n t l e y , 1977; Ben t l ey and o t h e r s , 1980) . 

The Vantage Member has been t e n t a t i v e l y i d e n t i f i e d a long c o r r e l a t i o n 
l i n e s of t h e Ahtanum Val ley ( F i g u r e s 14 and 15 ) . This i n t e r b e d ranges in 
t h i c k n e s s f rom 10 t o over 23 m a t t h e s e l o c a t i o n s . The i d e n t i f i c a t i o n of t h i s 
member in t h e c o r r e l a t i o n diagrams i s based on i t s s t r a t i g r aph i c p o s i t i o n 
between t h e Grande Ronde Formation and t h e Frenchman Spr ings Member. The 
accuracy of t h e i d e n t i f i c a t i o n of t h e s e two b a s a l t f l o w s in t h e Ahtanum Val ley 



i s u n c e r t a i n , and t h e r e f o r e t h e i d e n t i f i c a t i o n of t h e Vantage Member in t h e 
Ahtanum Val ley i s t e n t a t i v e . 

Wanapum Formation 

In t h e Yakima r e g i o n , t h e Wanapum B a s a l t Formation i s composed of t h r e e 
members: t h e Frenchman S p r i n g s , Roza, and P r i e s t Rap ids . In t e rbedded between 
t h e s e f l o w s a r e t h e Squaw Creek and Quincy(?) members and s e v e r a l unnamed 
i n t e r b e d s of t h e E l l e n s b u r g Format ion . 

Frenchman Spr ings Member 

The Frenchman Sp r ings Member, t h e t h i c k e s t (over 150 m) and most 
widespread Wanapum Member, i s composed of up t o s i x f l o w s a t Union Gap but 
t h i n s t o two f lows t o t h e west (Ben t l ey and o t h e r s , 1980) . The Frenchman 
Spr ings Member has been s u b d i v i d e d i n t o f o u r f low u n i t s in t h e Yakima reg ion 
( B e n t l e y , 1977; Bent ley and o t h e r s , 1980) . These u n i t s a r e , f rom o l d e s t t o 
y o u n g e s t , t h e Gingko f l o w s , t h e Sand Hollow f l o w , t h e Kel ly Hollow f l o w , and 
t h e Union Gap f l o w s . These f l o w s a r e d i f f e r e n t i a t e d by t h e abundance of 
phenoc rys t s and t h e i r s t r a t i g r a p h i c p o s i t i o n (Bent ley and o t h e r s , 1980) . 

In u t i l i z i n g b o r e h o l e geophys ica l l ogs f o r s t r a t i g r a p h i c c o r r e l a t i o n in 
t h i s r e p o r t , t h e base of t h e Frenchman Spr ings Member was r ecogn ized by t h e 
p re sence of t h e Vantage ( i n t e r b e d ) Member. Hence, Grande Ronde f lows may be 
mis taken as Frenchman Sp r ings f l o w s in t h e absence of t h e Vantage Member. 
Conve r se ly , t h e o p p o s i t e may occur i f a t h i c k i n t e r b e d i s encoun te red w i th in 
t h e Frenchman Spr ings Member. 

Six f l o w s have been t e n t a t i v e l y i d e n t i f i e d in s e v e r a l w e l l s in t h e lower 
Yakima and Black Rock v a l l e y s (F igu re s 9, 12, and 13) where t h e i r combined 
t h i c k n e s s i s g r e a t e r t h a n 150 m. Severa l t h i n (up t o 8 m t h i c k in well 
11N/21E-22G2, in F igure 8 ) , d i s c o n t i n u o u s s ed imen ta ry i n t e r b e d s l i e between 
t h e Frenchman Spr ings f l o w s . Ben t l ey and o t h e r s (1980) noted t h a t t h i n 
i n t e r b e d s (0-4 m) were found above and below t h e Kel ly Hollow f low a long t h e 
n o r t h e r n s i d e of Toppenish Ridge and in upper Satus b a s i n . I n d i v i d u a l f lows 
a r e not s e p a r a t e d in c o r r e l a t i o n diagrams of t h e Ahtanum, Cowiche, and Naches 
v a l l e y s ( F i g u r e s 14 t h r o u g h 18) because of t h e i r o v e r a l l poor d e f i n i t i o n on 
t h e bo reho le geophys ica l l o g s . The combined t h i c k n e s s of t h e Frenchman 
Sp r ings f l o w s a t t h e s e l o c a t i o n s r anges f rom 29 t o over 131 m. 

Squaw Creek Member of t h e E l l e n s b u r g Formation 

The Squaw Creek Member of t h e E l l e n s b u r g Formation l i e s between t h e 
Frenchman Spr ings and Roza members t h r o u g h o u t most of t h e Yakima r e g i o n . The 
t h i c k n e s s of t h e Squaw Creek Member r anges f rom 0 t o n e a r l y 16 m. The 
compos i t ion of t h e Squaw Creek Member v a r i e s f rom a d i a t o m i t e o r j a s p e r o i d t o 
s a n d s t o n e or cong lomera te (Schmincke, 1967a; Diery and McKee, 1969; Bent ley 
and o t h e r s , 1980) . This member can be used as a s t r a t i g r a p h i c marker when 
u t i l i z i n g b o r e h o l e geophys ica l l o g s f o r s t r a t i g r a p h i c c o r r e l a t i o n because of 
i t s h igh n a t u r a l gamma r e s p o n s e . A t y p i c a l r e sponse i s shown in F igure 21 and 
may be caused by a high c o n c e n t r a t i o n of p o t a s s i u m - r i c h c l a y s . 



FIGURE 21 TYPICAL NATURAL GAMMA RESPONSE OF THE 
UMATILLA AND SQUAW CREEK MEMBERS 



Roza Member 

The Roza Member o c c u r s as a s i n g l e f low in t h e Yakima r e g i o n . The 
t h i c k n e s s of t h i s member r anges f rom about 30 t o n e a r l y 50 m a long c o r r e l a t i o n 
l i n e s of t h e lower Yakima, Black Rock, and Moxee v a l l e y s (F igu re s 4 th rough 13 
and 20) and from over 12 t o n e a r l y 40 m along c o r r e l a t i o n l i n e s of t h e Naches 
Val ley (F igures 18 and 19) . The Roza Member i s absen t a long c o r r e l a t i o n l i n e s 
in t h e Ahtanum and Cowiche v a l l e y s (F igu re s 14 th rough 16 ) . 

Quincy Member(?) of t h e E l l e n s b u r g Formation 

A t h i n i n t e r b e d , normal ly l e s s t h a n 3 m t h i c k , o f t e n s e p a r a t e s t h e Roza 
Member from t h e o v e r l y i n g b a s a l t f l ow in t h e Yakima r e g i o n . In d i s c u s s i n g 
t h e s e s ed imen t s , Swanson and o t h e r s (1979a) abandoned t h e name "Quincy" in 
f a v o r of t h e t e rm "Squaw Creek Member" because of t h e i n v a s i v e n a t u r e of t h e 
u n d e r l y i n g Roza f low a t many l o c a t i o n s . The name Quincy Member(?) i s used in 
t h i s r e p o r t because of t h e widespread occu r r ence of t h i s i n t e r b e d . 

P r i e s t Rapids Member of t h e Wanapum Formation 

Two b a s a l t f l o w s be long ing t o t h e P r i e s t Rapids Member, r e f e r r e d t o as 
t h e upper and lower f l o w s in t h i s r e p o r t , occur in t h e s u b s u r f a c e of most of 
t h e r e g i o n . The upper and lower f lows cor respond t o t h e Lolo and Rosa l i a 
chemical t y p e s , r e s p e c t i v e l y (Ben t l ey and o t h e r s , 1980) . The t h i c k n e s s of t h e 
upper f low ranges f rom 10 t o a lmost 40 m, and t h e t h i c k n e s s of t h e lower f low 
r a n g e s f rom 44 t o a lmost 60 m. A t h i n (up t o 9 m t h i c k ) , unnamed i n t e r b e d 
occu r s r a r e l y between t h e s e two f l o w s . In s eve ra l l o c a t i o n s a long c o r r e l a t i o n 
l i n e s in t h e Black Rock and Cowiche v a l l e y s (F igu re s 13 and 19) only one f low 
was f o u n d . This f l o w has been c o r r e l a t e d wi th t h e upper f low because of a 
s i m i l a r i t y in t h e t h i c k n e s s of t h e f low th roughou t t h e r e g i o n . 

Mabton Member of t h e E l l e n s b u r g Formation 

The Mabton Member of t h e E l l e n s b u r g Formation o v e r l i e s t h e P r i e s t Rapids 
Member th roughou t most of t h e Yakima r e g i o n . The t h i c k n e s s of t h e Mabton 
Member v a r i e s f rom 0 t o over 25 m. I t i s composed of v o l c a n i c l a s t i c d e p o s i t s 
and a i r f a l l t u f f (Ben t l ey and o t h e r s , 1980) . 

Saddle Mountains Format ion 

Four members of t h e Saddle Mountains Formation a r e found in t h e Yakima 
r e g i o n : t h e U m a t i l l a , Huntz inger ( A s o t i n ? ) , Pomona, and Elephant Mountain . 
I n t e r b e d d e d between t h e s e f lows a r e sed iments of t h e E l l e n s b u r g Formation t h a t 
may be g r e a t e r than 100 m t h i c k . 

Umat i l l a Member of t h e Saddle Mountains Formation 

The Umat i l l a Member c o n s i s t s of a s i n g l e b a s a l t f l ow in t h e Yakima 
r e g i o n . The t h i c k n e s s of t h i s member r anges f rom 30 t o 60 m a long c o r r e l a t i o n 
l i n e s in t h e Black Rock and Moxee v a l l e y s (F igu re s 11 th rough 13 and 20) and 
f rom 55 t o over 80 m a long c o r r e l a t i o n l i n e s in t h e lower Yakima Val ley 
(F igu re s 4 th rough 10 ) . The Umat i l l a Member i s absen t a long c o r r e l a t i o n l i n e s 
of t h e Ahtanum, Cowiche, and Naches v a l l e y s (F igu re s 14 th rough 19 ) . 



The Umat i l l a Member s e r v e s as a s t r a t i g r a p h i c marker when u t i l i z i n g 
bo reho le geophys ica l l o g s f o r s t r a t i g r a p h i c c o r r e l a t i o n because of i t s high 
n a t u r a l gamma r e s p o n s e (Crosby and o t h e r s , 1972) . A t y p i c a l r e sponse i s shown 
in F igu re 21. 

Huntz inger Val ley Flow (Asot in Member?) of t h e Saddle Mountains Formation 

The Huntz inger v a l l e y f l ow (Asot in Member?) o c c u r s as a minor " v a l l e y 
f i l l i n g " b a s a l t f l o w in t h e Moxee and Black Rock v a l l e y s ( B e n t l e y , 1977; 
Campbell , 1977a) and a long Yakima Ridge (Swanson and o t h e r s , 1979b). The 
t h i n n e s s and i s o l a t e d o c c u r r e n c e s of t h i s f l o w make i t d i f f i c u l t t o i d e n t i f y 
by geophys ica l b o r e h o l e l o g s . 

A t h i n b a s a l t f l o w l y i n g beneath t h e Pomona Member in t h e Naches Val ley 
( see w e l l s 14N/17E-35H1 and 14N/17E-26G1, in F i g u r e s 18 and 19) may c o r r e l a t e 
t o t h e Huntz inger f l o w . This f l o w has not been i d e n t i f i e d in any of t h e 
remain ing c o r r e l a t i o n diagrams t h a t were p repa red f o r t h i s r e p o r t , a l though 
d r i l l e r s ' l ogs s u g g e s t t h a t i t may be p r e s e n t in w e l l s l o c a t e d in t h e lower 
Yakima Val ley (12N/20E-36P1 and 11N/21E-06L1). 

Selah Member of t h e E l l e n s b u r g Formation 

The Selah Member of t h e E l l e n s b u r g Formation l i e s between t h e Pomona 
Member and t h e u n d e r l y i n g b a s a l t f l o w , which i s normal ly t h e Umat i l l a Member. 
The Selah Member i s composed of v o l c a n i c l a s t i c d e p o s i t s and v i t r i c t u f f s 
(Schmincke, 1967b). I t s t h i c k n e s s ranges f rom 0 t o a lmost 25 m along 
c o r r e l a t i o n l i n e s in t h e lower Yakima Va l l ey ( F i g u r e s 4 t h rough 1 0 ) , f rom 0 t o 
15 m a long c o r r e l a t i o n l i n e s in t h e Black Rock and Moxee v a l l e y s (F igu re s 11 
th rough 13 and 2 0 ) , f rom over 21 t o under 38 m a long c o r r e l a t i o n l i n e s in t h e 
Naches Val ley ( F i g u r e s 18 and 1 9 ) , and f rom 0 t o 39 m a long c o r r e l a t i o n l i n e s 
in t h e Ahtanum Val ley ( F i g u r e s 14 t h rough 16 ) . Along t h e c o r r e l a t i o n l i n e s in 
t h e Ahtanum and Naches v a l l e y s , t h e Selah Member may i n c l u d e o l d e r (Mabton?) 
s e d i m e n t s , because t h e U m a t i l l a Member i s a b s e n t in t h e s e a r e a s . 

Pomona Member of t h e Sadd le Mountains Formation 

The Pomona Member of t h e Saddle Mountains Format ion c o n s i s t s of a s i n g l e 
b a s a l t f l ow in t h e Yakima r e g i o n . The t h i c k n e s s of t h i s member r anges f rom 
l e s s t h a n 40 t o ove r 80 m a long c o r r e l a t i o n l i n e s in t h e lower Yakima Val ley 
( F i g u r e s 4 t h rough 1 0 ) , f rom 45 t o 55 m a long c o r r e l a t i o n l i n e s in t h e Moxee 
Val ley (F igu re s 11, 12, and 2 0 ) , f rom 0 t o almost 30 m a long t h e c o r r e l a t i o n 
l i n e in t h e Black Rock Va l l ey ( F i g u r e 1 3 ) , f rom over 18 t o 32 m a long 
c o r r e l a t i o n l i n e s in t h e Cowiche and Naches v a l l e y s ( F i g u r e s 17 t h rough 19) , 
and f rom 0 t o ove r 21 m a l o n g c o r r e l a t i o n l i n e s in t h e Ahtanum Val ley (F igu re s 
14 th rough 16) . Ben t l ey and o t h e r s (1980) r e p o r t a t h i c k n e s s of 50 t o 60 m, 
t h i n n i n g westward t o 30 m, on t h e Yakima Ind ian R e s e r v a t i o n . 

The Pomona Member e x t e n d s f a r t h e r t o t h e west t h a n does t h e u n d e r l y i n g 
Umat i l l a Member in t h e Yakima r e g i o n (Schmincke, 1967c) . This f l o w o f t e n 
d i s p l a y s t h e c o l o n n a d e , e n t a b l a t u r e , and upper co lonnade i n t r a f l o w s t r u c t u r e s 
i n t h e Yakima r e g i o n (Schmincke, 1967c; Ben t l ey and o t h e r s , 1980) . 



R a t t l e s n a k e Ridge Member of t h e E l l e n s b u r g Formation 

The R a t t l e s n a k e Ridge Member l i e s between t h e Elephant Mountain and 
Ponoma members. In t h e Yakima r e g i o n , t h i s i n t e r b e d i s composed of 
s i l t s t o n e s , c l a y s t o n e s , s a n d s t o n e s , t u f f s , and cong lomera tes (Schmincke, 
1967c; Campbell , 1977b; Ben t l ey and o t h e r s , 1980) . The t h i c k n e s s of t h i s 
member r a n g e s f rom 40 t o over 100 m a long c o r r e l a t i o n l i n e s in t h e lower Yakima 
Val ley ( F i g u r e s 4 th rough 10) . Ben t l ey and o t h e r s (1980) r e p o r t a t h i c k n e s s 
of up t o 200 m in t h e Toppenish b a s i n . Th icknesses of up t o 100 m occur a long 
c o r r e l a t i o n l i n e s in t h e Moxee Va l l ey ( F i g u r e s 11, 12, and 20 ) . 

The R a t t l e s n a k e Ridge Member l o s e s i t s i d e n t i t y and i s grouped wi th 
younger sed iments when t h e Elephant Mountain Member i s a b s e n t . This s i t u a t i o n 
o c c u r s a long c o r r e l a t i o n l i n e s in t h e Black Rock, Ahtanum, Cowiche, and Naches 
v a l l e y s ( F i g u r e s 13 th rough 19) . 

E lephant Mountain Member of t h e Saddle Mountains Formation 

The Elephant Mountain Member of t h e Saddle Mountains Formation u s u a l l y 
o c c u r s as one f low in t h e Yakima r e g i o n , wi th a second f l o w , l o c a l l y known as 
t h e Ward Gap f l o w , exposed a t Sn ipes Mountain (Campbell , 1977b) and a t Ward 
Gap (Schmincke, 1967c) . The t h i c k n e s s of t h i s member r anges f rom 3 t o 20 m 
a long c o r r e l a t i o n l i n e s in t h e lower Yakima Val ley (F igu re s 4 t h rough 10) and 
f rom 0 t o over 12 m a long c o r r e l a t i o n l i n e s in t h e Moxee Val ley ( F i g u r e s 11, 
12, and 2 0 ) . The Elephant Mountain Member i s absen t a long c o r r e l a t i o n l i n e s 
in t h e Black Rock, Ahtanum, Cowiche, and Naches v a l l e y s (F igu re s 13 t h rough 
19) . 

Upper E l l e n s b u r g Formation and Qua te rna ry Sediments 

Over ly ing t h e Elephant Mountain Member a r e E l l e n s b u r g and younger 
Qua te rnary s e d i m e n t s . The E l l e n s b u r g sed iments i n c l u d e t h e conglomera te of 
Sn ipes Mountain , o t h e r c o n g l o m e r a t e s , s a n d s t o n e s , l a h a r i c d e p o s i t s , 
s i l t s t o n e s , and t u f f (Campbel l , 1976, 1977a, 1977b; Ben t l ey and o t h e r s , 
1980) . The Qua te rnary sed iments i n c l u d e b a s a l t i c g r a v e l s , Touchet d e p o s i t s of 
s i l t wi th l e n s e s of c l a y and s and , l o e s s , l a n d s l i d e d e b r i s , and a l l u v i a l 
c l a y s , s i l t s , s a n d s , and g r a v e l s (Campbel l , 1976, 1977a, 1977b; W a i t t , 1979; 
Ben t l ey and o t h e r s , 1980) . This i n fo rma l grouping i n c l u d e s o l d e r sed iments in 
t h e wes te rn p o r t i o n of t h e Yakima r e g i o n because of t h e p r o g r e s s i v e westward 
absence of t h e younger b a s a l t f l o w s . The upper E l l e n s b u r g Formation and 
Qua te rna ry sed iments a r e l a b e l e d " sed imen t s " on t h e s t r a t i g r aph ic c o r r e l a t i o n 
diagrams ( F i g u r e s 4 t h rough 2 0 ) . 

Along c o r r e l a t i o n l i n e s in t h e lower Yakima Val ley (F igu re s 4 t h rough 
1 0 ) , t h e t h i c k n e s s e s of t h e s e sed iments range from 0 t o n e a r l y 180 m, and 
g r e a t e r t h i c k n e s s e s would be found towards t h e c e n t e r of t h e v a l l e y . The 
t h i c k n e s s e s of t h e s e sed iments range f rom over 18 t o over 60 m a long t h e 
c o r r e l a t i o n l i n e in t h e Black Rock Val ley (F igure 1 3 ) , f rom over 76 t o over 
390 m a long c o r r e l a t i o n l i n e s in t h e Moxee Val ley (F igures 11, 12, and 2 0 ) , 
f rom over 9 t o over 335 m a long c o r r e l a t i o n l i n e s in t h e Ahtanum Val ley 
( F i g u r e s 14 th rough 1 6 ) , and f rom l e s s t h a n 1 t o over 85 m a long c o r r e l a t i o n 
l i n e s in t h e Cowiche and Naches v a l l e y s ( F i g u r e s 17 th rough 19) . 



Tie ton Andes i t e 

The Tie ton Andes i t e f l o w ( s ) ex t ends i n t o t h e Naches Val ley and reaches 
t h i c k n e s s e s of up t o 155 m a long t h e c o r r e l a t i o n l i n e s ( F i g u r e s 18 and 19) . 
This f l o w e r u p t e d a s h o r t d i s t a n c e t o t h e west of t h i s r eg ion in t h e Tie ton 
River Canyon a r e a (Swanson, 1966) . The T ie ton Andes i t e f l o w ( s ) i s 
c h a r a c t e r i z e d by a high n a t u r a l gamma r e s p o n s e , which may prove u s e f u l f o r 
f u t u r e s t r a t i g r a p h i c c o r r e l a t i o n s t o t h e west of t h e Yakima r e g i o n . 

Geologic S t r u c t u r e 

The Yakima r e g i o n i s dominated by a s e r i e s of s o u t h e a s t w a r d - t r e n d i n g , 
narrow a n t i c l i n a l r i d g e s and b r o a d , s y n c l i n a l b a s i n s . These s t r u c t u r e s , from 
nor th t o s o u t h , a r e t h e Cleman Mountain-Umtanum Ridge u p l i f t , t h e 
Cowiche-Naches b a s i n s , t h e Cowiche Mountain-Yakima Ridge u p l i f t , t h e 
Ahtanum-Moxee-Black Rock b a s i n s , t h e Ahtanum R i d g e - R a t t l e s n a k e H i l l s u p l i f t , 
t h e Toppenish- lower Yakima b a s i n s , and t h e Toppenish Ridge u p l i f t . The Cle 
Elum-Wallula deformed b e l t or l i n e a m e n t , a n o r t h w e s t e r l y - t r e n d i n g zone of 
d e f o r m a t i o n , l i e s a long t h e e a s t e r n and n o r t h e r n edges of t h e s tudy a r e a . 
Geologic s t r u c t u r e s of t h e Yakima r e g i o n a r e shown in P l a t e 1 , and a b r i e f 
d e s c r i p t i o n of t h e s e s t r u c t u r e s i s given below. I n t e r e s t e d r e a d e r s a r e 
r e f e r r e d t o Campbell ( 1 9 7 5 ) , Ben t l ey (1977) , Campbell and Bent ley (1979) , 
Bent ley and Farooqui (1979) , Myers and o t h e r s ( 1 9 7 9 ) , and Ben t l ey and o t h e r s 
(1980) f o r more d e t a i l e d r e p o r t s . 

The a n t i c l i n a l r i d g e s a r e complex and change in s t r u c t u r e l a t e r a l l y . The 
Cowiche Mountain-Yakima Ridge u p l i f t i s a b o x - f o l d a n t i c l i n e with s h a r p h inge 
l i n e s a long both f l a n k s ( B e n t l e y , 1977; Myers and o t h e r s , 1979) . The 
R a t t l e s n a k e H i l l s " n o r t h e r n a n t i c l i n e " i s an asymmetr ica l a n t i c l i n e with t h e 
n o r t h e r n f l a n k d i s p l a y i n g a g r e a t e r d i p t h a n t h e sou the rn f l a n k (Myers and 
o t h e r s , 1979) . This s t r u c t u r e i s d e s c r i b e d as a b o x - f o l d a n t i c l i n e west of 
Union Gap a long t h e Ahtanum Ridge (Ben t l ey and o t h e r s , 1980) . The Toppenish 
Ridge a n t i c l i n e s a r e d e s c r i b e d as be ing asymmetr ic o r b o x - f o l d a l s o (Ben t ley 
and o t h e r s , 1980) . 

Most of t h e known f a u l t i n g w i t h i n t h e r e g i o n i s a s s o c i a t e d wi th t h e 
a n t i c l i n a l s t r u c t u r e s . Monoclinal f o l d s and t h r u s t f a u l t s and , l e s s commonly, 
normal f a u l t s p a r a l l e l t h e a n t i c l i n a l axes (Swanson and o t h e r s , 1979c; Myers 
and o t h e r s , 1979; Ben t l ey and F a r o o q u i , 1979) . The r i d g e s o f t e n c o n t a i n wide 
(100-200 m), s t e e p l y d i p p i n g zones of s h a t t e r b r e c c i a (Ben t l ey and F a r o o q u i , 
1979) . N o r t h w e s t e r l y - t o n o r t h e a s t e r l y - t r e n d i n g f o l d s and s t r i k e - s l i p f a u l t s 
t r a n s e c t t h e a n t i c l i n a l s t r u c t u r e s (Ben t l ey and F a r o o q u i , 1979; Myers and 
o t h e r s , 1979; Swanson and o t h e r s , 1979c) . Deformat ion in t h e Yakima r eg ion 
began as e a r l y as Grande Ronde t i m e and c o n t i n u e d i n t o t h e Qua te rna ry 
( B e n t l e y , 1977; Ben t l ey and F a r o o q u i , 1979; Campbell and B e n t l e y , 1979; 
Ben t ley and o t h e r s , 1980) . 

The s t r a t i g r a p h i c c o r r e l a t i o n diagrams ( F i g u r e s 4 th rough 20) r e f l e c t t h e 
p r e s e n c e of t h e s e g e o l o g i c s t r u c t u r e s . Noteworthy examples i n c l u d e F i g u r e s 12 
and 13. These f i g u r e s show t h e Pomona Member t h i n n i n g and p i n c h i n g out 
towards t h e Hog Ranch F a u l t A x i s , which s e p a r a t e s t h e Moxee and Black Rock 
v a l l e y s . Another example i s F i g u r e 11, in which well 12N/20E-16H1, l o c a t e d 
nea r t h e t h r u s t f a u l t a long t h e n o r t h e r n s i d e of Elephant Mountain , shows a 
t h i c k e r than normal d e p o s i t of s ed imen t s o v e r l y i n g t h e Elephant Mountain 
Member. The Elephant Mountain and Pomona members have been mapped a s h o r t 
d i s t a n c e t o t h e south of well 12N/20E-16H1 on Elephant Mountain. The b a s a l t 
c o r r e l a t i o n s in t h i s well sugges t t h a t a p p r o x i m a t e l y 2000f t of v e r t i c a l 



movement occu r r ed a long t h e f a u l t s and f o l d s a s s o c i a t e d with t h e Elephant 
Mountain s t r u c t u r e . 

I t should be noted t h a t geophys ica l b o r e h o l e logs a re not a v a i l a b l e f o r 
well 12N/20E-16H1 and t h a t t h e d r i l l e r ' s log was used f o r t h e s t r a t i g r aph i c 
c o r r e l a t i o n . Chemical a n a l y s i s of rock c h i p s c o l l e c t e d d u r i n g t h e d r i l l i n g 
o p e r a t i o n sugges t s t h a t t h e s t r a t i g r a p h i c c o r r e l a t i o n f o r well 12N/20E-16H1 i s 
a c c u r a t e ( B i l l Myers, pe r sona l communicat ion, 1982) . 

Ground-Water Hydrology of t h e Yakima Region 

The o c c u r r e n c e of ground wa te r i s c o n t r o l l e d p r i m a r i l y by t h e l i t h o l o g y , 
s t r a t i g r a p h y , and g e o l o g i c s t r u c t u r e of a r e g i o n . Climate and c u l t u r a l 
a c t i v i t i e s , pa s t and p r e s e n t , a l s o i n f l u e n c e t h e ground-water system of a 
r e g i o n . A g r e a t deal of i n f o r m a t i o n p e r t a i n i n g t o t h e s e f a c t o r s and t h e i r 
r e l a t i o n s h i p t o t h e ground-water system of t h e Columbia P l a t e a u has been 
c o l l e c t e d d u r i n g t h e l a s t two d e c a d e s ; however, t h e ground-water system i s 
s t i l l poo r ly d e f i n e d because of i t s c o m p l e x i t y . Most of t h e i n f o r m a t i o n has 
been o b t a i n e d f rom r e s e a r c h a s s o c i a t e d wi th t h e B a s a l t Waste I s o l a t i o n 
P r o j e c t , t h e Columbia Basin and Yakima River I r r i g a t i o n p r o j e c t s , and r e g i o n a l 
g round-wa te r r e s o u r c e a s sessment and management s t u d i e s . Columbia P l a t e a u 
s u r f a c e - w a t e r and g round-wate r s t u d i e s a r e summarized by Gephart and o t h e r s 
(1979) . Ground-water s t u d i e s in t h e Yakima r e g i o n i n c l u d e Smith (1901) , 
Waring (1913) , Sceva and o t h e r s (1949) , Foxworthy (1962) , Kinnison and Sceva 
(1963) , Eddy (1971) , U. S. Geologica l Survey (1974) , Cearlock and o t h e r s 
(1975) , Corps of Eng inee r s (1978) , Gephart and o t h e r s (1979) , Tanaka and 
o t h e r s (1979) , and Bolke and Skr ivan (1981) . The f o l l o w i n g review of t h e 
g round-wate r hydrology r e l i e s h e a v i l y upon t h e s e p rev ious s t u d i e s . 

Ground-Water Flow Model in t h e Yakima Region 

Conceptual models o f t e n u t i l i z e t h e t e rms l o c a l , i n t e r m e d i a t e , and 
r e g i o n a l t o d e f i n e t h e components and b o u n d a r i e s of a ground-water f low 
sys tem. Boundar ies a r e vaguely d e f i n e d and based l a r g e l y on s c a l e and f l o w 
d i r e c t i o n because of t h e i n t e r a c t i o n of t h e components . Normally, s e v e r a l 
l o c a l systems a re t hough t t o a c t w i t h i n one t o p o g r a p h i c b a s i n , wh i l e an 
i n t e r m e d i a t e system may a c t in one o r more b a s i n s . A r e g i o n a l g round-water 
system o f t e n i n c o r p o r a t e s s e v e r a l i n t e r m e d i a t e sy s t ems . The ground-water f low 
path l e n g t h and f l o w volume i n c r e a s e from loca l t o r e g i o n a l sys t ems . 

In t h e h i e r a r c h y of g round-wate r f low s y s t e m s , t h e Yakima r e g i o n i s 
c o n s i d e r e d t o c o n t a i n many l o c a l and s e v e r a l i n t e r m e d i a t e systems t h a t a c t in 
c o n c e r t with t h e r e g i o n a l system a n d / o r systems of t h e Columbia P l a t e a u 
(Kinnison and Sceva , 1963; Gephart and o t h e r s , 1979) . P l a t e 2 shows t h e 
approximate ground-water s t a t i c l e v e l s t h a t o u t l i n e t h e i n t e r m e d i a t e 
ground-water b a s i n s of t h e Yakima r e g i o n . The ground-water l eve l c o n t o u r s , in 
g e n e r a l , m i r r o r t h e t o p o g r a p h i c r e l i e f , wi th t h e d i v i d e s of t h e ground-water 
b a s i n s c o i n c i d i n g wi th t h e t o p o g r a p h i c d i v i d e s . The genera l d i r e c t i o n of 
ground-water f low in t h e Yakima r e g i o n i s f rom t h e c r e s t s of t h e a n t i c l i n a l 
s t r u c t u r e s towards t h e axes of t h e s y n c l i n a l v a l l e y s and then down-gradien t in 
t h e d i r e c t i o n of t h e Yakima River (Kinnison and Sceva, 1963; Gephart and 
o t h e r s , 1979; Tanaka and o t h e r s , 1979) . To what depth t h e s e ground-water 
b a s i n s and f low r e l a t i o n s h i p s hold t r u e i s unknown. 



Ground-Water Occurrence in t h e Yakima Region 

S t u d i e s t o q u a n t i f y t h e g round-wa te r r e s o u r c e s of t h e Yakima r eg ion have 
normal ly i d e n t i f i e d t h r e e a q u i f e r s based on l i t h o l o g i c d i f f e r e n c e s 
( U . S . Geologica l Survey , 1974; Cear lock and o t h e r s , 1975) . In t h e Toppenish 
b a s i n , t h e a q u i f e r s have been r e f e r r e d t o as t h e "young v a l l e y f i l l i n g 
s e d i m e n t s , " "old v a l l e y f i l l i n g s e d i m e n t s , " and " b a s a l t s " ( U . S . Geological 
Survey , 1974) . In t h e Moxee and Ahtanum v a l l e y s , t h e t e rms " g r a v e l s , " 
" E l l e n s b u r g , " and " b a s a l t s " have been used (Cear lock and o t h e r s , 1975). 
Foxworthy (1962) r e c o g n i z e d t h r e e s ed imen ta ry a q u i f e r s and a b a s a l t a q u i f e r in 
t h e Ahtanum V a l l e y . The r e g i o n a l a q u i f e r s wi l l be r e f e r r e d t o as t h e 
" sed imen ta ry" and " b a s a l t " a q u i f e r s in t h e f o l l o w i n g d i s c u s s i o n . I t should be 
no ted t h a t t h e s e two a q u i f e r s a r e composed of a l a r g e number of w a t e r - b e a r i n g , 
l i t h o l o g i c u n i t s t h a t p o s s e s s d i f f e r i n g h y d r a u l i c p r o p e r t i e s . 

The Sedimentary A q u i f e r 

The ground wate r in t h e upper E l l e n s b u r g and Qua te rna ry s e d i m e n t s , which 
compr ise t h e s ed imen ta ry a q u i f e r , i s r echa rged by d i r e c t i n f i l t r a t i o n from 
p r e c i p i t a t i o n , i r r i g a t i o n , and t h e i n f l u e n t r e a c h e s of t h e r i v e r s , s t r e a m s , 
and c a n a l s of t h e r e g i o n . This a q u i f e r i s a l s o r e c h a r g e d by upward f low from 
t h e b a s a l t a q u i f e r . I t has been e s t i m a t e d t h a t between 1910 and 1931 
i r r i g a t i o n caused t h e g round-wa te r s t a t i c l e v e l of t h e s ed imen ta ry a q u i f e r of 
t h e Toppenish bas in t o i n c r e a s e some 15 m and t h a t a p p r o x i m a t e l y 1 . 3 m i l l i o n 
a c r e - f e e t of water e n t e r e d t h e a q u i f e r as s t o r a g e d u r i n g t h i s t i m e 
( U . S . Geologica l Survey , 1974) . The annual v a r i a t i o n in t h e ground-water 
s t a t i c l e v e l caused by i r r i g a t i o n and canal seepage i s as g r e a t as 15 f t near 
Wapato (Bolke and S k r i v a n , 1981) . The sed imen ta ry a q u i f e r d i s c h a r g e s d i r e c t l y 
t o t h e e f f l u e n t r e a c h e s of t h e s t r eams and r i v e r s of t h e r e g i o n and t o t h e 
b a s a l t a q u i f e r by downward f l o w . 

The l i t h o l o g i c h e t e r o g e n e i t y of t h e sed imen ta ry a q u i f e r r e s u l t s in a wide 
r ange of h o r i z o n t a l and v e r t i c a l t r a n s m i s s i v i t i e s . The grave l and s a n d - r i c h 
sed imen t s a r e much more permeable t h a n t h e c l a y and s i l t - r i c h s e d i m e n t s . As a 
consequence , ground wa te r in t h e s ed imen ta ry a q u i f e r o c c u r s under pe rched , 
uncon f ined (water t a b l e ) and c o n f i n e d c o n d i t i o n s . 

Repor ted v a l u e s of t r a n s m i s s i v i t y range from 0 . 1 t o 600 g p d / f t , wi th more 
common v a l u e s be ing l e s s t h a n 100 g p d / f t . Reported v a l u e s of t r a n s m i s s i v i t y , 
s p e c i f i c s t o r a g e , and pumping y i e l d s a r e summarized in Table 5. 

The B a s a l t A q u i f e r 

Ground water in t h e b a s a l t a q u i f e r i s r echa rged d i r e c t l y by i n f i l t r a t i o n 
a long t h e a n t i c l i n a l r i d g e s and a long t h e i n f l u e n t r e a c h e s of t h e r i v e r s and 
s t r eams of t h e r e g i o n where t h e b a s a l t i s a t t h e s u r f a c e . The b a s a l t a q u i f e r 
i s a l s o r e c h a r g e d by downward f l o w from t h e sed imenta ry a q u i f e r . The b a s a l t 
a q u i f e r d i s c h a r g e s t o t h e o v e r l y i n g sed imen ta ry a q u i f e r and t o t h e e f f l u e n t 
s t r e a m s and r i v e r s of t h e r e g i o n when t h e b a s a l t i s a t t h e ground s u r f a c e . 
D i r e c t r e c h a r g e and d i s c h a r g e f rom t h e Yakima River t o t h e b a s a l t a q u i f e r i s 
s i g n i f i c a n t in t h e upper Yakima River b a s i n (Kinnison and Sceva , 1963; 
Gephart and o t h e r s , 1979) . 

The t r a n s m i s s i v i t y of t h e b a s a l t a q u i f e r can vary by s e v e r a l o r d e r s of 
magni tude both h o r i z o n t a l l y and v e r t i c a l l y . As noted e a r l i e r , t h e t y p i c a l 
b a s a l t f l o w has zones of much h i g h e r e f f e c t i v e p o r o s i t y a t both t h e t o p and 
t h e bot tom as compared wi th t h e c e n t r a l p o r t i o n of t h e f l o w . Hor izon ta l 



Table 5. T r a n s m i s s i v i t i e s , S p e c i f i c C a p a c i t i e s , and Pumping Y i e l d s 
of t h e Yakima Region Sed imenta ry A q u i f e r 

A q u i f e r 
D e s c r i p t i o n 

Young v a l l e y 
f i l l 
( Q u a t e r n a r y ? ) 

Old v a l l e y 
f i l l 
( E l l e n s b u r g ? ) 

E l l e n s b u r g 
Formation 

E l l e n s b u r g 
Format ion 

Sand and 
g r a v e l 

G r a v e l s 

E l l e n s b u r g 
Formation 

Geographic 
L o c a t i o n 

Toppenish 
Basin 

Toppenish 
Bas in 

Moxee 
V a l l e y 

Ahtanum 
V a l l e y 

Ahtanum 
V a l l e y 

Se lah a r e a 

Se l ah a r e a 

T r a n s m i s s i v i t y 
( g p d / f t x 10 3 ) 

4 t o 1161 

Avg. of 20 

6 t o 600 
Avg. of 60 

9 . 7 2 

1 . 9 t o 1 5 . 0 2 

30 t o 90 

<0 .7 

>0 .1 

S p e c i f i c C a p a c i t y 
( g p m / f t ) 

2 t o 58 
Avg. of 10 

3 t o 300 
Avg. of 30 

4 . 9 1 

0 . 9 t o 7 . 5 1 

28 t o 73 

<0 .35 

>0.06 

Pumping Yie ld 
(gpm) 

5 t o 1000 
Avg. of 30 

as much as 
1.500 

62 t o 69 

Source 

U.S. Geo log i ca l 
Survey (1974) 

U.S. Geo log ica l 
Survey (1974) 

Cea r lock and 
o t h e r s (1975) 

Cear lock and 
o t h e r s (1975) 

Foxworthy ( 1 9 6 2 ) , 
a summary of 
f o u r pump t e s t s 

Eddy (1971) 

Eddy (1971) 

C a l c u l a t e d by assuming t r a n s m i s s i v i t y ( g p d / f t ) = s p e c i f i c c a p a c i t y ( g p m / f t ) x 2000 ( a f t e r The i s 
and o t h e r s , 1963) 

2 t r a n s m i s s i v i t y v a l u e s u t i l i z e d in a g r o u n d - w a t e r model of t h e Moxee-Ahtanum v a l l e y s (Cea r lock and 
o t h e r s , 1975) 



t r a n s m i s s i v i t y w i t h i n t h e b a s a l t a q u i f e r i s i n f l u e n c e d g r e a t l y by t h e p resence 
of t h e s e high p o r o s i t y zones (Waring, 1913) . Cool ing j o i n t s and t e c t o n i c 
f r a c t u r e s a l s o c o n t r i b u t e t o h o r i z o n t a l t r a n s m i s s i v i t y . These high p o r o s i t y 
zones may be a r e a l l y e x t e n s i v e but o f t e n e x h i b i t l a r g e v a r i a t i o n s in 
p r o d u c t i v i t y , p r i m a r i l y because of changes in a q u i f e r t h i c k n e s s and secondary 
m i n e r a l i z a t i o n o r c l a y i n f i l l i n g (Crosby and M e l l o t t , 1973; Brown, 1979b). 
V e r t i c a l t r a n s m i s s i v i t y w i t h i n t h e b a s a l t a q u i f e r i s c o n t r o l l e d l a r g e l y by t h e 
p r e s e n c e of c o o l i n g j o i n t s and t e c t o n i c f r a c t u r e s . The c e n t r a l p o r t i o n of a 
b a s a l t f l o w may a c t as an a q u i t a r d in t h e absence of t h e s e f e a t u r e s . 

The sed imen ta ry i n t e r b e d s - - t h e S e l a h , Mabton, Q u i n c y ( ? ) , Squaw Creek, and 
Vantage members - -a l so i n f l u e n c e t h e h o r i z o n t a l and v e r t i c a l t r a n s m i s s i v i t i e s 
of t h e b a s a l t a q u i f e r . Both h o r i z o n t a l and v e r t i c a l t r a n s m i s s i v i t i e s should 
i n c r e a s e where t h e i n t e r b e d s a r e composed of porous sands and g r a v e l s . 
C o n v e r s e l y , t h e t r a n s m i s s i v i t i e s shou ld d e c r e a s e where t h e r e a r e l e s s porous 
c l a y e y o r t u f f a c e o u s s e d i m e n t s . 

The Vantage Member in t h e Pullman and Cent ra l Basin a r e a s , t h e Mabton 
Member in t h e Horse Heaven H i l l s a r e a , and t h e u n d e r l y i n g b a s a l t f l o w ( s ) in 
a l l t h r e e a r e a s may a c t a s an a q u i t a r d on a r e g i o n a l b a s i s (Brown, 1980) . I t 
i s not known i f such a q u i t a r d s e x i s t on a r e g i o n a l s c a l e in t h e Yakima a r e a . 
The p re sence of l o c a l a q u i t a r d s , as w i l l be shown l a t e r , i s very common in t h e 
b a s a l t a q u i f e r of t h e Yakima r eg ion and r e s u l t s in i n t r a - b o r e h o l e f l ow of 
ground wate r between a q u i f e r s . There seems t o be a h igh degree of v e r t i c a l 
c o n d u c t i v i t y on a r e g i o n a l s c a l e in a t l e a s t t h e younger b a s a l t f l o w s of t h e 
Yakima r e g i o n . Ground-water l e v e l s in t h e b a s a l t a q u i f e r have shown a genera l 
d e c l i n e in t h e Toppenish b a s i n because of i r r i g a t i o n wi thd rawa l s 
( U . S . Geologica l Su rvey , 1974) which would sugges t t h a t t h e h o r i z o n t a l , high 
p o r o s i t y zones a r e h y d r a u l i c a l l y connec ted on a r e g i o n a l s c a l e . 

Repor ted t r a n s m i s s i v i t y v a l u e s in t h e b a s a l t a q u i f e r r a n g e f rom l e s s t h a n 
2000 t o 800,000 g p d / f t and ave rage l e s s t h a n 40 ,000 g p d / f t . S p e c i f i c c a p a c i t y 
r a n g e s f rom l e s s t h a n 1 t o 400 gpm/ f t and a v e r a g e s l e s s than 20 g p m / f t . 
T r a n s m i s s i v i t i e s , s p e c i f i c c a p a c i t i e s , and pumping y i e l d s f o r t h e Columbia 
P l a t e a u b a s a l t a q u i f e r a r e summarized in Table 6. These same va lue s f o r w e l l s 
in t h e Yakima r eg ion a r e summarized in Table 7. 

Geothermal Resources of t h e Yakima Region 

I n t r o d u c t i o n 

On a g loba l s c a l e , hea t f l o w s f rom t h e deeper zones of t h e e a r t h towards 
t h e s u r f a c e . E s t i m a t e s of t h e a v e r a g e h e a t f l o w of t h e e a r t h range from 50 t o 
63 mW/m2 (Goguel , 1976; Lachenbruch and S a s s , 1977) . Average t e m p e r a t u r e 
g r a d i e n t s range f rom 25 t o 30°C/km (Goguel , 1976; F r eeze and Che r ry , 1979) . 
Lachenbruch and Sass (1977) p r o v i d e t h e f o l l o w i n g e q u a t i o n s which d e f i n e t h e 
f l ow of h e a t in t e rms of t h e p r o c e s s e s t h a t g e n e r a t e , t r a n s p o r t , and s t o r e 
h e a t in t h e s u b s u r f a c e of t h e e a r t h : 

( l ) 

( 2 ) 



Tab le 6. T r a n s m i s s i v i t i e s , S p e c i f i c C a p a c i t i e s , and Pumping Y i e l d s 
of t h e B a s a l t A q u i f e r of t h e Columbia P l a t e a u 

A q u i f e r 
D e s c r i p t i o n 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

Geographic 
Loca t ion 

Toppenish 
Basin 

Ahtanum 
V a l l e y 

Moxee 
Va l l ey 

Odessa a r e a 

Gran t and L i n -
co ln c o u n t i e s , 
e x c l u s i v e of t h e 
Odessa a r e a 

Adams and Frank-
l i n c o u n t i e s , 
e x c l u s i v e of t h e 
Odessa a r e a 

Spokane 
County 

Whitman 
County 

Pul lman-
Moscow a r e a 

T r a n s m i s s i v i t y 
( g p d / f t x 10 3 ) 

<2 t o 8001 

Avg. of 32 

16 .8 t o 3 5 . 9 2 

6 . 0 t o 2 6 . 2 2 

Avg. of 2 9 . 9 1 

Avg. of 121 

Avg. of 151 

Avg. of 2 9 . 9 1 

Avg. of 1 5 . 0 1 

0 . 6 t o 2102 

S p e c i f i c C a p a c i t y 
( g p m / f t ) 

1 t o 400 
Avg. t o 16 

8 . 4 and 1 8 . 0 1 

3 . 0 t o 1 3 . 3 1 

1 t o 3603 

1 t o 1203 

1 t o 270 3 

1 t o 80 3 

1 t o 14403 

0 . 3 t o 1051 

Pumping Yie ld 
(gpm) 

45 t o 2200 

Source 

U.S. Geo log i ca l 
Survey (1974) 

Cea r lock and 
o t h e r s (1975) 

Cear lock and 
o t h e r s (1975) 

L u z i e r and Bur t 
(1974) 

L u z i e r and Bur t 
(1974) 

L u z i e r and Bur t 
(1974) 

L u z i e r and Bur t 
(1974) 

L u z i e r and Bur t 
(1974) 

Barker (1979) 



Table 6. T r a n s m i s s i v i t i e s , S p e c i f i c C a p a c i t i e s , and Pumping Y i e l d s 
of t h e B a s a l t A q u i f e r of t h e Columbia P l a t e a u ( c o n t . ) 

A q u i f e r 
D e s c r i p t i o n 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

B a s a l t 

Wanapum 
and Grande 
Ronde 
B a s a l t s 

Wanapum 
and Sadd le 
Mountains 
B a s a l t s 

Geographic 
Loca t i on 

Odessa-
Lind a r e a 

Walla Walla 
a r e a 

Goldenda le 
a r e a 

E a s t e r n 
K l i c k i t a t 
County 

Camas P r a i r i e -
Glenwood a r e a 

Adams, 
L i n c o l n , 
and Grant 
c o u n t i e s 

Yakima 
County 

T r a n s m i s s i v i t y 
( g p d / f t x 10 3 ) 

2 t o >2992 

Avg. of 10 t o 3001 

Avg. as much as 600 

Avg. of 10 t o 301 

Avg. as much as 300 

S p e c i f i c C a p a c i t y 
( g p m / f t ) 

1 . 0 t o 149 .6 1 

Avg. of 5 t o 1501 

Avg. of 5 t o 151 

Pumping Yie ld 
(gpm) 

30 t o 3000 

500 t o 2000 

as much as 
2000 t o 3000 

as much as 
1804 

Source 

L u z i e r and 
Sk r ivan (1975) 

MacNish and o t h e r s 
(1973) 

Brown (1979b) 

Brown (1979b) 

C l i n e (1976) 

Tanaka and o t h e r s 
(1979) 

Tanaka and o t h e r s 
(1979) 

C a l c u l a t e d by assuming t r a n s m i s s i v i t y ( g p d / f t ) = s p e c i f i c c a p a c i t y ( g p m / f t ) x 2000 ( a f t e r The i s and 
o t h e r s , 1963) 

2minimum and maximum t r a n s m i s s i v i t y v a l u e s u t i l i z e d in r e g i o n a l g r o u n d - w a t e r models 
3median s p e c i f i c c a p a c i t y f o r 342 w e l l s in G r a n t , L i n c o l n , Adams, F r a n k l i n , Spokane, and Whitman 

c o u n t i e s equa led 12 g p m / f t ( L u z i e r and B u r t , 1974) 
4pumping y i e l d s l i m i t e d by s h a l l o w d e p t h s of t h e w e l l s of t h e a r e a ( C l i n e , 1976) 



Table 7. T r a n s m i s s i v i t i e s , S p e c i f i c C a p a c i t i e s , and Pumping Y i e l d s 
of Wel ls t h a t P e n e t r a t e t h e B a s a l t s in t h e Yakima Region 

L o c a t i o n and 
Well D e s i g n a t i o n 

8 / 2 2 - 1 1 J (F lower) 

10/23-17B ( S t o u t ) 

11/20-1M ( F o r r e s t ) 

11/20-13R ( S o o s t ) 

11/21-6Q (Dahl) 

11/21-17N ( P r e n t i s ) 

11/21-22G ( S a n d l i n ) 

11 /21-35 ( C a r p e n t e r ) 

12/16-12N ( S h e l t o n ) 

12/17-7M ( B a t e s ) 

12/18-32H 

12/18-33A 

12/19-16P (Gangle) 

12/19-27H ( S t e p n i e w s k i ) 

12/20-36P (Cheyne) 

12/22-21R (Marley) 

12/22-29B (Changala) 

13/18-31P ( H u l l ) 

14/17-15N ( M a j n a r i c h ) 

14/17-26G ( A l l e n ) 

T r a n s m i s s i v i t y 1 

( g p d / f t x 10 3 ) 

9 . 4 

11 .5 

7 . 1 

3 0 . 5 

2 0 . 0 

2 8 . 0 

2 . 0 

2 8 . 0 

6 9 . 6 

15 .1 

216 .9 

32 .2 

15 .2 

0 . 7 

4 . 8 

4 6 . 8 

14.7 

8 . 8 

0 . 6 

2 . 8 

S p e c i f i c C a p a c i t y 1 

( g p m / f t ) 

4 . 7 

5 . 8 

3 . 6 

15 .3 

10 .0 

14 .0 

1 . 0 

14 .0 

3 4 . 8 

7 . 5 

108 .5 

16 .1 

7 . 6 

0 . 4 

2 . 4 

2 3 . 4 

7 . 4 

4 . 4 

0 . 3 

1 . 4 

Pumping Yie ld 
(gpm) 

1302 

2052 

800 

2000 

1100 

940 

460 

600 

50 

550 

1450 

700 

614 

35 

258 

Source 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

Tanaka and o t h e r s (1979) 

Tanaka and o t h e r s (1979) 

Tanaka and o t h e r s (1979) 

S t a t e of Wash, w a t e r well r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

U.S. Geo log i ca l Survey (1974) 

U.S. Geo log i ca l Survey (1974) 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

S t a t e of Wash, w a t e r wel l r e p t . 

C a l c u l a t e d by assuming t h a t t r a n s m i s s i v i t y ( g p d / f t ) = s p e c i f i c c a p a c i t y ( g p m / f t ) x 2000 ( a f t e r T h e i s and 
o t h e r s , 1963) 



where: q = c o n d u c t i v e f l u x v e c t o r ( e . g . , m i l l i w a t t / m e t e r 2 ) 

A = hea t g e n e r a t i o n 

p , p ' = d e n s i t y of t h e s t a t i c and moving m a t e r i a l , r e s p e c t i v e l y 

c , c ' = hea t c a p a c i t y of t h e s t a t i c and moving m a t e r i a l , 
r e s p e c t i v e l y 

T = t e m p e r a t u r e 

t = t ime 

v = seepage v e l o c i t y 

k = thermal c o n d u c t i v i t y 

x , y , z = C a r t e s i a n c o o r d i n a t e d i r e c t i o n s 

Geothermal s t u d i e s o f t e n u t i l i z e q u a s i - o n e - d i m e n s i o n a l models which 
n e g l e c t t h r e e - d i m e n s i o n a l e f f e c t s and d e f i n e q u a n t i t i e s in te rms of t h e depth 
(z ) below t h e s u r f a c e of t h e e a r t h (Lachenbruch and S a s s , 1977) . The s i g n 
conven t ion of q i s a l s o r e v e r s e d . Equa t ions (1) and (2) r educe t o t h e 
f o l l o w i n g under t h e s e a s s u m p t i o n s : 

(3) 

(4) 

q = v e r t i c a l c o n d u c t i v e f l u x , o r "hea t f l ow" 

v c = v e r t i c a l seepage v e l o c i t y 

= geothermal g r a d i e n t 

where: 

Heat f l o w ( e q u a t i o n 4) i s de t e rmined by measur ing t h e thermal 
c o n d u c t i v i t y of t h e l i t h o l o g i c u n i t s (k) and t h e geothermal g r a d i e n t ( T / z ) . 
Heat f l ow v a l u e s a r e o f t e n used t o compare t h e d i f f e r i n g thermal regimes of 
l a r g e g e o g r a p h i c a l r e g i o n s ( e . g . , B l a c k w e l l , 1971; B l a c k w e l l , 1974; 
Lachenbruch and S a s s , 1977; B l a c k w e l l , 1978; Sass and Lachenbruch, 1979) . 
Accura te hea t f l o w v a l u e s a r e d i f f i c u l t t o o b t a i n because of t h e problems in 
d e f i n i n g t h e h o r i z o n t a l and v e r t i c a l v a r i a t i o n s of n e a r - s u r f a c e thermal 
c o n d u c t i v i t y . 

The poor d e f i n i t i o n of thermal c o n d u c t i v i t y p r e c l u d e s t h e use of t h e hea t 
f l ow va lue as a p r e d i c t i v e t oo l in t h e l o w - t e m p e r a t u r e geothermal r e s o u r c e 
assessment of t h e Yakima r e g i o n . The geothermal g r a d i e n t , or r a t e of change 



of t e m p e r a t u r e with d e p t h , and t h e p r o j e c t e d l a n d - s u r f a c e t e m p e r a t u r e a r e used 
in t h i s r e p o r t t o d e s c r i b e t h e geothermal r e s o u r c e s of t h e r e g i o n . 

Several f a c t o r s i n f l u e n c e t h e geothermal g r a d i e n t t h a t i s measured in a 
g round-water a q u i f e r . C l i m a t i c t e m p e r a t u r e v a r i a t i o n o f t e n produces d i u r n a l 
and seasona l changes in t h e geothermal g r a d i e n t which a r e n o t i c e a b l e t o depths 
of 10 t o 20 m. Below t h i s t r a n s i e n t zone , t h e geothermal g r a d i e n t v a r i e s from 
one r eg ion t o a n o t h e r because of d i f f e r e n c e s in t h e h e a t f l o w , thermal 
c o n d u c t i v i t y , l a n d - s u r f a c e t e m p e r a t u r e , and t h e r e d i s t r i b u t i o n of t h e hea t by 
ground-water f l o w . 

D i f f e r e n c e s in l a n d - s u r f a c e t e m p e r a t u r e (LST) i n f l u e n c e t h e geothermal 
g r a d i e n t by a f f e c t i n g both t h e hea t conduct ion and c o n v e c t i o n p r o c e s s e s . 
Severa l f a c t o r s , i n c l u d i n g topography and ground c o v e r , c o n t r i b u t e t o t h e LST 
of an a r e a . Topography a f f e c t s t h e observed geothermal g r a d i e n t in seve ra l 
ways. Atmospheric t e m p e r a t u r e g r a d i e n t s a s s o c i a t e d wi th e l e v a t i o n and 
d i f f e r e n c e s in s o l a r i n s o l a t i o n caused by land s l o p e azimuth and land s lope 
d i p produce d i f f e r e n c e s in t h e LST. For example, t h e LST would be expec ted t o 
be c o o l e r a t h i g h e r e l e v a t i o n s as compared with t h e LST a t lower e l e v a t i o n s . 
S lopes with a southward a s p e c t would be expec ted t o be warmer than s l o p e s with 
a nor thward a s p e c t ( i n t h e n o r t h e r n hemisphe re ) . Topographic e f f e c t s and 
t e r r a i n c o r r e c t i o n s f o r geothermal g r a d i e n t s and hea t f l o w d a t a have been 
reviewed r e c e n t l y by Blackwell and o t h e r s (1980) . Ground c o v e r , which a c t s t o 
r educe t h e amount of s o l a r r a d i a t i o n s t r i k i n g t h e ground, w i l l a l s o i n f l u e n c e 
t h e LST. For example , a f o r e s t e d a r ea would be expec ted t o be c o o l e r than a 
g r a s s l a n d . 

The r e d i s t r i b u t i o n of hea t by ground-water f l o w , o r " f o r c e d c o n v e c t i o n , " 
i s s i g n i f i c a n t when s t u d y i n g t h e n e a r - s u r f a c e d i s t r i b u t i o n of geothermal 
g r a d i e n t s ( S t a l l m a n , 1963; P a r s o n s , 1970) . Forced c o n v e c t i o n makes i t 
d i f f i c u l t t o i n t e r p r e t Columbia P l a t e a u hea t f l o w measurements in te rms of 
r e g i o n a l c r u s t a l p r o c e s s e s (Lachenbruch and S a s s , 1977) . Sta l lman (1963) 
deve loped t h e f o l l o w i n g e q u a t i o n which d e s c r i b e s t h e change in t h e geothermal 
g r a d i e n t caused by g round-wate r f l o w : 

(5) 

where : v x , v y , v z = components of g round-wate r seepage v e l o c i t y in t h e x , y , 
and z d i r e c t i o n s 

F i g u r e 22 shows t h e i n f l u e n c e of a s i m p l i f i e d r e g i o n a l g round-water f low 
sys tem on t h e observed geothermal g r a d i e n t . The f o l l o w i n g s t a t e m e n t s apply t o 
t h i s s imp le model. N e a r - s u r f a c e geothermal g r a d i e n t s would be expec t ed t o be 
g r e a t e r in ground-water d i s c h a r g e a r e a s as compared with r e c h a r g e a r e a s 
(F reeze and Cher ry , 1979) . Geothermal g r a d i e n t s would be expec ted t o i n c r e a s e 
wi th depth in g round-wate r r e c h a r g e a r e a s and d e c r e a s e with depth in d i s c h a r g e 
a r e a s (Freeze and Che r ry , 1979) . S u r f a c e t e m p e r a t u r e s might be expec t ed t o be 
g r e a t e r in g round-wate r d i s c h a r g e a r e a s than in r e c h a r g e a r e a s ( P a r s o n s , 
1970) . 



FIGURE 22 RELATIONSHIP BETWEEN THE GROUND-WATER 
FLOW SYSTEM AND THE GEOTHERMAL GRADIENT 



The d i f f e r e n c e in t h e LST caused by topography i s o f t e n enhanced by the 
e f f e c t s of ground-water f low in a r e a s where f o r c e d convec t i on i s s i g n i f i c a n t . 
In t h e Yakima r e g i o n , ground wa te r i s b e l i e v e d t o f l ow from t h e a r e a s of 
g r e a t e r e l e v a t i o n ( a n t i c l i n a l r i d g e s ) , which a r e r e g i o n s of c o o l e r LST, 
towards t h e lower e l e v a t i o n s , which a r e r e g i o n s of warmer LST. Ground-water 
t e m p e r a t u r e s and geothermal g r a d i e n t s would be i n f l u e n c e d by such a f low 
sys t em, but t h e a b i l i t y t o model t h e r e s u l t i n g t e m p e r a t u r e d i s t r i b u t i o n i s 
l i m i t e d by t h e lack of q u a n t i t a t i v e ground-water f low d a t a and models . As 
reviewed p r e v i o u s l y , t h e ground-water f l ow system in t h e Yakima r eg ion i s 
complex, and a s i m p l e , one-component ground wate r r e c h a r g e - d i s c h a r g e model and 
t h e co r r e spond ing geothermal g r a d i e n t d i s t r i b u t i o n would not app ly over t h e 
l a r g e a r e a s and dep ths be ing c o n s i d e r e d in t h i s p r o j e c t . 

Previous Geothermal Research in t h e Yakima Region 

Geothermal r e s e a r c h in t h e Yakima r e g i o n began a t l e a s t a s e a r l y as t h e 
t u r n of t h e c e n t u r y . Smith (1901) noted t h e warm t e m p e r a t u r e s ( approx imate ly 
22°C) of t h e ground wate r f rom f l o w i n g w e l l s in t h e Moxee Val ley and 
c a l c u l a t e d geothermal g r a d i e n t s of 50 t o 73°C/km f o r t h e r e g i o n . Foxworthy 
(1962) r e p o r t e d an ave rage geothermal g r a d i e n t of 40.5°C/km in wate r w e l l s 
g r e a t e r t han 15 m deep in t h e Ahtanum Val ley and sugges t ed t h a t t h e rock type 
had l i t t l e e f f e c t on t h e g r a d i e n t . S c h u s t e r (1980) no ted t h a t geothermal 
g r a d i e n t s of 50 t o 70°C/km were commonly measured in wa te r w e l l s of t h e r eg ion 
and t h a t r e l a t i v e l y warm t e m p e r a t u r e s (20 t o 27°C) were r e c o r d e d in s eve ra l 
sha l low (up t o 35 m deep) w e l l s . 

Most of t h e geothermal g r a d i e n t s l i s t e d by S c h u s t e r (1980) and Korosec 
(1980) f o r t h e Yakima r eg ion a r e in t h e 35 t o 45°C/km r a n g e . Depths t o t h e 
20°C i s o t h e r m in water w e l l s of t h e Yakima r eg ion were r e p o r t e d t o range from 
9 t o 471 m, with t h e m a j o r i t y f rom 100 t o 200 m ( S c h u s t e r , 1980) . 

Blackwell (1980) r e p o r t e d geothermal g r a d i e n t s of 3 0 . 0 t o 37.2°C/km and 
c o r r e s p o n d i n g hea t f l ow v a l u e s of 47 t o 64 mW/m2 in b o r e h o l e s l o c a t e d on t h e 
Hanford R e s e r v a t i o n , e a s t of t h e Yakima r e g i o n . R o b i n e t t e and o t h e r s (1977) 
r e p o r t e d geothermal g r a d i e n t s r ang ing f rom over 23 t o 79°C/km in a r e a s of 
G r a n t , Benton, F r a n k l i n , and Adams c o u n t i e s , e a s t of Yakima County. S c h u s t e r 
and o t h e r s (1978) r e c o r d e d geothermal g r a d i e n t s of 4 4 . 5 t o 53.4°C/km and hea t 
f l o w v a l u e s of about 56 t o 75 mW/m2 f rom t h e Indian Heaven a r e a , southwest of 
t h e Yakima r e g i o n . 

Heat f l ow da t a a r e u n a v a i l a b l e in t h e Yakima r eg ion because of t h e poor 
o r " d i s t u r b e d " q u a l i t y of t h e geothermal g r a d i e n t s and t h e lack of thermal 
c o n d u c t i v i t y d a t a . Severa l s t u d i e s , i n c l u d i n g t h o s e by Diment and o t h e r s 
(1975) , Lachenbruch and Sass (1977) , Blackwell ( 1978) , and Sass and 
Lachenbruch (1979) , have p r e s e n t e d con tou red hea t f l o w maps f o r t h e wes te rn 
Uni ted S t a t e s . The most r e c e n t of t h e s e s t u d i e s has shown t h e Yakima r e g i o n 
t o have a h e a t f low of app rox ima te ly 60 mW/m2. I n t e r e s t e d r e a d e r s a r e r e f e r r e d 
t o t h e p r e v i o u s l y noted s t u d i e s f o r a d d i t i o n a l i n f o r m a t i o n c o n c e r n i n g t h e 
s i g n i f i c a n c e of t h e h e a t f l ow of t h e r e g i o n in te rms of t e c t o n i c s and c r u s t a l 
models . 

The l ow- t empera tu r e geothermal p o t e n t i a l of t h e Columbia P l a t e a u and t h e 
Yakima r e g i o n has been reviewed in r e p o r t s by Blackwell ( 1974) , Bloomquist 
(1979) , J h a v e r i and M i l l e r (1980) , S c h u s t e r (1980) , and Korosec and o t h e r s 
(1981) . The Yakima r eg ion has been d e s c r i b e d as be ing f a v o r a b l e f o r t h e 
e x p l o r a t i o n and development of l o w - t e m p e r a t u r e ground w a t e r . P r e s e n t 
commercial u t i l i z a t i o n in t h e Yakima r eg ion i s l i m i t e d t o i r r i g a t i o n ( s o i l 
warming) and as a source of warm water f o r a c a r wash (Bloomquis t , 1979) . 



Domestic h e a t pumps have been i n s t a l l e d in t h e Yakima r e g i o n , but no a t t emp t 
t o i d e n t i f y and a s s e s s t h e s e i n s t a l l a t i o n s has been made. Economic and 
e n g i n e e r i n g s t u d i e s have o r a r e be ing conduc ted c u r r e n t l y t o i n v e s t i g a t e t h e 
p o s s i b i l i t y of u s i n g t h e warm ground wa te r as a h e a t sou rce f o r p u b l i c 
b u i l d i n g s ( J h a v e r i and M i l l e r , 1980; Korosec and o t h e r s , 1981) . 

Temperature Data 

S u b s u r f a c e t e m p e r a t u r e d a t a f rom t h e Yakima r e g i o n have been c o l l e c t e d 
p r i m a r i l y by t h r e e r e s e a r c h groups or a g e n c i e s . These groups a r e t h e 
Geologica l E n g i n e e r i n g S e c t i o n a t Washington S t a t e U n i v e r s i t y (WSU), t h e 
Washington S t a t e Department of Natura l Resources and Southern Methodis t 
U n i v e r s i t y (DNR-SMU), and t h e U. S. Geo log ica l Survey (USGS). The USGS da ta 
and t h e p re -1979 DNR-SMU da ta were o b t a i n e d f rom Korosec (1980) . Pos t -1979 
DNR-SMU d a t a were compi led by t h e DNR and made a v a i l a b l e f o r t h i s 
i n v e s t i g a t i o n . The t e m p e r a t u r e d a t a have been c o l l e c t e d p r i m a r i l y from 
domest ic and i r r i g a t i o n w a t e r w e l l s . Bot tom-hole t e m p e r a t u r e s , d e p t h s , and 
l o c a t i o n s of 184 w e l l s in t h e Yakima r e g i o n a r e g iven in t h e Appendix. Well 
l o c a t i o n s a r e shown i n P l a t e 3 . 

The a c c u r a c y of t h e t e m p e r a t u r e da ta v a r i e s wi th t h e c o l l e c t i n g agency. 
The t e m p e r a t u r e d a t a c o l l e c t e d by DNR-SMU have an a c c u r a c y of app rox ima te ly 
±0.2°C ( B l a c k w e l l , 1980) . The accuracy of t h e t e m p e r a t u r e da t a c o l l e c t e d by 
t h e USGS i s unknown. 

The t e m p e r a t u r e p robes u t i l i z e d by WSU s i n c e 1974 were r e c a l i b r a t e d in a 
wa te r ba th as p a r t of t h i s p r o j e c t . The r e s u l t s of p r e v i o u s c a l i b r a t i o n s were 
approx imate because of t h e use of a nons t anda rd the rmomete r . The change in 
c a l i b r a t i o n ave raged l e s s t h a n - 1 . 0 ° C , and t h e c a l i b r a t i o n e r r o r was n e a r l y 
c o n s t a n t f o r each p r o b e . The t e m p e r a t u r e p robes were c a l i b r a t e d over a 
t e m p e r a t u r e r ange f rom l e s s t h a n 15 t o 50°C. 

The WSU b o r e h o l e l ogg ing sys tem r e c o r d s d a t a c o n t i n u o u s l y as "hard copy" 
on a c h a r t r e c o r d e r and a l s o samples and r e c o r d s d a t a on punched paper t a p e 
f o r l a t e r computer p r o c e s s i n g and p l o t t i n g . The t e m p e r a t u r e da t a a r e sampled 
every f o o t and p r o c e s s e d or "smoothed" wi th a t h r e e - p o i n t box a v e r a g e . The 
accu racy of t h e p o s t - 1 9 7 4 t e m p e r a t u r e probes i s e s t i m a t e d t o be ± 0 . 4 ° C . The 
t e m p e r a t u r e p robes used by WSU p r i o r t o 1974 a r e no l o n g e r a v a i l a b l e , and 
t h e i r accu racy i s t h e r e f o r e u n c e r t a i n . P r e v i o u s l y p u b l i s h e d WSU t e m p e r a t u r e 
d a t a have been c o r r e c t e d t o r e f l e c t t h e changes in c a l i b r a t i o n and computer 
p r o c e s s i n g . 

The WSU t e m p e r a t u r e probes move uphole a t a r a t e of 4 . 6 m/min and a r e not 
normal ly t h e f i r s t t o o l t o be run in t h e w e l l . A check on t h e WSU t e m p e r a t u r e 
probes was conduc ted t o de t e rmine whether t h e r e c o r d e d t e m p e r a t u r e s a r e lagged 
because of t h e r a t e of l o g g i n g and whether t h e t e m p e r a t u r e d i s t r i b u t i o n w i t h i n 
t h e well was d i s t u r b e d by t h e p r i o r passage of o t h e r l ogg ing t o o l s . The DNR 
Black Rock well #1 (12N/23E-16J1) was logged on s u c c e s s i v e days wi th DNR-SMU 
probe VPR1 and WSU t e m p e r a t u r e probe "A." The DNR-SMU t e m p e r a t u r e d a t a were 
c o l l e c t e d a t 5 m i n t e r v a l s a f t e r a l l owing t ime f o r t h e t e m p e r a t u r e probe t o 
r each e q u i l i b r i u m . The t e m p e r a t u r e logs were in c l o s e ag reemen t , even though 
t h e WSU probe was t h e f o u r t h t o o l t o be run in t h e h o l e t h a t morning. 

The q u a l i t y of t h e t e m p e r a t u r e da t a i n t h e Appendix ranges f rom e x c e l l e n t 
t o poor o r " d i s t u r b e d . " D r i l l i n g and pumping o p e r a t i o n s and i n t r a - b o r e h o l e 
f l ow o f t e n d i s t u r b t h e bo reho le t e m p e r a t u r e g r a d i e n t so t h a t i t does not 
r e p r e s e n t t h e a c t u a l geothermal g r a d i e n t . 

Severa l WSU and DNR-SMU bo t tom-ho le t e m p e r a t u r e s (BHT's) a r e a c t u a l l y 
t e m p e r a t u r e s measured a t a maximum logg ing depth which was not t h e bottom of 



t h e w e l l . When i d e n t i f i e d , t h e s e " i n t e r m e d i a t e depth t e m p e r a t u r e s " have been 
i n d i c a t e d as such in t h e Appendix. O b s t r u c t i o n s in t h e well o r an i nadequa t e 
probe c a b l e l e n g t h p r o h i b i t e d l o g g i n g t o t h e t o t a l depth in t h e s e w e l l s . 

A c t u a l l y , bo t tom-ho le t e m p e r a t u r e s a r e r a r e l y r eco rded from t h e t o t a l 
d r i l l e d depth of a wate r w e l l . Rock and o t h e r d e b r i s normal ly c o l l e c t a t t h e 
well bo t tom, e s p e c i a l l y in w e l l s p r e v i o u s l y pumped, and p r o h i b i t l ogg ing t o 
t h e t o t a l d e p t h . In a d d i t i o n , i t i s poor l ogg ing p r a c t i c e t o l e t a probe come 
in c o n t a c t with t h e well bo t tom, because t h e c a b l e can become t w i s t e d and t h e 
probe can become lodged . I t i s p o s s i b l e t h a t an e r r o r in t h e BHT of 
app rox ima te ly +0.1°C i s i n t r o d u c e d f o r each 3 m o f f of t h e well bot tom t h a t t h e 
measurement i s made, assuming t h a t t h e f low i s uphole and o r i g i n a t e s a t t h e 
well bo t tom. 

The q u a l i t y of t h e USGS da ta i s unknown, and USGS da ta l i s t e d as BHT's in 
t h e Appendix may, in f a c t , i n c l u d e " i n t e r m e d i a t e depth t e m p e r a t u r e s " and 
maximum t e m p e r a t u r e s measured in wa te r f l o w i n g from w e l l s du r ing pumping t e s t s 
or well development o p e r a t i o n s (Korosec , persona l communicat ion, 1982) . 
However, t h e a n a l y s i s of t h e BHT d a t a , in a l a t e r s e c t i o n of t h i s r e p o r t , 
i n d i c a t e s t h a t most of t h e USGS da ta a r e r e l i a b l e and of good q u a l i t y . 

C a l c u l a t i o n of Geothermal G r a d i e n t s in t h e Yakima Region 

De te rmina t ion of geothermal g r a d i e n t s in wate r w e l l s of t h e Yakima r eg ion 
and t h e Columbia P l a t e a u i s compl i ca t ed by i n t r a - b o r e h o l e f l o w . The ne t 
r e s u l t of t h e b o r e h o l e f low i s a d i s t o r t e d bo reho le t e m p e r a t u r e l o g , o f t e n 
assuming a s t e p - l i k e fo rm , wi th t h e r eco rded t e m p e r a t u r e g r a d i e n t be ing 
u n r e p r e s e n t a t i v e of t h e a c t u a l geothermal g r a d i e n t ( see F igure 2 3 ) . The 
b o r e h o l e f l ow e f f e c t may be l e s s obvious a t low v e l o c i t i e s , w i th t h e b o r e h o l e 
t e m p e r a t u r e log a p p e a r i n g as a " s t r a i g h t l i n e " geothermal g r a d i e n t . 

Three o p t i o n s or methods have been a v a i l a b l e t o pas t i n v e s t i g a t o r s in 
t h e i r a t t e m p t s t o de t e rmine a c c u r a t e geothermal g r a d i e n t s in Columbia P l a t e a u 
wa te r w e l l s . The f i r s t o p t i o n , and t h e l e a s t d e s i r a b l e , i s t o d i s r e g a r d t h e 
da t a t h a t a r e a f f e c t e d by b o r e h o l e f l o w . The second method i n v o l v e s t h e 
measurement of geothermal g r a d i e n t s a long " s t r a i g h t l i n e " segments of t h e 
t e m p e r a t u r e - d e p t h p r o f i l e . This method i s adequate in t h o s e w e l l s which a r e 
not a f f e c t e d by bo reho le f l o w . U n f o r t u n a t e l y , t h e s e w e l l s a r e r a r e on t h e 
Columbia P l a t e a u . In a d d i t i o n , i t i s not p o s s i b l e t o a s s e s s t h e e f f e c t of 
very low v e l o c i t y bo reho le f l ow in t h o s e w e l l s t h a t do e x h i b i t " s t r a i g h t l i n e " 
g r a d i e n t segments . The WSU log s u i t e s o c c a s i o n a l l y i n c l u d e t h e bo reho le 
f lowmete r l o g , but t h i s t o o l i s not s e n s i t i v e enough t o a c c u r a t e l y d e t e c t 
b o r e h o l e f l o w s of l e s s t h a n a p p r o x i m a t e l y 0 . 0 3 mps. 

The t h i r d , and most common method, i s based on t h e BHT and assumed 
l a n d - s u r f a c e t e m p e r a t u r e (LST), as shown in e q u a t i o n ( 6 ) : 

geo thermal g r a d i e n t = (6) 

where: BHT = bo t tom-ho le t e m p e r a t u r e 

LST = land s u r f a c e t e m p e r a t u r e 

BHD = bo t tom-ho le depth 
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Ground-water t e m p e r a t u r e s 10 t o 20 m below t h e land s u r f a c e a r e o f t e n 1 t o 
2°C warmer than t h e l o c a l mean annual a i r t e m p e r a t u r e s (S tevens and o t h e r s , 
1975) . This r e l a t i o n s h i p has l ed p a s t i n v e s t i g a t o r s t o use t h e mean annual 
a i r t e m p e r a t u r e t o approximate t h e LST i n e q u a t i o n ( 6 ) . Schus t e r (1980) and 
Korosec (1980) have assumed an LST of 12°C based upon a mean annual a i r 
t e m p e r a t u r e of 10 t o 14°C over most of t h e Columbia P l a t e a u . 

For sha l low w e l l s , i t i s very impor t an t t h a t an a c c u r a t e LST be used in 
e q u a t i o n ( 6 ) . The e r r o r in t h e geothermal g r a d i e n t (as c a l c u l a t e d by e q u a t i o n 
6) v a r i e s acco rd ing t o e q u a t i o n (7) and i s l a r g e f o r even small e r r o r s in t h e 
LST: 

e r r o r in t h e geo thermal g r a d i e n t = 

For example , a 1.0°C e r r o r in t h e assumed LST t e m p e r a t u r e r e s u l t s in an e r r o r 
of ±10°C/km in t h e geothermal g r a d i e n t a t 100 m d e p t h . This amounts t o an 
e r r o r of app rox ima te ly 25 t o 30 p e r c e n t f o r geothermal g r a d i e n t s t y p i c a l of 
t h e Columbia P l a t e a u . Table 8 summarizes t h e e r r o r i nvo lved wi th e q u a t i o n (6) 
caused by e r r o r s of 0 . 5 , 1 . 0 , and 2.0°C in t h e assumed LST. Although i t i s 
a p p a r e n t t h a t t h e e r r o r g e n e r a t e d by assuming an i n c o r r e c t LST d e c r e a s e s with 
i n c r e a s i n g d e p t h , t h i s e r r o r i s s t i l l s i g n i f i c a n t a t dep ths of 300 m or 
g r e a t e r , because t h e magni tude of t h e e r r o r i s p robab ly g r e a t e r t han t h e 
a c t u a l v a r i a t i o n of t h e geothermal g r a d i e n t ( f rom one l o c a t i o n t o a n o t h e r ) 
w i t h i n t h e small a r e a s be ing i n v e s t i g a t e d . 

Equat ion (6) was a p p l i e d t o w e l l s in t h e Yakima r eg ion with very l i m i t e d 
s u c c e s s , p a r t i a l l y because v a r i a t i o n s in t h e LST cannot be a c c u r a t e l y 
p r e d i c t e d . The geothermal g r a d i e n t s of n e i g h b o r i n g w e l l s c a l c u l a t e d in such a 
manner o f t e n d i f f e r e d by more than 100 p e r c e n t . More i m p o r t a n t l y , t h e 
c a l c u l a t e d geothermal g r a d i e n t s and t h e assumed LST's f a i l e d t o p r e d i c t 
a q u i f e r t e m p e r a t u r e s a c c u r a t e l y or t o e x p l a i n t h e observed b o r e h o l e 
t e m p e r a t u r e l o g s . 

R o b i n e t t e and o t h e r s (1977) a p p l i e d t h i s method in t h e a r e a j u s t e a s t of 
t h e Yakima r e g i o n , s e l e c t i n g t h e LST from a con tou red map of mean annual a i r 
t e m p e r a t u r e . I t was noted t h a t t h e c a l c u l a t e d geothermal g r a d i e n t s d id not 
f a l l i n t o p r e d i c t a b l e g roup ings of h i g h e r o r lower g r a d i e n t s , and t h e i r 
d i s t r i b u t i o n was r e f e r r e d t o as be ing random. 

The l a r g e v a r i a t i o n in c a l c u l a t e d geothermal g r a d i e n t s f rom neighboring 
w e l l s , both in t h i s s t u d y and in t h e s tudy by R o b i n e t t e and o t h e r s (1977) , i s 
caused not only by i n a c c u r a t e LST's but a l s o by u n i d e n t i f i e d " i n t e r m e d i a t e 
depth t e m p e r a t u r e s " , BHT's a f f e c t e d by bo reho le f l o w , and o t h e r poor q u a l i t y 
BHT's. A small p a r t of t h e v a r i a t i o n i s caused by t h e f a c t t h a t BHT's a r e 
r a r e l y r eco rded a t t h e t o t a l d r i l l e d depth and a l s o by t h e d i f f e r e n c e s t h a t 
may e x i s t between t h e many d i f f e r e n t t e m p e r a t u r e probes u t i l i z e d f o r t h e 
c o l l e c t i o n of BHT d a t a over t h e y e a r s . 

The a b i l i t y t o a c c u r a t e l y model or p r e d i c t t h e LST of a r eg ion would, of 
c o u r s e , g r e a t l y reduce t h e e r r o r i nvo lved in t h e c a l c u l a t i o n of sha l low 
g r a d i e n t s . The LST model would have t o i n c o r p o r a t e not only t h e v a r i o u s 
m i c r o c l i m a t i c e f f e c t s , but a l s o , more i m p o r t a n t l y , t h e e f f e c t of t h e 
g round-wate r f low sys tem. The e f f e c t of t h e ground-water f low system cannot 
be i gno red because a lmos t a l l of t h e t e m p e r a t u r e da ta have been o b t a i n e d from 
ground-wa te r a q u i f e r s . M i c r o c l i m a t i c and g round-wate r f low system modeling i s 
complex and well beyond t h e scope of t h i s p r o j e c t . The combinat ion of t h e LST 



Tab le 8 . E r r o r in t h e Geothermal G r a d i e n t 
R e s u l t i n g from I n c o r r e c t Land S u r f a c e Tempera tu re s 

as a Func t i on of Depth 

E r r o r in Assumed Land S u r f a c e Tempera tu re 



e r r o r , t h e d i f f i c u l t y invo lved in r e c o g n i z i n g poor q u a l i t y d a t a , and t h e 
s u b j e c t i v e b i a s t owards t h e h i g h e r geothermal g r a d i e n t s r e s u l t i n g from t h e 
e r r o r s makes t h e method of equa t ion (6) l e s s t h a n d e s i r a b l e f o r sha l l ow , 
l ow- t empera tu r e geothermal r e s o u r c e a s s e s s m e n t . 

A d i f f e r e n t approach was developed f o r t h i s p r o j e c t t o dec r ea se t h e e r r o r 
g e n e r a t e d by t h e c a l c u l a t i o n of t h e geothermal g r a d i e n t and t o i n c r e a s e t h e 
s i z e of t h e " u s a b l e " BHT da ta base . This method u t i l i z e s a l e a s t s q u a r e s 
l i n e a r r e g r e s s i o n a n a l y s i s of t h e r e l a t i o n s h i p between t h e BHT and t h e 
"bo t tom-ho le dep th" (BHD) of two o r more wa te r w e l l s . I d e a l l y , t h e BHT's of 
w e l l s be long ing t o a p a r t i c u l a r well d a t a group (WDG) would a l l be a f f e c t e d , 
in a s i m i l a r manner, by t h e f a c t o r s t h a t i n f l u e n c e t h e geothermal g r a d i e n t s of 
t h e a r e a in which t h e water w e l l s a r e l o c a t e d . The equa t ion r e l a t i n g the 
BHT's and BHD's in such an a rea would a c c u r a t e l y d e f i n e t h e geothermal 
g r a d i e n t and t h e p r o j e c t e d LST of an a r e a . This equa t ion should a c c u r a t e l y 
p r e d i c t t h e a q u i f e r t e m p e r a t u r e f o r t h e depth i n t e r v a l c o n s i d e r e d in t h e 
r e g r e s s i o n a n a l y s i s . 

The BHT v s . BHD l i n e a r r e g r e s s i o n a n a l y s i s has s e v e r a l advan tages over 
t h e p r e v i o u s l y reviewed c a l c u l a t i o n methods of geothermal g r a d i e n t s . Uphole 
f low w i t h i n t h e wa te r w e l l , which o f t e n s e v e r e l y d i s t o r t s t h e bo reho le 
t e m p e r a t u r e g r a d i e n t , would not be expec t ed t o a l t e r t h e BHT. The BHT would 
a l s o be e x p e c t e d t o be d i s t u r b e d t h e l e a s t , as compared with a bo reho le 
t e m p e r a t u r e l o g , by d r i l l i n g and pumping o p e r a t i o n s . This i s s i g n i f i c a n t , 
s i n c e most of t h e t e m p e r a t u r e da ta from Columbia P l a t e a u water w e l l s a r e 
c o l l e c t e d d u r i n g t h e s h o r t t ime pe r iod between t h e t e r m i n a t i o n of d r i l l i n g 
o p e r a t i o n s and pump i n s t a l l a t i o n o r du r ing p e r i o d s when a pump has been p u l l e d 
f rom a well f o r ma in t enance . 

Downhole f l ow w i t h i n t h e bo reho le can a f f e c t t h e BHT, b u t , in many c a s e s , 
t h e deepes t p o r t i o n of t h e wa te r well appea r s t o be i s o l a t e d from t h e f l ow . A 
r a p i d t e m p e r a t u r e i n c r e a s e i s o f t e n no ted in t h e bottom of wate r w e l l s 
i s o l a t e d f rom downhole f l o w . A BHT a f f e c t e d by downhole f l ow can be 
i d e n t i f i e d on a p l o t of BHT vs . BHD i n t h e p r e sence of u n a f f e c t e d BHT's s i n c e 
t h e a f f e c t e d BHT w i l l l i e below t h e l i n e d e f i n i n g t h e WDG p r e d i c t e d 
t e m p e r a t u r e c u r v e . In a s i m i l a r f a s h i o n , poor q u a l i t y da t a can be i d e n t i f i e d 
because of t h e i r " l ack of f i t " t o t h e r e s t of t h e BHT's be long ing t h e WDG. 
I n c o r r e c t l y i d e n t i f i e d BHT's t h a t were a c t u a l l y r eco rded a t some i n t e r m e d i a t e 
depth w i l l p l o t above o r below t h e l i n e of t h e WDG p r e d i c t e d t e m p e r a t u r e curve 
depending on whether t h e bo reho le f low d i r e c t i o n i s up or down, r e s p e c t i v e l y . 

An a d d i t i o n a l advan tage of t h e BHT v s . BHD l i n e a r r e g r e s s i o n a n a l y s i s i s 
t h a t t h e e r r o r g e n e r a t e d by assuming an i n c o r r e c t LST in e q u a t i o n (6) i s 
e l i m i n a t e d f rom t h e c a l c u l a t i o n of t h e geothermal g r a d i e n t . Although t h e 
e r r o r i n t r o d u c e d by assuming an i n a c c u r a t e LST i n e q u a t i o n (6) d e c r e a s e s with 
i n c r e a s i n g BHD, t h e e r r o r w i l l s t i l l e x i s t even a f t e r a d d i t i o n a l BHT's a r e 
sampled w i t h i n t h e r e g i o n . The o p p o s i t e i s t r u e in t h e c a s e of t h e BHT 
v s . BHD a n a l y s i s . A d d i t i o n a l sampling of BHT's wi l l r e s u l t in d e c r e a s e d e r r o r 
in t h e BHT v s . BHD g r a d i e n t c a l c u l a t i o n p r o c e s s . 

E r r o r s in t h e geothermal d a t a c a l c u l a t e d by t h e BHT v s . BHD l i n e a r 
r e g r e s s i o n a n a l y s i s can r e s u l t i f most of t h e BHT's of a p a r t i c u l a r WDG a r e of 
poor q u a l i t y a n d / o r a r e a f f e c t e d by downhole f l o w . This problem can be 
i d e n t i f i e d by t h e s c a t t e r o r "randomness" of t h e BHT-BHD da ta and by t h e poor 
f i t of t h e r e g r e s s i o n e q u a t i o n t o t h e d a t a . This s c a t t e r of t h e BHT-BHD da ta 
r e s u l t s f rom t h e u n l i k e l y chance t h a t t h e d a t a a r e s u b j e c t t o a c o n s t a n t e r r o r 
f rom one l o c a t i o n t o a n o t h e r w i t h i n t h e WDG. 

E r r o r s in t h e geothermal d a t a c a l c u l a t e d by t h e BHT v s . BHD l i n e a r 
r e g r e s s i o n a n a l y s i s may a l s o r e s u l t f rom d e p a r t u r e s f rom t h e i d e a l s i t u a t i o n 



in which a l l t h e BHT's of a p a r t i c u l a r WDG a r e s i m i l a r l y a f f e c t e d by t h e 
f a c t o r s c o n t r o l l i n g t h e geothermal regime of t h e r e g i o n . The magni tude of t h e 
e f f e c t of such f a c t o r s as t h e LST and g round-wa te r f l o w can be assumed t o 
d e c r e a s e r a p i d l y wi th depth and t o be n e a r l y c o n s t a n t over small geograph ic 
a r e a s and depth i n t e r v a l s . The hea t f l o w a l s o should be n e a r l y c o n s t a n t 
w i t h i n t h e small geog raph i c a r e a s and depth i n t e r v a l s encompassed by a WDG of 
t h e Yakima r e g i o n . The v e r t i c a l and h o r i z o n t a l v a r i a t i o n s of thermal 
c o n d u c t i v i t y , even in small a r e a s , cannot be e a s i l y p r e d i c t e d and may cause 
e r r o r s . In r e g i o n s where t h e r e i s a l a r g e c o n t r a s t in thermal c o n d u c t i v i t y , 
t h e BHT v s . BHD p l o t may a c t u a l l y h e l p d e f i n e t h e v a r i a t i o n in thermal 
c o n d u c t i v i t y . 

The l i n e a r r e g r e s s i o n a n a l y s i s a l s o may i n t r o d u c e e r r o r s t h a t r e s u l t f rom 
an uneven d i s t r i b u t i o n of d a t a , and an " e y e b a l l " f i t of t h e l i n e of t h e WDG 
p r e d i c t e d t e m p e r a t u r e cu rve may be more a c c u r a t e in some c a s e s . The l i n e a r 
r e g r e s s i o n a n a l y s i s was u t i l i z e d in t h i s r e p o r t in o r d e r t o e l i m i n a t e t h i s 
i n v e s t i g a t o r ' s b i a s t owards t h e r e c o g n i t i o n of h i g h e r than normal geothermal 
g r a d i e n t s . 

The e r r o r s i n v o l v e d wi th t h e BHT v s . BHD l i n e a r r e g r e s s i o n a n a l y s i s can 
be assumed t o d e c r e a s e as t h e geograph ic s i z e and t h e depth i n t e r v a l d e c r e a s e s 
and as t h e number of a v a i l a b l e BHT's i n c r e a s e s . The geograph ic a rea 
encompassed by a WDG and t h e depth i n t e r v a l t h a t y i e l d s an a c c u r a t e d e f i n i t i o n 
of t h e geothermal regime w i l l be l i m i t e d by t h e magni tude of t h e r a t e of 
change of t h e geothermal g r a d i e n t w i t h i n t h e WDG. 

Geothermal G r a d i e n t s in t h e Yakima Region 

Bot tom-hole t e m p e r a t u r e s of wate r w e l l s in t h e Yakima r e g i o n were 
s e p a r a t e d i n t o 14 WDG's based on f o u r c r i t e r i a : geog raph i c p r o x i m i t y of t h e 
BHT d a t a , s i m i l a r l and s l o p e azimuth and d i p in t h e a r e a , p o s i t i o n of t h e WDG 
w i t h i n t h e c o n c e p t u a l i z e d r e g i o n a l g round-wa te r f l ow sys tem, and BHD's r ang ing 
f rom over 50 t o l e s s t h a n 700 m. 

Geographic p r o x i m i t y was used as a s t a n d a r d on t h e assumpt ion t h a t t h e 
geothermal regime w i t h i n small a r e a s and dep th i n t e r v a l s would be n e a r l y 
c o n s t a n t . Land s l o p e az imuth and d i p were used in an a t t e m p t t o s e g r e g a t e 
BHT's i n t o WDG's t h a t a r e s i m i l a r l y a f f e c t e d by LST and g round-wate r f l o w . 
P o s i t i o n w i t h i n t h e c o n c e p t u a l i z e d r e g i o n a l g round-wa te r f l ow system occur red 
in most c a s e s by mee t ing t h e f i r s t two c r i t e r i a . The f o u r t h c r i t e r i o n of 
BHD's l e s s than 700 m was normal ly met by n e c e s s i t y because i r r i g a t i o n w e l l s in 
t h e r e g i o n r a r e l y a r e d r i l l e d beyond t h a t d e p t h . BHT's f rom BHD's of l e s s 
t h a n 50 m were exc luded f rom t h e a n a l y s i s because of t h e t r a n s i e n t n a t u r e of 
t h e geothermal g r a d i e n t caused by seasona l and o t h e r n e a r - s u r f a c e e f f e c t s . 
The e x t e n t t o which a p a r t i c u l a r WDG f u l f i l l s t h e f i r s t t h r e e c r i t e r i a was 
c o n t r o l l e d l a r g e l y by t h e a v a i l a b i l i t y or c o n c e n t r a t i o n of BHT d a t a . 

One a d d i t i o n a l WDG was c r e a t e d on t h e b a s i s of a s i n g l e c r i t e r i o n , a BHD 
g r e a t e r t han 700 m. This WDG was formed in o r d e r t o i n v e s t i g a t e t h e 
p o s s i b i l i t y t h a t a s i n g l e r e g r e s s i o n e q u a t i o n could a c c u r a t e l y d e f i n e t h e 
geothermal regime a t dep ths g r e a t e r t han 700 m in a l a r g e geograph ic r e g i o n . 

P l o t s of BHT's v s . BHD's f o r WDG 1 t h r o u g h WDG 14 a r e shown in F igu re s 24 
t h rough 37. The r e s u l t s of t h e l e a s t s q u a r e s r e g r e s s i o n a n a l y s e s a r e 
summarized in Table 9 . L o c a t i o n s , geothermal g r a d i e n t s , p r o j e c t e d LST's , and 
d e p t h s t o t h e 20°C i s o t h e r m f o r t h e WDG's a r e shown in P l a t e 2. Geothermal 
g r a d i e n t s f o r t h e s h a l l o w ( l e s s t h a n 700 m deep) WDG range from 24 .9 t o 
52.5°C/km. The p r o j e c t e d LST's r ange f rom 10 .6 t o 14°C. The depth t o t h e 
20°C i s o t h e r m r anges f rom 142 t o 346 m. 



FIGURE 24 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 1 



FIGURE 25 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 2 



FIGURE 26 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 3 



FIGURE 27 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 4 



FIGURE 28 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 5 



FIGURE 29 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 6 



FIGURE 30 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 7 



FIGURE 31 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 8 



FIGURE 32 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 9 



FIGURE 33 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 10 



FIGURE 34 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 11 



FIGURE 35 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 12 



FIGURE 36 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 13 



FIGURE37 PLOT OF BOTTOM-HOLE TEMPERATURE VS. 
BOTTOM-HOLE DEPTH FOR WELL DATA GROUP 14 



Table 9. Q u a l i t y D e s i g n a t i o n s , Geothermal G r a d i e n t s , 
Land S u r f a c e T e m p e r a t u r e s , and Depths t o 20°C I so the rm 

of Well Data Groups 

Well 
Data Group 

Q u a l i t y 
D e s i g n a t i o n 1 

Geothermal 
G r a d i e n t 
(°C/km) 

Land S u r f a c e 
Tempera ture 

(°C) 

Depth 
t o 20°C 

I so the rm 
(m) 

1a s u b j e c t i v e a s s e s s m e n t of t h e r e l i a b i l i t y of t h e p r e d i c t e d 
i n f o r m a t i o n , w i th "A" d e s i g n a t i n g t h e h i g h e s t q u a l i t y 



F i g u r e s 24 th rough 37 i n d i c a t e an e x c e l l e n t c o r r e l a t i o n between t h e BHT's 
and BHD's of t h e wate r w e l l s grouped w i t h i n t h e 14 WDG's. The a c c u r a c y of t h e 
geothermal i n f o r m a t i o n prov ided by t h i s a n a l y s i s i n c r e a s e s as t h e d e n s i t y of 
t h e BHT d a t a i n c r e a s e s a n d / o r as t h e a r e a of t h e WDG d e c r e a s e s . For example , 
t h e i n f o r m a t i o n from WDG 3 (F igure 2 6 ) , where on ly t h r e e BHT's a r e a v a i l a b l e , 
should be c o n s i d e r e d l e s s r e l i a b l e t h a n i n f o r m a t i o n from WDG 4 ( F i g u r e 2 7 ) , 
where e i g h t BHT's a r e a v a i l a b l e f rom a s m a l l e r r e g i o n . L ikewi se , t h e 
i n f o r m a t i o n f rom WDG 11 (F igu re 34) should be c o n s i d e r e d more r e l i a b l e t h a n 
i n f o r m a t i o n from WDG 2 (F igure 25) because t h e da t a of WDG 11 and t h e 
r e g r e s s i o n e q u a t i o n f i t b e t t e r o r show l e s s s c a t t e r . A s u b j e c t i v e q u a l i t y 
d e s i g n a t i o n has been a s s i g n e d t o t h e d i f f e r e n t WDG's t o p r o v i d e t h i s 
i n v e s t i g a t o r ' s a s sessment of t h e r e l i a b i l i t y of t h e i n f o r m a t i o n . The l e t t e r s 
"A," "B," and "C" have been a s s i g n e d t o t h e WDG's, wi th "A" d e s i g n a t i n g t h e 
h i g h e s t q u a l i t y . Q u a l i t y d e s i g n a t i o n s a r e given in Table 9. 

To check t h e accuracy of t h e i n d i v i d u a l WDG's, an a n a l y s i s of t h e 
r e l a t i o n s h i p between t h e p r e d i c t e d geothermal d a t a and t h e a c t u a l b o r e h o l e 
t e m p e r a t u r e l o g s was conduc ted . Borehole t e m p e r a t u r e l ogs f rom wate r w e l l s of 
WDG's 4 , 5, 6 , 8 , 10, 11, 12, and 14 were p l o t t e d a long with t h e WDG 
t e m p e r a t u r e c u r v e s p r e d i c t e d by t h e BHT v s . BHD r e g r e s s i o n a n a l y s i s . The 
combina t ion b o r e h o l e t e m p e r a t u r e logs-WDG p r e d i c t e d t e m p e r a t u r e c u r v e s a r e 
shown in F i g u r e s 38 t h rough 53. These p l o t s i n d i c a t e t h a t , in most c a s e s , t h e 
p r e d i c t e d geothermal d a t a can be used not only t o p r e d i c t a q u i f e r t e m p e r a t u r e s 
bu t a l s o t o d e t e r m i n e b o r e h o l e f l ow d i r e c t i o n (uphole or downhole f l o w ) . 

The d i r e c t i o n of b o r e h o l e f l o w , i n t e r p r e t a t i o n of t h e f lowmeter l o g , and 
pump t e s t t e m p e r a t u r e s , i f a v a i l a b l e , a r e no ted in each p l o t of t h e 
combina t ion b o r e h o l e t e m p e r a t u r e log-WDG p r e d i c t e d t e m p e r a t u r e cu rve (F igu re s 
38 t h r o u g h 5 3 ) . A b o r e h o l e t e m p e r a t u r e l og t h a t l i e s t o t h e r i g h t of t h e WDG 
p r e d i c t e d t e m p e r a t u r e cu rve i n d i c a t e s uphole f l o w , whereas t h e o p p o s i t e would 
be obse rved in t h e c a s e of downhole f l o w . 

The f lowmete r probes used by WSU normal ly w i l l not d e t e c t a b o r e h o l e f low 
v e l o c i t y of l e s s t h a n app rox ima te ly 0 . 0 3 mps. This i n s e n s i t i v i t y l e a d s t o a 
f lowmete r l og i n t e r p r e t a t i o n , when a v a i l a b l e , of "no f low" f o r most of t h e 
w e l l s f o r which t e m p e r a t u r e logs a r e shown in F i g u r e s 38 th rough 53. This 
o c c u r s d e s p i t e t h e f a c t t h a t most of t h e t e m p e r a t u r e logs a r e o b v i o u s l y 
d i s t u r b e d by b o r e h o l e f l o w . A b o r e h o l e f l o w v e l o c i t y of 0 . 0 3 mps would, of 
c o u r s e , be expec t ed t o s e v e r e l y d i s t o r t t h e b o r e h o l e t e m p e r a t u r e g r a d i e n t . 
Hence, t h e i n t e r p r e t a t i o n of "no f l o w " as noted in F igu re s 38 th rough 53 i s 
meant t o s e r v e on ly as a gu ide t o t h e a c t u a l b o r e h o l e f low v e l o c i t y . 

The l o c a t i o n of p o i n t s of i n f l u x and e f f l u x of wate r a r e i n d i c a t e d by a 
change in t h e b o r e h o l e t e m p e r a t u r e g r a d i e n t . F i g u r e s 38 th rough 53 i n d i c a t e 
t h a t t h e i n t r a - b o r e h o l e f l o w o r i g i n a t e s a t or nea r a b a s a l t f l ow c o n t a c t in 
many of t h e w e l l s t h a t were i n v e s t i g a t e d . In a d d i t i o n , i t i s a p p a r e n t t h a t 
t h e f l ow of wa te r o c c u r s not only in t h e open b o r e h o l e but a l s o w i t h i n t h e 
annul us between t h e c a s i n g and b o r e h o l e in many of t h e w e l l s shown in F i g u r e s 
38 t h rough 53. 

The d i r e c t i o n of t h e i n t r a - b o r e h o l e f l ow and t h e a q u i f e r from which t h e 
f l ow o r i g i n a t e s , as i n d i c a t e d by F i g u r e s 38 t h rough 53, a r e noted in P l a t e 2 . 
In t h o s e w e l l s f o r which a f l o w d i r e c t i o n cou ld be d e t e r m i n e d , t h e 
i n t r a - b o r e h o l e f l o w t h a t beg ins in t h e s e d i m e n t a r y a q u i f e r i s in a downward 
d i r e c t i o n in a lmos t every i n s t a n c e . I n t r a - b o r e h o l e f l ow which beg ins in t h e 
b a s a l t a q u i f e r was found t o move in both t h e upward and downward d i r e c t i o n s . 
The complex i t y of t h e r e g i o n a l g round-wa te r f l o w system i s r e f l e c t e d in t h e 
f a c t t h a t o p p o s i t e f l o w d i r e c t i o n s a r e found in n e i g h b o r i n g w e l l s and w i t h i n a 
s i n g l e w e l l . 



FIGURE 38 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 1 



FIGURE 39 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 2 



FIGURE 40 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 3 



FIGURE 41 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 4 



FIGURE 42 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 5 



FIGURE 43 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 6 



FIGURE 44 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 7 



FIGURE 45 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 8 



FIGURE 46 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 9 



FIGURE 47 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 10 



FIGURE 48 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 11 



FIGURE 49 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 12 



FIGURE 50 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 14 



FIGURE 51 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 15 



FIGURE 52 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 16 



FIGURE 53 BOREHOLE TEMPERATURE LOGS AND WELL DATA 
GROUP PREDICTED TEMPERATURE CURVES - LINE 17 



Pump t e s t t e m p e r a t u r e s a r e da ta r eco rded d u r i n g pumping or well 
development o p e r a t i o n s and may g ive an i n d i c a t i o n of expec ted produc t ion 
t e m p e r a t u r e s . Pump t e s t t e m p e r a t u r e s were normal ly o b t a i n e d from the 
Washington S t a t e well r e p o r t s . The accuracy of t h e pump t e s t t e m p e r a t u r e s i s 
unknown. 

The v a l i d i t y of t h e BHT v s . BHD l i n e a r r e g r e s s i o n a n a l y s i s becomes 
obvious when t h e WDG p r e d i c t e d t e m p e r a t u r e curve i s compared t o t h e borehole 
t e m p e r a t u r e log f rom a wa te r well wi th downhole f l o w . For example , t h e BHT of 
well 12N/22E-29B1 p l o t s below t h e l i n e d e f i n i n g t h e geothermal g r a d i e n t of WDG 
11 (F igure 34 ) . The t e m p e r a t u r e log (F igure 46) f rom t h i s well i s s e v e r e l y 
d i s t o r t e d by downhole f l ow d e s p i t e t h e f a c t t h a t t h e f lowmeter r e g i s t e r e d "no 
f l o w . " Even s o , t h e p r e d i c t e d geothermal g r a d i e n t in combinat ion with t h e 
p r o j e c t e d LST a c c u r a t e l y d e s c r i b e s t h e boreho le t e m p e r a t u r e g r a d i e n t and 
a q u i f e r t e m p e r a t u r e as r e c o r d e d in t h e u n d i s t u r b e d upper p o r t i o n of t h e well 
( see F igure 4 6 ) . Without p r i o r knowledge of t h e p r e d i c t e d geothermal g r a d i e n t 
and t h e p r o j e c t e d LST a s c a l c u l a t e d by t h e r e g r e s s i o n a n a l y s i s of t h e BHT-BHD 
da ta from t h e n e i g h b o r i n g w e l l s of WDG 11, i t would not be p o s s i b l e t o 
de te rmine e i t h e r t h e b o r e h o l e f low d i r e c t i o n o r t h e f a c t t h a t t h e upper 
p o r t i o n of t h i s t e m p e r a t u r e log i s u n d i s t u r b e d . The geothermal g r a d i e n t 
c a l c u l a t e d by assuming an LST of 12°C ( equa t ion 6) i s 25.6°C/km. The 
geothermal g r a d i e n t based on t h e BHT v s . BHD r e g r e s s i o n a n a l y s i s i s 42.3°C/km 
with a p r o j e c t e d l a n d - s u r f a c e t e m p e r a t u r e of 10.6°C. The l a r g e d i f f e r e n c e in 
g r a d i e n t s i s caused not on ly by t h e downhole f low which a f f e c t e d t h e BHT but 
a l s o by t h e d i f f e r e n c e in t h e p r o j e c t e d LST and assumed LST. 

Many more examples of t h e e x c e l l e n t c o r r e l a t i o n between t h e u n d i s t u r b e d 
p o r t i o n of t h e b o r e h o l e t e m p e r a t u r e log and t h e WDG p r e d i c t e d t e m p e r a t u r e 
c u r v e , as shown in F i g u r e s 38 th rough 53, could be c i t e d . This i s e s p e c i a l l y 
t r u e of t h e WDG's g iven t h e "A" q u a l i t y d e s i g n a t i o n . F ive out of t h e 7 WDG's 
i n v e s t i g a t e d were r a t e d as "A" q u a l i t y . 

WDG 12 was given a "C" q u a l i t y r a t i n g , and t h e a p p a r e n t mismatch of t h e 
b o r e h o l e t e m p e r a t u r e l ogs and t h e WDG p r e d i c t e d t e m p e r a t u r e c u r v e s in 3 of t h e 
7 w e l l s s t u d i e d r e f l e c t s t h i s lower q u a l i t y (F igu re s 50 th rough 52 ) . The f a c t 
t h a t t h e WDG p r e d i c t e d t e m p e r a t u r e curve i s r e l a t e d t o t h e bo reho le 
t e m p e r a t u r e log in 4 of t h e 7 w e l l s s t u d i e d (F igu re s 50 t h rough 52) sugges t s 
t h a t t h e p r e d i c t e d geothermal d a t a i s a c c u r a t e and t h a t t h e t e m p e r a t u r e da ta 
from t h e 3 mismatched w e l l s a r e of poor q u a l i t y and u n r e p r e s e n t a t i v e of t r u e 
geothermal g r a d i e n t . 

The geothermal g r a d i e n t s of t h e i n d i v i d u a l w e l l s t h a t comprise a WDG were 
c a l c u l a t e d a c c o r d i n g t o e q u a t i o n ( 6 ) . Two d i f f e r e n t geothermal g r a d i e n t s were 
c a l c u l a t e d f o r each w e l l . The f i r s t , geothermal g r a d i e n t Gl , was de te rmined 
by assuming t h a t t h e LST i s equal t o t h e WDG p r o j e c t e d LST. The second , 
geothermal g r a d i e n t G2, was de te rmined by assuming t h a t t h e LST i s 12°C. Mean 
geothermal g r a d i e n t s Gl and G2 of each WDG a r e given in Table 10. I t should 
be no ted t h a t t h e BHT-BHD d a t a t h a t were exc luded from t h e WDG r e g r e s s i o n 
a n a l y s i s have a l s o been exc luded f rom t h e c a l c u l a t i o n of t h e mean geothermal 
g r a d i e n t s Gl and G2. The r e c o g n i t i o n and e x c l u s i o n of t h i s poor q u a l i t y d a t a 
would have been d i f f i c u l t i f t h e r e g r e s s i o n a n a l y s i s had not a l r e a d y been 
c o n d u c t e d . 

As would be e x p e c t e d , t h e mean geothermal g r a d i e n t Gl and t h e WDG 
geothermal g r a d i e n t (as p r e d i c t e d by t h e r e g r e s s i o n a n a l y s i s ) a r e n e a r l y t h e 
same. The d i f f e r e n c e b e t w e e n t h e WDG geothermal g r a d i e n t and t h e mean 
geothermal g r a d i e n t Gl i s a lways s m a l l e r than t h e d i f f e r e n c e between t h e WDG 
geothermal g r a d i e n t and t h e mean geothermal g r a d i e n t G2. 



Tab le 10. Well Data Group Geothermal G r a d i e n t s , Mean Geothermal G r a d i e n t s G1 and G2, 
E r r o r s in Geothermal G r a d i e n t G2, and C o r r e c t e d Mean Geothermal G r a d i e n t G2 

Well Data 
Group 

Well Data Group 
Geothermal 

G r a d i e n t 
(°C/km) 1 

Mean Geothermal 
G r a d i e n t G1 

(°C/km) 2 

Mean Geothermal 
G r a d i e n t G2 

(°C/km) 3 

E r r o r in 
Geothermal 

G r a d i e n t G2 
( 0 C/km) 4 

C o r r e c t e d 
Mean Geothermal 

G r a d i e n t G2 
(°C/km) 5 

g e o t h e r m a l g r a d i e n t a s p r e d i c t e d by t h e WDG r e g r e s s i o n a n a l y s i s 

2mean geothermal g r a d i e n t G1 = BHT - WDG P r o j e c t e d LST /number of w e l l s 

3mean geothermal g r a d i e n t G2 = 
4 e r r o r in geo thermal g r a d i e n t G2 = 

C o r r e c t e d mean geothermal g r a d i e n t G2 = mean geothermal g r a d i e n t G2 + e r r o r in geo thermal g r a d i e n t G2 



The e r r o r in t h e mean geothermal g r a d i e n t G2 r e s u l t i n g f rom t h e 
d i f f e r e n c e between t h e WDG p r o j e c t e d LST and t h e assumed LST of 12°C was 
c a l c u l a t e d acco rd ing t o e q u a t i o n (7) and i s given in Table 10. The BHD 
u t i l i z e d in t h e s e c a l c u l a t i o n s i s t h e well d a t a group mean BHD. The e r r o r in 
geothermal g r a d i e n t G2 as c a l c u l a t e d by equa t ion (7) accoun ts f o r most of t h e 
d i f f e r e n c e between t h e WDG geothermal g r a d i e n t and t h e mean geothermal 
g r a d i e n t G2 of each of t h e f o u r t e e n WDG's ( s ee Table 10 ) . 

The e r r o r in geothermal g r a d i e n t G2 ranges f rom 5 .7 t o -7 .5°C/km. These 
e r r o r s a r e s i g n i f i c a n t because t h e i r magnitude i s almost as g r e a t as t h e 
a c t u a l v a r i a t i o n in t h e geothermal g r a d i e n t of t h e r e g i o n . The e r r o r in 
geothermal g r a d i e n t G2 would have been g r e a t e r i f t h e poor q u a l i t y BHT-BHD 
da ta had not been exc luded f rom t h e c a l c u l a t i o n of t h e mean geothermal 
g r a d i e n t G2. 

P r o j e c t e d Land S u r f a c e Tempera tu re s , Mean E l e v a t i o n s , 
Land Slope Azimuths, and Dip Angles of Well Data Groups 

A s imple a n a l y s i s of any r e l a t i o n s h i p between t h e p r e d i c t e d geothermal 
d a t a and t h e mean e l e v a t i o n and l and s l o p e azimuth of a WDG was conducted in 
an a t t empt t o r e l a t e t h e geothermal regime of a r e g i o n t o i t s t opog raphy . The 
mean e l e v a t i o n , land s l o p e a z i m u t h , and mean d i p angle of a WDG were 
de te rmined by sampl ing e l e v a t i o n da t a c o n t a i n e d on magnet ic d i g i t a l t e r r a i n 
t a p e s a v a i l a b l e from t h e Nat ional C a r t o g r a p h i c C e n t e r . E l e v a t i o n da t a were 
sampled approx ima te ly every 254 m on a squa re g r i d , o r a t a r a t e of about 15 .5 
p o i n t s per square k i l o m e t e r . Computer programs t o r ead and sample t h e 
e l e v a t i o n da t a were w r i t t e n by Ken Seymour, a WSU s t a f f member. The land 
s l o p e azimuths and mean e l e v a t i o n s of t h e WDG's a r e given in Table 11. 

The mean d ip ang le f o r each of t h e WDG's was found t o be about 2 ° . The 
r e l a t i o n s h i p between t h e p r o j e c t e d LST and t h e mean d ip angle of t h e WDG was 
not s t u d i e d f u r t h e r because of t h e u n i f o r m i t y in t h e d ip a n g l e s . 

A p l o t of t h e mean e l e v a t i o n v s . t h e p r o j e c t e d LST of t h e WDG's i s shown 
in F igure 54. A l e a s t s q u a r e s l i n e a r r e g r e s s i o n a n a l y s i s of t h e s e d a t a y i e l d s 
t h e f o l l o w i n g e q u a t i o n : 

°C = 14.2°C - 5.0°C/km ( e l e v a t i o n ) (8) 

The c o r r e l a t i o n i s poor and s u g g e s t s t h a t f a c t o r s o t h e r than mean e l e v a t i o n 
i n f l u e n c e t h e p r o j e c t e d LST ' s . I t i s i n t e r e s t i n g t o note t h a t t h e a i r 
t e m p e r a t u r e - e l e v a t i o n g r a d i e n t in t h i s r eg ion i s approx ima te ly -5 .5°C/km 
(Donaldson, 1979) , n e a r l y t h e same as t h a t p r e d i c t e d by t h e mean e l e v a t i o n 
v s . p r o j e c t e d LST r e g r e s s i o n a n a l y s i s . 

A p l o t of t h e mean e l e v a t i o n s v s . dep ths t o t h e 20°C i s o t h e r m of t h e 
WDG's i s shown in F igu re 55. A l e a s t s q u a r e s l i n e a r r e g r e s s i o n a n a l y s i s of 
t h e s e da ta y i e l d s t h e f o l l o w i n g e q u a t i o n : 

Depth t o t h e 20°C i s o t h e r m = 0 . 8 ( e l e v a t i o n ) - 110.0m (9) 

The c o r r e l a t i o n i s f a i r and s u g g e s t s t h a t t h e depth t o t h e 20°C i s o t h e r m 
i n c r e a s e s as t h e l and s u r f a c e e l e v a t i o n i n c r e a s e s . 



Table 11. Mean E l e v a t i o n s and Azimuths of Well Data Groups 

Well 
Data Group 

Mean E l e v a t i o n 1 

of Well 
Data Group 

(m) 

Azimuth2 

of Well 
Data Group 

( d e g r e e s ) 

1mean e l e v a t i o n = 

2 az imuth = 

= az imuth f rom 0 t o 360° a t each g r i d node 

= az imuth of r e s u l t a n t v e c t o r 



FIGURE 54 MEAN ELEVATION VS. PROJECTED LAND SURFACE 
TEMPERATURE OF THE WELL DATA GROUPS 



FIGURE 55 MEAN ELEVATION VS. DEPTH TO THE 20°C 
ISOTHERM OF THE WELL DATA GROUPS 



The p r e d i c t e d geothermal g r a d i e n t s do not appea r t o be r e l a t e d t o t h e 
mean e l e v a t i o n s of t h e WDG's. In a d d i t i o n , t h e p r o j e c t e d LST's , t h e dep ths t o 
t h e 20°C i s o t h e r m , and p r e d i c t e d geothermal g r a d i e n t s do not appea r t o be 
r e l a t e d t o t h e land s l o p e az imuths of t h e WDG's. The a p p a r e n t lack of 
c o r r e l a t i o n between t h e land s l o p e az imuths and t h e p r e d i c t e d geothermal d a t a 
of t h e WDG's may be c a u s e d , in p a r t , by t h e s imple method ( l i n e a r ) by which 
t h e s e r e l a t i o n s h i p s were examined. Other p o s s i b l e causes i n c l u d e t h e BHD's 
c o n s i d e r e d ( i . e . , g r e a t e r than 50 m) and t h e s i z e of t h e geograph ic a r e a s 
i n c l u d e d in each WDG. 

The a p p a r e n t c o r r e l a t i o n between t h e mean e l e v a t i o n s and t h e dep ths t o 
t h e 20°C i s o t h e r m and between t h e mean e l e v a t i o n s and t h e p r o j e c t e d LST's of 
t h e WDG's may be e x p l a i n e d by t h e g round-wa te r f low system of t h e Yakima 
r e g i o n . As noted e a r l i e r , t h e d i r e c t i o n of g round-water f low in t h e r e g i o n i s 
f rom h i g h e r e l e v a t i o n s towards lower e l e v a t i o n s . The d i f f e r e n c e in t h e 
o v e r a l l g round-wa te r f low d i r e c t i o n in t h e r e c h a r g e p o r t i o n ( h i g h e r 
e l e v a t i o n s ) and d i s c h a r g e p o r t i o n ( lower e l e v a t i o n s ) and t h e i n c r e a s e in t h e 
r e s i d e n c e t ime of t h e wate r in t h e f l ow sys tem towards t h e lower e l e v a t i o n s 
may be t h e cause of e l e v a t e d t e m p e r a t u r e s a t t h e lower e l e v a t i o n s . 

Deep v s . Shallow Geothermal G r a d i e n t s 

Bot tom-hole t e m p e r a t u r e s f rom t h e Columbia P l a t e a u r e c o r d e d a t dep ths 
g r e a t e r than 700 m a r e r a r e . A BHT v s . BHD p l o t f o r a WDG c o n t a i n i n g 14 w e l l s 
with BHD's g r e a t e r than 700 m i s shown in F igure 56. The BHT's used in t h e WDG 
a n a l y s i s r ange from 41°C a t 742 m t o 110°C a t 2889 m. The deep w e l l s a r e 
l o c a t e d in a l a r g e t r i a n g u l a r - s h a p e d r eg ion of approx imate ly 2000 square 
m i l e s . These w e l l s , which comprise t h e "deep" WDG, a long with t h e l o c a t i o n s 
of t h e " sha l low" ( l e s s than 700 m BHD) WDG's, a r e shown in P l a t e 4 . 

The BHT v s . BHD l i n e a r r e g r e s s i o n a n a l y s i s f o r t h e deep WDG r e s u l t e d in a 
p r e d i c t e d geothermal g r a d i e n t of 31.3°C/km and a p r o j e c t e d LST of 21 .8°C. The 
depth t o t h e 100°C i s o t h e r m i s app rox ima te ly 2513 m. F igure 56 i n d i c a t e s an 
e x c e l l e n t c o r r e l a t i o n between t h e BHT and BHD da ta of t h e WDG. This r e s u l t 
was not e x p e c t e d , c o n s i d e r i n g t h e d i s t a n c e , a maximum of 130km, s e p a r a t i n g t h e 
well l o c a t i o n s . The f a c t t h a t t h e r e i s an e x c e l l e n t c o r r e l a t i o n s u g g e s t s t h a t 
both h e a t f l ow and thermal c o n d u c t i v i t y remain n e a r l y c o n s t a n t t h r o u g h o u t t h i s 
r eg ion and depth i n t e r v a l . I t a l s o s u g g e s t s t h a t t h e e f f e c t of t h e r e g i o n a l 
g round-wa te r f low system upon t h e geothermal g r a d i e n t i s n e a r l y c o n s t a n t 
a n d / o r n e g l i g i b l e a t BHD's g r e a t e r t han 700 m. The high p r o j e c t e d LST ( 2 1 . 8 ° ) 
of t h e deep WDG may r e s u l t f rom a c u r v a t u r e in t h e geothermal g r a d i e n t as t h e 
depth below t h e s u r f a c e of t h e e a r t h i n c r e a s e s . 

The BHT and BHD da ta used in WDG's 1 t h rough 14, t h e sha l low WDG's, a r e 
p l o t t e d in F igu re 57. The l i n e a r r e g r e s s i o n a n a l y s i s of t h e e n t i r e sha l low 
BHT v s . BHD da ta s e t r e s u l t s in a p r e d i c t e d geothermal g r a d i e n t of 43.0°C/km, 
a p r o j e c t e d LST of 11.3°C, and a depth t o t h e 20°C i so the rm of 202 m. These 
va lue s should p r o v i d e a r e a s o n a b l e e s t i m a t e of t h e ave rage geothermal 
g r a d i e n t , t h e p r o j e c t e d LST, and t h e depth t o t h e 20°C i s o t h e r m w i t h i n t h e 
a r e a s encompassed by t h e sha l low WDG's. 

D i r e c t compar isons between t h e sha l low and deep p r e d i c t e d geothermal 
g r a d i e n t s should be made with c a u t i o n because a l l of t h e deep w e l l s but one 
(11N/22E-30G2) a r e l o c a t e d in an a r e a t o t h e e a s t of t h e Yakima r e g i o n . I t 
does appea r t h a t t h e deep geothermal g r a d i e n t of s o u t h - c e n t r a l Washington i s 
l e s s t h a n t h e sha l low geothermal g r a d i e n t of t h e Yakima r e g i o n . 

The minimum depth l i m i t of 700 m of t h e deep WGD c o i n c i d e s with a d e c r e a s e 
in t h e number of BHT's r eco rded a t BHD's g r e a t e r t han 700 m, and t h i s l i m i t i s 
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somewhat a r b i t r a r y . A more a c c u r a t e d e f i n i t i o n of t h e c u r v a t u r e and 
i n f l e c t i o n p o i n t of t h e geothermal g r a d i e n t cannot be f o r m u l a t e d a t t h i s t ime 
because of r e l a t i v e l y few BHT's f rom BHD's g r e a t e r than 700 m. A c u r v i l i n e a r 
a n a l y s i s may prove more a c c u r a t e t h a n a l i n e a r a n a l y s i s when more deep BHT 
d a t a become a v a i l a b l e . 

The magnitude of t h e e r r o r a s s o c i a t e d with t h e l i m i t e d amount of deep BHT 
d a t a , by t h e d i f f e r e n c e s in geograph ic l o c a t i o n , and by assuming a l i n e a r 
geothermal g r a d i e n t does not a p p e a r t o be l a r g e . This i s s u g g e s t e d by the 
f a c t t h a t t h e r e g r e s s i o n e q u a t i o n s of t h e sha l low and deep WDG's p r e d i c t 
t e m p e r a t u r e s t h a t d i f f e r by l e s s t h a n 2.3°C a t a depth of 700 m. The deep and 
sha l l ow geothermal g r a d i e n t s p r e d i c t equal t e m p e r a t u r e s , o r i n t e r s e c t , a t a 
depth of app rox ima te ly 900 m. The r e l a t i o n s h i p between t h e deep and sha l low 
geothermal g r a d i e n t s and p r o j e c t e d LST's i s shown in F igure 58. 

The Yakima r e g i o n and t h e a r e a encompassed by t h e deep WDG a r e though t t o 
a c t a s r e c h a r g e a r e a s f o r t h e l o c a l and i n t e r m e d i a t e g round-wate r f l o w systems 
of t h e Columbia P l a t e a u (Gephart and o t h e r s , 1979) . As reviewed p r e v i o u s l y in 
t h i s r e p o r t , t h e geothermal g r a d i e n t would be expec ted t o i n c r e a s e wi th depth 
in g round-wate r r e c h a r g e a r e a s . The geothermal g r a d i e n t of s o u t h - c e n t r a l 
Washington appea r s t o d e c r e a s e wi th d e p t h , as i s shown in F igu re 58, which 
s u g g e s t s t h a t downward ( r e c h a r g i n g ) f l o w i s not r e s p o n s i b l e f o r t h e appa ren t 
change in t h e g r a d i e n t . 

Heat Flow in t h e Yakima Region 

The u n c e r t a i n t i e s i nvo lved in t h e v a l u e of t h e the rmal c o n d u c t i v i t y of 
t h e l i t h o l o g i c u n i t s of t h e r e g i o n cause c a l c u l a t i o n of t h e h e a t f l o w t o be 
i m p r e c i s e . Schmidt and o t h e r s (1980) r e p o r t t h a t t h e thermal c o n d u c t i v i t y of 
t h e Grande Ronde, Umtanum, and Pomona b a s a l t s i n c r e a s e s as t h e t e m p e r a t u r e and 
d e n s i t y of t h e b a s a l t i n c r e a s e s . Schmidt and o t h e r s (1980) g i v e t h e f o l l o w i n g 
e q u a t i o n which d e f i n e s t h e b a s a l t thermal c o n d u c t i v i t y , k , in te rms of 
t e m p e r a t u r e , T, and d e n s i t y , p : 

k = 0 . 5 8 + 0 .045p + 0.00452T°C(p - 1 .77) (10) 

This r e l a t i o n s h i p was deve loped f rom d a t a o b t a i n e d f rom t h e Grande Ronde and 
Umtanum b a s a l t s , and i t a l s o d e s c r i b e s t h e thermal c o n d u c t i v i t y of t h e Pomona 
b a s a l t s a t t e m p e r a t u r e s below 200°C. The d i f f e r e n c e in thermal c o n d u c t i v i t y 
as t h e d e n s i t y of b a s a l t changes c a u s e s t h e the rmal c o n d u c t i v i t y of t h e 
co lonnade and e n t a b l a t u r e b a s a l t s t o be g r e a t e r than t h e i n t e r f l o w b a s a l t s 
(Schmidt and o t h e r s , 1980) . Equa t ion (10) p r e d i c t s a thermal c o n d u c t i v i t y of 
0 .814 W/m°C, assuming a d e n s i t y of 2 . 7 5 gm/cc and a t e m p e r a t u r e of 25°C. 

A change which improved t h e t e s t i n g method r e s u l t e d in t h e measurement of 
a g r e a t e r v a l u e of the rmal c o n d u c t i v i t y f o r t h e Umtanum b a s a l t s (Foundat ion 
S c i e n c e s , I n c . , 1981) . FSI (1981) g i v e s t h e f o l l o w i n g e q u a t i o n which d e f i n e s 
t h e the rmal c o n d u c t i v i t y of t h e Umtanum b a s a l t s , k u , in t e rms of t h e 
t e m p e r a t u r e , T: 

k u = 2 . 1 6 + 0.0018(T°C) ( U ) 
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Equat ion (11) p r e d i c t s a thermal c o n d u c t i v i t y of 2 .205 W/m°C f o r t h e Umtanum 
b a s a l t s , assuming a t e m p e r a t u r e of 25°C. Thermal c o n d u c t i v i t i e s r a n g i n g f rom 
1 .52 t o 1 .72 W/m°K have been used t o d e t e r m i n e t h e hea t f l o w v a l u e of 
i n d i v i d u a l w e l l s t h a t bottom in t h e Columbia River b a s a l t s ( B l a c k w e l l , 1980) . 

An approx ima t ion of t h e hea t f l o w of t h e Yakima r eg ion can be made by 
assuming t h a t t h e the rmal c o n d u c t i v i t y v a r i e s f rom 0 .814 t o 2 .205 W/m°C and 
t h a t t h e geothermal g r a d i e n t e q u a l s 43.0°C/km ( t h e sha l low geothermal 
g r a d i e n t ) . The r e s u l t i n g v a l u e of t h e h e a t f l o w , f rom e q u a t i o n ( 4 ) , would 
range f rom 3 5 . 0 t o 9 4 . 8 mW/m2. A h e a t f l o w equal t o about 64 .9 mW/m2 would 
r e s u l t i f t h e assumed thermal c o n d u c t i v i t y were equal t o 1 .510 W/m°C, a va lue 
midway between t h e r e p o r t e d ex t remes and c l o s e r t o t h e va lue s r e p o r t e d by 
Blackwell ( 1980) . 

The m a j o r i t y of t h e sha l low BHT's and a l l of t h e deep BHT's were o b t a i n e d 
w i t h i n t h e CRBG. The a p p a r e n t d i f f e r e n c e between t h e sha l low and deep 
geothermal g r a d i e n t s may be p a r t i a l l y e x p l a i n e d by an i n c r e a s e in t h e thermal 
c o n d u c t i v i t y as t h e t e m p e r a t u r e and d e n s i t y of t h e b a s a l t i n c r e a s e s with 
i n c r e a s i n g d e p t h s below t h e s u r f a c e of t h e e a r t h . Equation (4) i n d i c a t e s t h a t 
t h e geothermal g r a d i e n t w i l l d e c r e a s e in r e s p o n s e t o an i n c r e a s i n g thermal 
c o n d u c t i v i t y i f t h e hea t f l o w i s assumed t o remain c o n s t a n t . 

Conc lus ions 

The l o w - t e m p e r a t u r e geothermal r e s o u r c e of t h e Yakima r e g i o n was , 
d e s c r i b e d by a n a l y z i n g t h e r e l a t i o n s h i p between t h e BHT's and BHD's of two o r 
more wa te r w e l l s . The f a c t t h a t t h e BHT v s . BHD a n a l y s i s could be 
s u c c e s s f u l l y a p p l i e d in t h e l a r g e geog raph i c a r e a s encompassed by t h e WDG's 
was not expec t ed a t t h e o n s e t of t h i s s t u d y . 

D i f f e r e n c e s in t h e hea t f l o w , thermal c o n d u c t i v i t y , and topography w i t h i n 
a WDG might be e x p e c t e d t o be g r e a t enough t o produce a l a r g e v a r i a t i o n in t h e 
geothermal regime of t h e i n d i v i d u a l w e l l s and t h e r e f o r e cause a s c a t t e r of 
da t a on t h e p l o t s of BHT v s . BHD. I t should be a p p a r e n t t h a t t h e geothermal 
g r a d i e n t and p r o j e c t e d LST vary w i t h i n t h e WDG, but t h e e x c e l l e n t c o r r e l a t i o n 
between t h e BHT and BHD d a t a f rom t h e Yakima r e g i o n s u g g e s t s t h a t t h e a r e a ! 
v a r i a t i o n in t h e geothermal regime of a WDG i s very s m a l l . 

The g round-wa te r f l o w system i s a t l e a s t p a r t i a l l y r e s p o n s i b l e f o r t h e 
v a r i a t i o n be ing as small as i t a p p e a r s t o be . The e f f e c t s of t h e f low sys tem, 
e s p e c i a l l y t h e h o r i z o n t a l component , would t end t o dampen t h e v a r i a t i o n t h a t 
r e s u l t s f rom d i f f e r e n c e s in t h e hea t f l o w , thermal c o n d u c t i v i t y , and 
t o p o g r a p h y . Topographic e f f e c t s a r e a l s o g r e a t l y r e d u c e d , i f not e l i m i n a t e d , 
a t t h e BHD's c o n s i d e r e d . In a d d i t i o n , t h e c o n t r a s t in thermal c o n d u c t i v i t y 
was l i m i t e d by t h e f a c t t h a t most of t h e BHT's were o b t a i n e d from t h e b a s a l t 
a q u i f e r . 

Perhaps t h e g r e a t e s t d i s a d v a n t a g e of t h e BHT v s . BHD analysis i s t h e 
r equ i r emen t t h a t a t l e a s t t h r e e BHT's be a v a i l a b l e from t h e r e g i o n b e f o r e t h e 
assessment can be made wi th c o n f i d e n c e . The r e s u l t s of any geothermal 
assessment which uses l e s s than t h r e e BHT's by assuming an LST o r by some 
o t h e r means would be s u b j e c t t o l a r g e e r r o r s . This i s e s p e c i a l l y t r u e when 
t h e c a l c u l a t e d geothermal g r a d i e n t must be p r o j e c t e d t o g r e a t e r dep ths in 
o r d e r t o r each p r o d u c t i o n t e m p e r a t u r e s . 

The BHT v s . BHD a n a l y s i s should be a p p l i c a b l e over even l a r g e r a r e a s of 
t h e Columbia P l a t e a u , c o n s i d e r i n g t h e s i z e of t h e WDG's of t h e Yakima r eg ion 
and t h e r e l a t i v e l y small t o p o g r a p h i c r e l i e f of t h e p l a t e a u . If an LST must be 
assumed in o r d e r t o c a l c u l a t e a geothermal g r a d i e n t , then t h e BHT v s . BHD 
a n a l y s i s should a t l e a s t p r o v i d e a gu ide t o t h e assumed or p r o j e c t e d LST. 
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APPENDIX 

LOCATIONS, DESIGNATIONS, BOTTOM-HOLE TEMPERATURES, 

AND BOTTOM-HOLE DEPTHS OF SELECTED WELLS 

IN THE YAKIMA REGION 





Well 
Des igna t i on 

Flower , B. 
P r o s s e r C i ty 

Grandview Ci ty 
P ros se r Experiment S t a t i o n 
Lawrence 

S t o u t , B . /Golob , D. 
Evans, B. 
Whi te , J . 
J and R Orchards 

Pace, W. B. 

Johnson, F. 
Lynch, B. 
P e t e r s , C. 
Soost B r o t h e r s 
Weather ly , B. 
Dahl, T. 
Dahl , T. 



Well 
D e s i g n a t i o n 

Clyde 
Ramsier (DNR) 
G a r r e t s o n 
Hanrahan, P. 
Ambrose, A. 
S a n d l i n , J . 
S a n d l i n , J . , #2 
B e s t , P. 
S l a g g , L. 
Gay, H. 

Evans, B. 
Kershaw, R. 
Rowe Farms 
de La C h a p e l l e , C. 
de La C h a p e l l e , C. 
R a t t l e s n a k e H i l l s #1 
R a t t l e s n a k e H i l l s #1 
S h e l t o n , C. L. 

Whi te , H. 
Meyer, C. 

G i l b e r t , C. 

B a t e s , K. P. 

Douglas 

Mt. Adams Feed #3 

S t e p n i e w s k i , S. 
Sunnyside Dam 
Char ron , S. 
E lephant Mountain (DNR) 
Logan, W. 

Brooks 
E s t e s , M. 
E s t e s , M. 



Cheyne Road (DNR) 
DNR 
M a r t i n e z , D. 
M a r t i n e z , D. T . , #1 
G r i s w a l d , P. 
Changala 

Mar t i nez 
Marley Orchards 
Changa la , S. 
Blackrock #1 (DNR) 

Taggares Ranches 
Tramel , J . D. 
C-6 (DOE) 
S i l v e r c o v e 

Nazerene 
Creamery 

Hi l l 
T e r r a c e Heights 
Watkins 

Watkins 
Watkins 

Riebe , J . 
Sundquis t F r u i t 
Coppornall 
Champoux 

Yergen, R. 
Coombs, B. 
Coombs, B . , #2 

M a r t i n e z , D. T . , #2 
Changala , S . , #2 
ARH DC-1 
DC-6 
Trou t lodge 
Englund 
Huck 
Marmion 

Ke l l e r F r u i t / C o l d S t o r . #2 

Well 
Des igna t i on 



Well 
D e s i g n a t i o n 

K e l l e r F r u i t / C o l d S t o r . #1 

Perham 
Murray 
M a j n a r i c h , F. 
Knutson 
Mansperger 
Dardon 
A l l e n , B. 
Z u e t e n h o r s t , W. 
Hargrave , H. 
Murray 
Z i r k l e , W. H. 
McFarlane 
Roche F r u i t Company 

Yakima F i r i n g Center #2 

Rathbun, C. 
P i c a t t i 
Day 
Day 
Wenas (DNR) 
McNeil ly 
McNeilly 
Boyd, J . 
Young 
Burbank Creek (USGS) 
Larson F r u i t 
DH-5 
DH-4 



P L A T E 1 P R E L I M I N A R Y S T R U C T U R A L G E O L O G Y A N D L O C A T I O N S 
O F S T R A T I G R A P H I C C O R R E L A T I O N L I N E S 

STRATIGRAPHIC CORRELATION LINE 
STRUCTURE CONTOUR ON TOP OF THE WANAPUM 

AND GRANDE RONDE BASALTS 



P L A T E 2 W E L L D A T A G R O U P L O C A T I O N S A N D P E R T I N E N T P A R A M E T E R S 



P L A T E 3 L O C A T I O N O F B O T T O M - H O L E T E M P E R A T U R E D A T A P O I N T S 



P L A T E 4 L O C A T I O N O F B O T T O M - H O L E T E M P E R A T U R E D A T A 
P O I N T S F R O M D E P T H S G R E A T E R T H A N 7 0 0 M 


