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Table 7.--Monthty avereae, minimum, and maximum values for treated mine discharge.
Kerr-McGee Church Rock I Mine. 1980-84

27

[Values are in the following units: 'F, degrees Fahrenheit; MGD, million gallons per day; mg/L, miLLigrams
per titer; pg/L, micrograms per titer; pCi/L, picocuries per titer; dashes indicate no data]

Motyb- Sete- Vana-
Tem- pH4 Total denum, nium, Uranium, dium, Radium-226,
pera- (Stand- suspended total total total total dissolved
ture Discharge ard sediment, (mg/L (pg/L (Og/L (pg/L (pCi/L as

Month (*F) (MGD) units) (mg/L) as No) as Se) as U) as V) Ra-226)

1980

Average
January Minimum

Maximum

Average
February Minimum

Maximum

March

April

May

June

July

Average
Minimum
Maximumi

Average
Nminimim
Maximum

Average
Minimum
Max imum

Average
Minimum
Maximum

Average
Minimum
Maximum

...... ---

...... --....

...... --....

...... --....

.. .... .....

------ .....

...... .....

.... 5.5...... .....

------ 5 . 5

...... -5.5

------ 5 .5
-- -- 5.5

...... 5.5
------. . ....

.. .. 5.5

----- ----- ....

..... ----- ....

..... ----- ....

..... -----

----- ----- ----

Average ------ 5.5
August Minimum ------ -----

Maxirm• ...... 5.5

8.5
8.8

8.7
8.8

8.6
9.0

8.5
8.7

8.5
8.7

8.6
8.8

8.6
8.7

8.6
8.7

<2

<2

460 38

1,400 ...

1,300 ---

1,300 12

1,200 17

1,200 13

1,000 20

1,600 31

1,100 28

1.5

1.2

<2 420 38

Average
September Minimum

Maximum

Average
October Minimum

Maximum

Average
November Minimum

maximum

Average
December Minimum

Maximum

...... 5.5

.... °.. .....

...... 5.5

...... 5.5

...... 5.5

60 5.5

62 5.5

58.9 5.5
61... 5....5
61 5.5

<2

<2

450 25

440 25

430 35

1.4

1.8

1.7

1.6

1.3

<2 . --....

<2 440 34

standard Average .778 0 ----- 0 -----.--.--.. ---.....

deviation Minimum ------ .071 ----- ..... .... .. ... ..... .
(4) Maximum .707 0 .104 0 14 6 185 8 .376

Average 59.5 5.5 <2 ..... .. .. .... ........

Mean Minimum ......-..... 8.58 .....------- ....- --------... .

Maximum 61.5 5.5 8.78 <2 440 33 1,260 20 1.61
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Table 7.--Monthty average., minimum. and maximum values for treated mine discharge.

I~rr-Uct~p •hu~rph R,••r~ I M(pi 1ON1Rfl-A-.n•;am~.

Motyb- Sete- Vana-
Tern- pH Total denum, nium, Uranium, dium, Radium-226,
pare- (Stand- suspended total totaL total total dissotved
ture Discharge ard sediment, (pg/L (pg/L (pg/L (pg/L (pCi/L as

Month (*F) (MGD) units) (iag/L) as Mo) as Se) as U) as V) Ra-226)

1981

Average
January Minimum

max!"ur

Average
February Minimum

Maximum

March

Aprf t

may

.June

July

Average
Minimum
Maximum

Average
Mininmum
Maximum

Average
Minimum
maximum

Average
Minimum
Maximum

Average
Minimum
Maximum

36.0 5.5
-----. °. ...

59.0 5.5

56.0 5.5

60.0 5.5

57.6 5.5

60.0 5.5

61.0 3.5

68.0 3.5

63.25 3.5

66.0 3.5

61.25 3.4

68.0 3.4

74.0 3.72

78.0 3.95

72.0 3.78

75.0 4.54

69.0 3.67

72.0 4.42

8.5

8.7

8.6
8.8

8.6
8.8

8.5
8.8

8.6
8.9

8.5
8.9

8.7
8.8

8.4
8.8

8.7
8.9

8.25
8.82

8.7
8.8

8.6
8.8

<2.0 ... . .

<2.0 450 38

<2.0 ....

<2.0 460 56

<2.0 ..... ....

<2.0 440 33

<2.0 ..... ....

<2.0 480 49

<2.0 ....
..... ----- ----

3.1 490 61

(2.0

3.1 490 61

<2.0 450 40
..... ... o.. . .

<2.0 470 48

<2.0 560 47

<2.0 850 54

<2.0 910 25

<2.0 1,000 28

<2.0 480 68

<2.0 480 91

2.2 480 52

3.0 490 91

<2.0 450 48

(2.0 480 59

1,300 26

1,350 16

1,600 9

1,400 6

1,400 12

1,300 9

1,400 9

9

1,400 19

..... 16

1,200 20

1,180 50

1,300 55

1,100 15

1,300 50

1,100 6

1,300 12

0.94

3.2

.6

1.0

2.85

.93

1.48

.44

.86

.51

1.04

2.2

.42

.51

.62

1.08

Average
AugUst Mini•um

Maximum

Average
September Minimfu

Maximum

Average
October Minimum

Maximum

Average
November Minimum

Maximum

Average
December minimum

Maximum

63.0
58.0
67.0

57.9
52.0
62.0

3.20

3.56

3.48

3.77

54.0 3.38
49.0
59.0 3.90

standard Average ------ 0.911 ------ 0.058 179 14 46 16 0.288
deviation Minimum ------ 0.134 ----- -----.. ...... ....

Co) Maximum ...... .829 .052 0.410 180 20 99 16 .913

Average ...... 4.01 ..... 2.02 560 47 1,130 17 .63
Mean Minimum ...... ..... 8.55 ..... ... ...-....

Maximum 4.25 8.81 2.18 550 . 56 1,350 20 1.35



TabLe 7.--MonthLy average, minimum, and maximum values for treated mine discharge,.
Y.rr-Mtflpb rh~irph Sni4 I II,,, ¶OnR.r~u, 29

Motyb- SeLe- Vana-
TeM- PH Total denum, nium, Uranium, dium, Radium-226,
pera- (Stand- suspended' total total total total dissolved
ture Discharge ard sediment, (Cg/L OW(g/L (jg/L (€g/L (pCi/L as

month ('F) (MGD) units) (ag/L) as Mo)) as Se) as U) as V) Ra-226)

1982

Average
January Minimun.

maximum

Average
February minimum

maximum

Ma rch

Apr i l

May

June

JuLy

Average
Minimum
Maximum

Average
Minimum
Maximiun

Average
Mi ninmum
Maximum

Average
minimum
Maximum

Average
Minimum
Maximum

50.9 3.46
46.0 .....
54.0 3.81

54.8 3.56
50.0
60.0 3.85

56.1 3.59
51.0
62.0 3.86

59.3 3.71
54.0
66.0 4.06

63.8 3.71
59.0 .....
68.0 3.96

67.8 3.59
64.0
72.0 3.82

72.3 3.45
67.0
75.0 3.69

74.0 3.43
72.0 .....
76.0 3.80

68.0 3.46
61.0 -----
73.0 3.72

62.0 3.36
59.0
64.0 3.80

8.3
8.6

8.6
8.8

8.6
8.9

8.8
9.03

8.7
8.9

8.7
8.9

8.5
8.9

8.3
8.8

8.1
8.9

8.2
8.9

<2.0 470 46

<2.0 480 53

<2.0

<2.0

<2.0

<2.0

<2.0

<2.0

<2.0

<2.0

Q2.0

<2..0

<2.0

460 42

480 51

440 29

450 39

470 61

470 65

450 37

460 38

500 40

510 48

440 30

500 37

<2.0

<2.0

460 45

480 51

1,500

1,700

1,400

1,600

1,400

1,500

1,400

1,500

1,400

1,500

1,500

2,000

2,000

2,700

1,750

2,100

1,980

2,100

2,600

2,100

1,500

17

41

12

23

14

46

30

33

48

94

27

28

30

80

20

45

9

17

29

17

29

0.39

.64

.24

.35

.29

.32

.30

.51

.52

.77

2.25

8.0

.69

.90

1.23

1.89

.46

.57

.00

.45

.00

.59

.00

.40

Average
August Mininum

Maximum

Average
September Minimun

Maximum

Average
October Minimum

Maximum

Average
November Minimum

Maximum

Average
December Minimum

Maximum

<2.0 400 26

<2.0 560 33

58.0 3.42
55.0 ----- 8.5
59.0 3.79 8.8

<2.0

<2.0

<2.0

<2.0

<2.0

<2.0

600 42

470 68

490 ---.

510 70

57.0 3.27
50.0
59.0 3.50

8.6
9.0

standard Average 7.27 0.134 0 28 11 250 12 .66
deviation Minimum 7.77 ..... 0.219 ..... ..... ---. ..... ....

(o) Maximum 17.37 0.138 .111 0 44 18 430 24 2.16

Average 62.0 3.50 ..... '2.0 460 40 1,590 23 .70
Mean Minimum 57.3 8.5 -----. ............

Maximum 61.67 3.81 8.9. <2.0 500 46 1,910 40 1.28



30 Tabte 7.--MonthLy average. minimum. and maximum values for treated mine discharge.IKerr-McGee Church Rock ! Mine. 1980-8,- -Continued

Molyb- SeLe- Vana-
Tem- pH Total denumn, nium, Uranium, dfum, Radium-226,
pere- (Stand- suspended total total total total dissolved
ture Discharge ard sediment, ( L g/L (og/L (jsg/L (1g/I (pCi/L as

Month (*F) (CMG) units) (ag/L) \as MO as Se) as U) as V) Ra-226)

1983

Average
January Mininun

Maximum

Average
February Minimum

Maximum

58.0 3.33
55.0 .....
60.0 3.69

59.0 3.45
57.0 -----
63.0 3.70

60.0 3.40
56.0
64.0 3.60

8.5
8.9

8.5
8.9

8.6
8.8

March

ApriL

May

June

July

Average
Minimum
Maximum

Average
Minimum
Maximum

Average
Minimum
Maximum

Average
Minimum
Maximum

Average
Minimum
Maximum

61.0 3.42 .....
55.0 8.7
66.0 4.97 8.8

66.0 3.34
60.0
72.0 3.52

71.0 3.23
66.0
74.0 3.45

8.7
8.8

8.6
8.8

,C2.0 .....

<2.0 510

01.0

<1.0 510

<1.0 -----

<1.0 480

<2.0 .....
..... -.....

Q2.0 460

<2.0 .....

<2.0 550

<2.0

Q2.0 560

<2.0 -----

<2.0 650

Q2.0 -----

<2.0 560

<2.0 .....

<2.0 510

<2.0 -----
....-- .....

Q2.0 540

<2.0 .....

<2.0 580

(2.0 .....

<2.0 600

.... ----- ---

82 1,600 <4

27 1,300 14

29 1,100 14

.... .---- ...

28 1,000 <40

.... .. ---- ...

32 1,200 <40

43 1,500 <40

97 1,200 40

.... --.... ...

12 1,300 22

. . .... --- - ..

.... -- - ...

10 1,400 5

.... °. .. ... - -

75 1,500 8

.... 1,450 --

63 1,600 30

---- 1,670 ...

76 1,820 36

.05

.00

.03

.08

.06

.22

.35

.80

.53

.035

.132

.27

.08

.11

76.0 3.35 .....
75.0 ----- 8.5
77.0 3.80 8.8

77.0 3.44 ----
75.0 ----- 8.5
78.0 3.67 8.8

Average
August Minimum

Maximum

Average
September Minimum

Maximum

Average
October Minimum

Maximum

Average
November Minimum

Maximum

Average
December Minimum

Maximum

73.0 3.80
65.0 .....
76.0 4.00

8.3
8.7

67.0 3.51 -----
66.0 ----- 8.4
70.0 3.74 8.8

61.0 3.52 -----
52.0 8.4
68.0 3.88 8.7

57.0 3.46
52.0
60.0 3.62

8.4
8.7

Standard Average 7.217 0.141 ...... ---- 156 --- 0.037
deviation Minimum 8.167 0.124 .... ..... ... .....

(a) Maximum 6.481 0.397 0.067 ..... 55 32 237 15 .410

Average 65.5 3.44 ..... <2.0 .... 1,560 ... 0.106
Mean Minimum 61.2 ----- 8.5 ..... ..... .... ...... ........

Maximum 69.0 3.80 8.8 <2.0 540 64 1,380 24 .295
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Table 7.--MonthLy average, minimnm, and maximum values for treated mine discharge.

Kerr-McGee Church Rock I mine. 1980-84--Continued

Moly- SeLe- Vana-
Ten- pH Total /denm, Z nium, Uranium, dium, Radium-226,
pera- (Stand- suspended totae[ total totat total dissolved
ture Discharge ard sediment, (,g/IL (Wg/L (Ag/L (ag/L (pCi/IL as

Month (*F) (MGD) units) (mg/L) i.,as No) as Se) as U) as V) Ra-226)
1984

1984

Average
January Minimum

Maximum

Average
February Mlnimum

Maximum

59.0 3.44
56.0 .....
62.0 3.73

60.0 3.34
56.0 .....
63.0 3.67

8.4
8.6

8.4
8.7

March
Average
Minimum
maximum

62.0 3.49 .....
59.0 ..... 8.3
64.0 3.91 8.6

Average
April Mininum

Maximum

Average
May Minimum

maxfmun

June
Average
Minimum
Maximum

Average
July Minimum

Maxinun

Average
August Minimum

Maximum

Average
September Minimum

Maximum

Average
October Minimum

Maximum

Average
movenber Minimum

Maximum

Average
December Minimum

Maximum

- --- -- --- --

- --- -- --- --

.. ... . ... ..

-- --- - ... ..

.. ... . - --- -

-- --- - - --- -

--- -- - - ----

.. ... . -- - --

--- -- - - ----

... ... -- ---

- --- -- -- ---

. .... . .. ...

- ---- - -- ---

- -- -- - - -- --

-- --- - - --- -

.. ... . - ----

--- --- -- ---

----- 570

----- 480

..... .....

----. <587

..... .....

..... ---

..... .....

.---- .....

-----. .....

----.. .....

..... .....

----.. ..

.---- -----

--- - - --

---- ----- ...

.... ----- ...

---- ..... ---

.... ----- ...

.... ----- ---

.... ..... ---

---- ..... ...

---- ..... ...

---- ..... ---

.... ----- ...

.... ----- ...

.... ----- ---

.... ----- ---

1,030

73 1,320

1,690

74 1,940

.... 1,770

<101 1,930

320

410

<27

0.12

.14

.13

.18

.17

.28

Standard Average 1.528 0.076 -. .... 406 --- 0.026
deviation Mininmu 1.732 ----- .058 --.---. ....

(a) Maximum 1.000 .125 .058 ..... 58 16 355 200 .072

Average 60.0 3.42 ----- 1,500 --- .14
Mean M in imum 57 .0 ----- 8 .4 -----.... . ... 14

Maxinun 63.0 3.77 8.6 ..... 550 83 1,730 252 .20
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Table 8.--Water-quality data for mine discharges, United Nuclear
Corporation Old Church Rock Mine, 1980-82

[Values are in the following units: pS/cm, microsiemens per centimeter
at 25" Celsius; mg/L, milligrams per liter; pg/L, micrograms per
liter; pCi/L, picocuries per liter; dashes indicate no data]

Molyb- Sele- Vana-
pH denum, nium, Uranium, dium,

(Stand- total total total total
ard (;g/L (pg/L (yg/L (pg/L

Date units) as Mo)i1" as Se) as U) as V)

Untreated water

11-17-801 ---- ---
11-02-821 ---- ---....

Treated water

11-17-801 ......-
07-20,

21.822 3 9.03 110 15 1,160 28
11-02-821 ..

Total
Zinc, Gross Radium-226, Radium-226, sus-
total beta, dissolved total pended
(pg/L total (pCi/L as (pCi/L as sediment

Date as Zn) (pCi/L) Ra-226) Ra-226) (mg/L)

Untreated water

11-17-80 --- 4,008±879 ...........
11-02-82 --- 530±100 ...........

Treated water

11-17-80 --- 646±64 ...................
07-20,

21-822 <50 ------ 5.37±.12 5.49±.11 4.8
11-02-82 --- 322±30 --------. ........

'Data from United Nuclear Corporation

224-hour composite sample.

3Data from U.S. Environmental Protection Agency.
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Table 9.--Water-quatity data for mine discharges. United Nuclear Corporation

Northeast Church Rock Nine. 1975-82

(Values are in the following units: pAS/cm, microsiemens per centimeter at 25" Celsius; mag/L, milli-
grams per Liter; pg/L, micrograms per Liter; pCi/L, picocuries per Liter; dashes indicate no data]

Spe-
cific Cal- Potas- Sul- ChLo- TotaL
con- pH cium, Sodium, siun, fate, ride, Bicar- solids
dsct- (Stand- total total total total total bonate, dis-
once ard (ma/L (nO/L (mg/L (OWl/L (mg/L (OW/L solved

Date (US/cm) units) as Ce) as Na) as K) as SO4 ) as CL) as HCO3 ) (rag/L)

Untreated water

11-13-80 --- ----... . .. . . .. . . .....
11-17-801 ...... .... ..... .. .. .. . . .. .....

10-06-812 ...... ... ... ...... ... .
11-02-821 ... .... .... .... ... .... ... . ... . ..

Treated water

03-04-75 1 3 . ----. .... ...... ..... ...
03.05.751 3 ... ..
03_06_751 3 ----. .... ... . . . ..... .
10-24-774 681 8.82 .-.. 144.9 67.2 24.2 ----- 383
11-13-784 623 .... 8.0 149.5 1.56 107.6 25.4 229.6 419
08-29.791 ... ........
11-01-794 923 7.66 27.6 144.9 1.56 361.5 20.4 32.6 587
03-05-804 725 ---. 13.4 147.2 1.56 126.1 26.2 256 453
11-17-80 1 .... .. . . .. ..... .. .. .. . . ....
10-06-813 ... .... .----.... .......... .--
11-02-82 ... .... .. ---- -

07-20,21-823 6 --- 8.16 ----

Nitrate+ ALum- An- Beryl- Cad- Chro-
nitrite, Ammonia, inure, timonry, Arsenic, Barium, Liun, miun, mium, Copper,
total total total total total total total total total total

(mg/L. as (nu/L (lig/I (pgg/I (pg/L (pgWL (ug/L (L g/L (pg/. (p/L
Date NO2+NO3) as NH3 ) as AL) as Sb) as As) as Ba) as Be) as Cd) as Cr) as Cu)

Untreated water

11-13-80 .... .... ...... --- ---.. ... .. ... ..
11-17-80 ----. ..... .... ...- ... ..... ... ... ... ..
10-06-81 ---- ... .... ... ... ....... ... ...--- ...
11-02-82 ---- ... .... ...........-.. ...-- - - ... ..

Treated water

03-04-753 .... . .... ... .. ..... .
03-05-753 .... ..... ....-- ...... ..... ... ... ... ...

.03-06- 753 o.. ...... ---- --- - . .---- --- .o. . ..-

10-24-77 ---- 0.036 --.. ... <5 880 .. ... ..
11-13-78 0.46 .19 .-..... <5 381 ... <1
08-29-79 .... <20 <20 ----- <20 <20 <20 <20
11-01-79 0.34 1.25 <250 --- <5 707 --- <1 ... ...
03-05-80 .... ....---- ... <5 311 - <1 -
11-17-80 . . ..... .... ... ... ..... .. ... ... ..
10"06-81 .... ..... ... ... ..... ... ... ... --...
11-02-82 ...... . . . . . .. . . . .. .. .07-20,21-823 -.--.- ---- -... ... ---- ...- ... ---

See footnotes at end of tabLe.
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Table 9.--Uater-quatity data for mine discharaes. United Nuclear Corporation

Northeast Church Rock Nine. 1975-82--Continued

olyb- Sale- Vane-
Lead, Mercury, denum,\ Nickel, nimn, Silver, Uranium, dium, Zinc,
total total \toaL total total total total total total
Opg/L (pg/L (sig/L OiW(g/L (WAg/ (pg/L (Ag/L (Ag/L (9g/A

Date as Pb) as Hg) as Mo) as Ni) as Se) as Ag) as U) as V) as Zn)

Untreated water

11-13-80 . ...... ... - .....

10-06 -8 1 . ..... .... . .. ..... .
11-02-82 --.---- ----.

Treated water

03-04-753 --- 200 .... 60 ----- 7,600 500 -----
03-05-753 ---. ..... 200 ---- 60 ..... 6,500 400 -----
03-06-753 --- 100 .... 10 7,600 400 -----
10-24-77 --- .....- <10 ---- 94 1,200 .....
11-13-78 -5 ----- 65 ---- 74 ..... 1,320 30 <I
08-29-79 <20 <0.20 <20 c20 22 <20 ----- 50 c20
11-01-79 <5 <10 ---- 53 1,260 k10 <250
03-05-80 <5 10 ---- 82 ----- 516 24 '250
11-17-80 --- ..... .. -. .... .
10-06-81 ... --------..
11-02-82 - -. ..... .... .....-- - .... ..... ..... ..

07-20,21-823 14 -... 4-3 870 10 C50

Polonium-
Gross Gross Lead-210, 210, Radium-226, Radium-226,
alpha, beta, total total dissolved total
total total (pCi/L as (pCi/L as (pCi/L as (pCi/L as

Date (pCi/L) (pCi/L) Pb-210) Po-210) Ra-226) Ra-226)

Untreated water

11-13-80- --------- .....................---------- ......... 24.1+0.8
11-17-80 6,442 .551 ......... ......... ..................
10-06-81 3,100*100 ---------- 1,200±100 900*200 --------- 550±170
11-02-82 ......... 876:150 ......... ......... ..................

Treated water

03-04-75 .-------------------------------...... 19.8 ---------
03-05-753 .........- .......... .---------- --------- 22.9 ---------
03-06-75s ..--------------- --------------------- - 27.3 ---------
10-24-77 - ---------- .......... --------- 9.75.6 -------- 1.9t.8
11-13-78 900O 60 .......... ......... ......... ........ 2. Ot. 1
08-29-79 ......... .......... ......... ......... ..................
11-01-79 650 -80 ..... .... .... ... .. .... . ... .... .81±.24
03-05-80 282±18 ..........-......... .......... - ---------- 3.M 15
11-17-80 ........ 326±32 ......... ......... ......... .........
10-06-81 280±30 ---------- 10t2 10-1-....... 2.5±.8
11-02-82 ........ 342±32 ......... ......... ......... .........

07-20,21-82 .--------- --------------------- --------- 1.35±.07 1.14±.10

See footnotes at end of table.



35Table 9.--Water-quatity data for mine discharges. United Nuclear Corporation
Northeast Church Lock Mine. 1975-82--Continued

Thorium- Thorium- Thorium-
Radfun-228, 228, 230, 232, TotaL

total total total total suspended
(pCf/L as (pCI/I as (pCi/L as (pCi/L as sediment,

Date Ra-228) Th-228) Th-230) Th-232) (ag/L)

Untreat2e water

11-13-80 ---....... ....... ....... ....
1 1 -1 7 -8 0 .. .. .. . . . .. . . . . . . . . . . . ... . . .
10-06-81 .-- 0.0*.1 210±10 0.10.1 ---
11-02-82 .......... ....... . .....

Treated water

03-04-753 .......... ....... ....... 33
03-05-753 .......... ....... ....... 4703-06-753 ... ....... ....... ....... 71
10-24-77 --- .............. ...
11-13-78 0_2 ....... ....... .......- 4.2
08-29-79 .... ...... ....... ....... ...
11-01-79 ....... ....... ....... 0
03-05-80 -------. ....... ....... . 4.5
11-17-80 .--.. ....... .... ... ....
10-06-81 -0.2±.2 0.1t.1 0.0±.1 ----
11-02-82 -------.. ------.. ....... ....

07-20,21-823 -------. ....... ....... 2.6

10ata from Unfted Nuclear Corporation

%ata from Bruce Gat Laher (New Mexico Health and Engineering Department, written

comun., 1982).

t24-hour composite sample.
4 Data from New Mexico Health and Engineering Department, Environmental

Inprovement Division, Water Pollution Control Board.

6Data from U.S. Environmental Protection Agency.



36
Table lO.--Water-quatity data for taitinrs-pond solution. 1979-80

[Values are in the following units: pS/cm, microsfemens per centimeter at 25" Celsius; mg/L, milli-
grams per liter; jg/L, micrograms per Liter; pCI/L, picocuries per liter; dashes indicate no data]

Spe-
cific Cal- Magne- Potas- SuL- Chlo- Ftuo-
con- pH cium, slum, Sodium, sium, fate, ride, ride,
duct- (Stand- total total total total total total total
ance ard (mg/L (mg/L (mg/L (mg/L (mg/L (mg/L (mg/L

Date (pS/cm) units) as Ca) as Ng) as Na) as K) as S04) as CO) as F)

02.05-791 2 ..... 1.92 .... 50.8 519 .... 4,802 50.0 2.47
11-01-791 2 1,589 8.66 20.0 4.5 315.1 1.95 434.7 19.4 ----
03-05-805 4 702 ---- 10.0 ---- ---- 1.56 108.6 12.2 ----

Total Nitrate+ Alum- Cad- Chro-
Bicar- solids nitrite, Ammonia, tnum, Arsenic, Barium, mium, mium,
bonate, dis- total total total total total total total
(Og/L solved (mg/L as (mg/L (Ag/L (mg/L OWg/L (pg/I (Wg/L

Date as i•C03) (mJ/L) N02+ND3 ) as NH3 ) as AL) as As) as Ba) as Cd) as Cr)

02-05-791 ..... ... .... .... .. 70 <100 -- 150
11-01-791 372.1 899 0.02 0.07 5,170 <5 940 <1
03-05-80W 258.2 441 -.... ... <5 201 <1 ---

Mange- Motyb- Sale- Vana-
Cobalt, Iron, Lead, nese, denum, nium, Uranium, dium, Zinc,
total total total total total total total total total
(p&g/L (pg/L (pg/I (pg/L (pg/I (pg/L (pg/L (Ag/IL (pg/L

Date as Co) as Fe) as Pb) as Mn) as Mo) as Se) as U) as V) as Zn)

02-05-791 950 157,500 200 14,000 40 -- 4,090 ... ....
11-01-791 ------- <5 ...... < 29 1,140 95 <250
03-05-803 .... ....... C5 ...... 9 82 3,260 <10 <250

Thorium-
Gross Radium-226, 230, Total
alpha, total total suspended
total (pCi/L as (pCi/L as sediment,

Date (pCi/L) Ra-226) Th-230) (mg/I)

02-05-791 ......... 209.5 10,225
11-01-791 5,300±300 4.2W1.3 ------ 175
03-05-803 1,890±100 38.9±1.3 ...... 11.1

1Samlpte from United Nuclear Corporation Old Church Rock, Last settling pond.

2 Data from United Nuclear Corporation

3Saple from United Nuclear Corporation, Northeast Church Rock.

4Data from New Mexico Health and Engineering Department, Environmental Improvement Division, Wtater
Pollution Control Board.



Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 1

UNC Church Rock Mill Site, Church Rock, New Mexico

This document provides the United Nuclear Corporation (UNC) response to the U.S. Nuclear Regulatory

Commission's (NRC's) June 4, 2013, Request for Additional Information (RAI) on the Report Entitled

"Technical Analysis Report in Support of License Amendment Request for Revised Groundwater

Protection Standards Based on Updated Background Concentrations, Source Materials License SUA-

1475, Groundwater Corrective Action Program, United Nuclear Corporation Church Rock Mill and

Tailings Site, New Mexico April 2012". NRC comments are shown in blue text and UNC responses are

shown in black text.

1) Comment: In Section 2, Identification of Samples Representative of Background Water Quality, Page

2; the establishment of monitoring wells having samples representative of background water quality in

the 2008 N.A. Water Systems report [Agencywide Document Access and Management System (ADAMs)

Accession Number ML083530220] was not formally reviewed or approved by the U.S. Nuclear

Regulatory Commission (NRC). The NRC staff believes that this section, as drafted, incorrectly implies

that the 2008 N.A. Water Systems report was submitted and approved by the NRC staff.

Technical Basis: The current amendment request has chosen to utilize the same monitoring well

network in the Southwest Alluvium and Zone 1 that was previously assessed during NRC review of

Amendment No. 37 for the Technical Analysis Report revised in 2006 [ML006073004]. However, a key

difference in the current submittal is that the time interval from the background wells includes two

additional years of data than that was not previously assessed and includes data from Zone 3

background wells. Therefore, the monitoring wells associated with the current licensing request were

reevaluated to determine if they are representative of background conditions for the newly proposed

time interval.

Path Forward: United Nuclear Corporation (UNC) should revise this section to clearly state that the 2008

N.A. Water Systems report was reviewed and approved only by the U.S. Environmental Protection

Agency (EPA). The NRC will be reviewing the selected background wells to ensure they are

representative of background water quality.

UNC RESPONSE

UNC will make the requested modification to the text.

Chester Engineers 1/10/14 1



Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 2

UNC Church Rock Mill Site, Church Rock, New Mexico

2) Comment: The Technical Analysis Report - April 2012 does not discuss the algorithmic method (if

only dependent on higher order statistics and the value of k samples) used or the mathematical method

used to determine the Upper Predictable Limit (UPL) 95 for the nonparametric background statistic.

Technical Basis: The report is deficient in documenting how the ProUCL software calculates the

nonparametric UPL 95.

Path Forward: Provide a detailed explanation of how the nonparametric UPL 95 is determined.

UNC RESPONSE

Summary

Potential background threshold values (BTVs) were calculated for the License Amendment Request using

the EPA's software package ProUCL (Singh et al., 2010). The statistic selected to estimate BTVs is the

upper prediction limit at 95 percent confidence (UPL95) of an anticipated number of future samples.

Most background constituent of concern (COC) sample sets are left-censored (i.e., contain non-detected

results in the lower part of the analytical range) and do not follow frequency distributions (e.g., normal

or log-normal) for which parametric estimation methods are applicable. Because it is difficult to reliably

perform goodness-of-fit tests for data distributions on left-censored sample sets, the ProUCL software

technical guidance (Singh et al., 2010) emphasizes the use of distribution-free non-parametric methods

including the Kaplan-Meier Method (KM), and others, for the estimation of UPL95 statistics.

Specification of the future number of samples is required for the calculation of UPL95 statistics. The

appropriate number of future samples was based on the anticipated number of sampling locations in

each hydrostratigraphic unit and anticipated future sampling frequencies and durations.

The Kaplan-Meier method is a non-parametric statistical method used to estimate the mean and

standard deviation of populations with censored data; these estimates are then used by ProUCL in a

parametric UPL95 calculation. The number of future samples (k) is used to adjust the exceedance

probability (based upon the Bonferroni inequality) to select the appropriate critical value (i.e., t-statistic

or z-statistic) for the UPL95 calculation. Detailed calculation methods and reference citations are

provided in the following discussion.

Discussion

Kaplan-Meier Method

The Kaplan-Meier estimation method, also known as the product limit estimate (PLE), is a recommended

statistical method to analyze environmental data containing non-detected values (Singh, 2011).

According to EPA statistical guidance (Unified Guidance, EPA, 2009), the Kaplan-Meier estimator was

originally devised to estimate survival probabilities for right-censored samples (Kaplan and Meier, 1958),

such as in medical studies of cancer treatments. Because it is non-parametric, there is no requirement

that the underlying population be normal or transformable to normality. EPA also incorporates the

Kaplan-Meier procedure to calculate a UPL for left-censored data without a discernible distribution

within its ProUCL software (Singh et al., 2010).

Chester Engineers 1/10/14 2



Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 2

UNC Church Rock Mill Site, Church Rock, New Mexico

The Kaplan-Meier method is applied by ordering and assigning ranks to each of the detected values and

accounting for non-detected values to create a cumulative distribution function (CDF). Starting at the

largest detected value, the proportion of concentrations below each detected value (the estimator) is

calculated. The estimator for left-censored data thus depends on a series of conditional probabilities,

where the frequency of lower concentrations depends on how many larger concentrations have already

been observed (EPA, 2009).

The equations used to calculate the Kaplan-Meier estimator in the EPA Unified Guidance (EPA, 2009) are

excerpted below. Equations are also presented in Singh et al. (2010; see Section 4.6) and Singh (2011),

using a slightly different notation.

In mathematical notation, suppose there are m distinct values in the sample (out of a total of n

measurements), including distinct reporting limits. Order these values from least to greatest and

denote them as x(I), x(2), ..., X(m). Let nifor i = 1 to m denote the 'risk set' associated with value X(i). The

risk set represents the total number of measurements - both detects and non-detects - no greater

than X(N. Since a non-detect with a RL larger than x(i) is potentially (but not necessarily) larger than x(1),

nondetects with RL > x(i) are not included in ni. A further term di identifies the number of detected

measurements exactly equal to x(,).

With these definitions in place and letting X denote a random variable concentration from the true

underlying distribution, the Kaplan-Meier estimator is constructed from the pair of probabilities:

Pr < X(J 1 [15.1]

Pr( X5 X( X_ x(0+I))0 1= I for i= 1 to m [15.2]
n~i+ I

where X(m+1) = + oo dm,+l = 0, and nm+1 = n all by definition. Equation [15.2] represents the conditional

probability that the concentration does not exceed x(1) given that it does not exceed x•÷•j. The final

Kaplan-Meier CDF estimate (FKM) for each i = 1 to m-1 (each distinct detected value) is given by a

product of these conditional probabilities and can be expressed as:

Fv.T(x1 )= Pr(X < x(,)=(-d 1  x l 1x (dm = _( d'----- [15.3])1 + " , ,i , +2 7 k=, ( n ÷,

The mean and standard deviation estimates are calculated using the following equations excerpted from

the Unified Guidance (EPA, 2009).

Chester Engineers 1/10/14 3



Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 2

UNC Church Rock Mill Site, Church Rock, New Mexico

Ml

i=i

where X(o) = 0, and FKM(x(o)) = FKM(O) = 0 by definition.

Example spreadsheet calculations for the Kaplan-Meier CDF, mean, and standard deviation using the

Church Rock Site Zone 3 background arsenic data are provided in Table 1. The resulting mean and

standard deviation estimates are then used as the sample mean and standard deviation in parametric

equations for the UPL, as demonstrated in the following section.

UPL95 and UPLk95

UPLs are often used as background threshold values (BTVs) for point-by-point individual site observation

comparisons. A UPL95 calculated for a background data population represents an upper limit for which

a single independently obtained observation from that population will be below, or equal to, with a

confidence level 95%. Accordingly, there is a 5% probability that a single sample drawn from the

population would be above the UPL95.

ProUCL contains parametric and non-parametric methods to calculate UPLs and other BTVs. A

parametric UPL that can be used to compare a single future sample comparison based on the Kaplan-

Meier estimates of mean and population standard deviation can be calculated using following equation

(excerpted from Singh, 2011):

Upper Prediction Limit (UPL): For small samples (e.g., fewer than 30 samples), UPL can be
computed using the critical value fi'om the Stndent's t-distfibution; and for large datasets. UPL
can be computed using the critical values fiom normal distribution.

UPL = 14Ju + t((a)_l)) * + -
n

UPL= :a*& &Km 1+!

iijw = Kaplan Meier estimate of mean based upon data x5, i = 1, 2, ..., n;

c'., = Kaplma Meier estimate of population standard deviation:

= (1- a)" critical value from t-distribution with degrees of freedom of (n-i):

" = a critical value from stmadard normal distribution
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Response to 6/4/2013 NRC RAI, Enclosure 1, Comment 2

UNC Church Rock Mill Site, Church Rock, New Mexico

However, should k future observations be compared against a UPL designed for one future comparison,

the overall probability of exceeding the UPL (i.e., the false positive rate) increases in accordance with

the following equation (Singh, 2011):

a actual= 1-(1- a)k

Singh (2011) summarizes an adjustment that can be made to a UPL95 equation (based upon the
Bonferroni inequality) to account for one or more future observations and uses the notation UPLk95 to

represent a 95% UPL for k (>=1) future observations. In the adjusted equation, the exceedance

probability a is divided by the number of k future samples and used to generate the appropriate critical
value (i.e., t-statistic or z-statistic) for the UPL95 calculation:

UP495 = (++t(14oosk)n-.)$1+

The preceding equation shows a normal-distribution based UPL95 calculation with the population mean

and standard deviation, rather than Kaplan-Meier estimates of the population mean and standard

deviation. The use of the analogous equation for the UPLk95 based on the Kaplan-Meier estimates of

the population mean and standard deviation is not explicitly described in the ProUCL technical guidance
manual, but referred to in Section 5.4.1.1 (Singh et al., 2010). The calculation is made in ProUCL when

performing non-parametric background statistics for censored datasets (i.e., with NDs) and more than

one "different or future k values" has been entered as an option. The results of this analysis are
identified in the ProUCL output (for a selected 95% confidence level) as the "95% KM UPL for Next k

Observations".

It should also be noted that ProUCL does not appear to provide an option to use the z-statistic from the
standard normal distribution (i.e., rather than the t-statistic from Student's t-test) to calculate the

Kaplan-Meier UPL95 for multiple future k values from a large background dataset (i.e., greater than 30
samples). However, the use of the t-statistic is considered acceptable because the t-statistic approaches

the z-statistic as the number of samples (i.e., degrees of freedom in the Student's t-test) increase, and

the Church Rock site background datasets for the three hydrostratigraphic units are relatively large (i.e.,

a minimum of 185 to a maximum of 429 samples).

Example spreadsheet calculations for the Church Rock Zone 3 arsenic UPL95 for 216 future samples are

provided in Table 2. The resulting UPL95 estimate (0.757 mg/I) is identical to that provided in Table 6

and Appendix C in the License Amendment request.

Chester Engineers 1/10/14 5



Response to 6/4/2013.NRC RAI, Enclosure 1- Comment 3

UNC Church Rock Mill Site, Church Rock, New Mexico

3) Comment: Remedial action of Zone 3 is reported in numerous documents to have begun in 1983 at

the Northeast Pump-Back wells. However, a December 7, 1981, quarterly report [ADAMs No.

ML101050277] from UNC to the New Mexico Natural Resources Department indicates that ten 400

series seepage extraction pumps in Section 36 and three 300 Series pumps around the tailings area were

being utilized prior to 1981. While the document does not identify each of the 13 wells, early cross-

sections and monitoring well maps indicate that many of the 400 and 300 series wells were screened

within Zone 3.

Technical Basis: Information on seepage extraction prior to commencement of remedial action activities
would provide accurate information necessary for the NRC staff to determine those influences that may

have affected the transport of seepage from the tailings cells and burrow pits.

Path Forward: Provide further detailed information about the wells used for seepage extraction prior to

commencement of remedial actions for each of the hydrostratigraphic units.

UNC RESPONSE

Summary

The referenced text from the December 7, 1981, quarterly report (UNC, 1981c) reads as follows:

The ten 400-Series seepage extraction pumps on Section 36 were turned off on September 14, 1981,

and so were the three 300-Series pumps around the tailings area on November 30, 1981. Therefore,

no seepage extraction water is being returned to the borrow pits now.

The United States Nuclear Regulatory Commission (NRC) has suggested that the use of the terminology
"seepage extraction pumps" in the referenced quarterly report implies that these wells were pumping

what was previously determined to be seepage-impacted water from Zone 3. During the July 11, 2013,

teleconference, NRC indicated the following additional concerns related to historical pumping of the

300- and 400-series wells: (1) due to the downgradient position of the 400-series wells, this pumping
may have temporarily expanded the seepage-impacted area into background (i.e., non-impacted) areas;

and (2) subsequent to the cessation of 400-series well pumping, background groundwater may have

become re-established in the temporarily impacted areas, such that the evidence of impact was
lessened and previously impacted monitoring wells might be included improperly in the statistical

evaluations of background concentrations.

Our review of the available historical information indicates that three 300-series wells screened in

multiple hydrostratigraphic units were pumped for approximately 11 months. Based on their proximity

to the Central Tailings Cell, these wells likely extracted seepage-impacted water. The ten 400-series

wells were pumped for approximately five months prior to September 1981 and it is unlikely that the

400-series wells were pumping seepage-impacted water during this period. Historical investigations
were not able to clearly distinguish between seepage impacted and background waters in Zone 3;

therefore, historical seepage-impact delineations are not as reliable as comparisons made via our

current capabilities, which use the evolution of bicarbonate concentrations as the best geochemical

indicator of differentiating seepage-impacted from other water types. Additionally, variations in
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Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 3

UNC Church Rock Mill Site, Church Rock, New Mexico

monitoring well construction may have affected the historical interpretations of seepage impact. We

will address each of these topics below in support of a conclusion that the 1981 pumping of the 300-

and 400-series wells was inconsequential with respect to the extent of seepage impacts.

Discussion

UNC has reviewed available historical documents related to pumping of the 300-series and 400-series

wells conducted prior to the initiation of Zone 3 remedial action in 1983. A March 6, 1981, UNC letter

report (UNC, 1981a) indicates that UNC operated the Central Cell seepage interception system,

comprising four 300-series wells (340, 304, 323A, and 335) in early 1981 (see Figures 1 and 2). Three of

these wells (340, 304, and 323A) appear to be the 300-series wells referenced in the December 1981

quarterly report (UNC, 1981c). The March 1981 letter report (UNC, 1981a) contains daily pumping
records for these wells for February I through March 6, 1981, and indicates that 1,075,000 gallons were

pumped during February 1981. The March 1981 letter report (UNC, 1981a) also provides pH and

conductivity measurements collected from January 5 to March 6, 1981. These data suggest that well
340 replaced well 335 as a pumping well because pH and conductivity measurements ceased for well

335 in mid-January and are subsequently initiated for well 340.

Based on this information it appears that the three 300-series wells operated for approximately 11
months until they were shut down in November 1981. However, the location and construction of these

wells indicate that the pumping would not have significantly affected the Zone 3 seepage-impact area.

The well locations near the Central Cell (see Figures 1 and 2) are too distant from the Zone 3

downgradient background areas and well construction records indicate that these wells are open to

multiple hydrostratigraphic units. The screened interval for each of the wells extends from the lower

part of Zone 3, through Zones 2 and Zone 1 and into the top of Mancos Shale; the sandpack for each
well extends from the bottom of the well to (or near) the ground surface.

It appears that the 400-series wells described in the December 1981 quarterly report (UNC, 1981c) were

pumped for a period of approximately five to seven months, prior to being turned off in September

1981. According to the UNC database and master wells table, the 400-series wells were installed

between February 1981 and April 1981. The March 1981 letter report (UNC, 1981a), which summarizes

plans to install the 400-series wells between wells TWO,-115D and TWQ-148, further constrains the 400-
series wells operating period. The report indicates that only three of the wells (401, 402, and 403, see

Figures 1 and 3) had been installed at the time of the report and that pumping had been initiated at one

well (402), at a rate of approximately 8 gpm, on February 27, 1981. Wells 401 and 403 were not being

pumped because they were being redeveloped and redrilled, respectively.

UNC files contain a partial copy of a report related to the 400-series well installation and pumping (UNC,

1981b; titled Report 2, Northern Collection System; dated May 20, 1981; no author listed) which

indicates that pumps were installed in ten 400-series wells (401, 402, 403A, 422, 424, 433, 435, 438,

444, and 446) in early 1981. This report summarizes the results of pumping tests conducted at wells 402
and 438 at rates of approximately 5 gpm prior to the initiation of "extractive pumpage" on April 29,

1981, from all extraction wells. Therefore, the combined pumping of the ten 400-series wells was

limited to approximately five months ending September 14, 1981. The aggregate pumping rate for the

ten well system is not documented.
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Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 3

UNC Church Rock Mill Site, Church Rock, New Mexico

There is additional information indicating that the ten 400-series wells were pumped together for only

five months. Billings & Associates (1982) references a five-month operation period for the 400-series

wells in a report providing recommendations for the future Zone 3 seepage control system. Water level

hydrographs for wells 411 and 420 prepared by Billings & Associates (1984, attached) show a response

to pumping corresponding to that described Northern Collection System report. The hydrographs also

show that the wells recovered fully and that the Zone 3 water level continued to rise in response to the

continuing mine dewatering discharge (i.e., background water). Billings & Associates (1984) also

indicates that neither of these wells appeared to be contaminated when they were last sampled.

It is unlikely that the 400-series wells were pumping seepage-impacted water during this period. Billings

& Associates (1982) notes that several feet of drawdown were documented in the Well 126/127 area

(south of the 400-series wells) after five months of pumping and that water quality "worsened" in the

eastern half of the 400 Series wells during the pumping, but there is no evidence presented that the

400-series wells were pumping seepage-impacted water. As was typical in the early part of the site

investigation, Billings & Associates (1982) was not able to clearly distinguish geochemical differences

between seepage-impacted and background waters and stated that "Without clear and undebatable

background water quality data existing at the UNC site, the determination of the degree of

contamination is based on professional judgment and opinion". Billings & Associates (1982) indicated

that the general shape of the seepage-impacted water could be discerned using total dissolved solids
(TDS) and sulfate concentrations, and suggested a TDS concentration of 4,000 mg/I as a general criterion

for seepage impacts. These historical determinations were likely limited by inconsistent well

construction. For example, the March 6, 1981, letter report (UNC, 1981a) provides well chemistry data

for wells 402 and 401, which have quite different construction. Well 402 is screened across Zone 3 and

the top of Zone 2 (although the sandpack extends into the Dilco Coal Member), while well 401 is
screened across multiple hydrostratigraphic zones (i.e., Dilco, Zone 3, Zone 2, Zone 1, and the Mancos

Shale). The May 20, 1981, Northern Collection System report (UNC, 1981b) suggests that wells

completed in the Dilco or at the Dilco/Zone 3 interface have inferior water quality to those completed

only in Zone 3 or Zone 1 of the Upper Gallup sandstone. It is further suggested that elevated

concentrations of TDS, sulfate, manganese, molybdenum, and uranium may be correlatable to localized

carbonaceous deposits in the Dilco shale and sandy shale.

The 400-series well area was not seepage-impacted in the mid- to late 1980s. Canonie (1987) used pH

as the primary indicator of seepage impact and stated that all other indicators, such as TDS, thorium-

230, heavy metals, and ammonia follow the trend set by pH. This seepage impact delineation shows

that the 400-series well area was not seepage-impacted as of May 1986. EPA subsequently utilized TDS

as the primary indicator in the Remedial Investigation (EPA, 1988), which also showed that the 400-

series well area was not seepage-impacted.

The current seepage-impact delineation methodology has been used to track the seepage-impact

progression for approximately ten years and is more reliable than previous single parameter

delineations because the current method more fully considers the geochemical response to the acid

seepage front by considering the following (N.A. Water Systems, 2008a):
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Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 3

UNC Church Rock Mill Site, Church Rock, New Mexico

" The key indicators of seepage impact are pH and bicarbonate; the analysis considers empirically

derived concentration ranges and time-series of these two indicator parameters.

" Time trends in the concentration of major ions; in particular, decreasing ratios of Ca:Mg are

associated with degrading groundwater quality.

" Time trends in the concentrations of many metals and radionuclides will usually increase as the

buffering capacity degrades in Zone 3.

UNC considers the five-month pumping of the 400-series wells to be volumetrically minor in comparison

to the combination of the remediation pumping initiated at the northeast corner of the impoundment in

October 1983 and the subsequent Zone 3 pumping, initiated in 1989 and 2005. Assuming a pumping

rate of 5 gpm per well (i.e., equal to pumping rates used for pumping tests of wells 402 and 438) during

the five month period, the 400-series would have pumped approximately 11,000,000 gallons. In

comparison, Earth Tech (2002) shows that the total volume pumped from the Zone 3 wells from 1989 to
2000 was approximately 160,000,000 gallons. Additionally, approximately 14,100,000 gallons were

extracted from the current Zone 3 pumping system pumping from January 2005 to June 2012 (Chester

Engineers, 2013). Any slight, short-term shifts in the distribution of background and seepage-impacted

waters that might have occurred due to the 400-series pumping in 1981 would likely have been

substantially reversed due to the continued mine dewatering discharge and recharge into Zone 3 over

the several intervening years. UNC concludes that the small proportion of water removed in the early

1980s was volumetrically insignificant and of too short duration to adversely influence the current
methodology used to discriminate between background and seepage-impacted groundwater. Finally,

we should point out that the underlying premise of this comment as expressed during the July 11, 2013,

teleconference is perhaps misplaced. The procedure to discriminate background from seepage-

impacted is via a statistical analysis of chemical attributes and is not influenced or confounded by

pumping history which only influences the location and timing of seepage-impacts. UNC has in fact'

solved the background determination problem that was previously inhibitive - rather than using a well's
location or sampling time to establish background, the water chemistry is the only variable that should

be considered.
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Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 4

UNC Church Rock Mill Site, Church Rock, New Mexico

4) Comment: Molybdenum concentrations have been observed in far downgradient Zone 3 wells at

concentrations greater than expected for being impacted by mining alone. The origin of the high

molybdenum concentrations is unclear due to the lack of groundwater data available prior to 1989.

Technical Basis: It would be unlikely that the concentrations were a result of mining effluents

discharged to the Southwest Alluvium or seepage from the drying pads at the Quivira facilities which

contained a minimum amount of water. The Upper Gallup Sandstone is known to be fractured in the

vicinity of the site. The NRC staff is concerned that fracture controlled flow could account for the

unusually high concentrations observed at distant downgradient wells including the tendency of the

plume to migrate toward the north-northeast instead of in the down dip direction to the northwest.

Molybdenum concentrations obtained from a limited number of sampling events for the North Pond

and Burrow Pits 1 and 2 ranged from 0.001 mg/I to 18.7 mg/I.

Path Forward: Provide further explanation of the high concentrations of molybdenum found

downgradient in Zone 3 and historic sampling results from the tailings ponds and burrow pits during

operations.

UNC RESPONSE

Summary

Elevated molybdenum concentrations observed in samples from Zone 3 wells outside the tailings
seepage plume have historically been considered to be representative of background conditions. The

United States Nuclear Regulatory Commission (NRC) comment contemplates instead that molybdenum

is an indicator of seepage impacts and could be preferentially transported from the tailings ponds via

fracture-controlled flow pathways to locations beyond the geochemically-established extent of seepage
impacts. This alternative interpretation of the historical data is considered to be implausible for the

following reasons:

1. The geochemical interaction of tailings seepage with aquifer materials is well known and the
distribution of tailings seepage-impacted waters is reliably indicated by key parameters pH and

bicarbonate (HC03). Elevated molybdenum concentrations were present at background

locations in the absence of known indicators of tailings seepage.

2. It is highly implausible that molybdenum would migrate completely independently of all other

well-known seepage-impact parameters. Even if there were fracture zones with enhanced

permeability extending from the tailings cells to the northern part of Section 36 and

molybdenum was more highly concentrated in seepage-impacted water, then the comment
purports that the fractures transmit molybdenum preferentially more than any other dissolved

constituent. We can identify no possible physical or chemical mechanism that would bring this

about.

3. The observed distribution of molybdenum concentrations in the three site hydrostratigraphic

units demonstrates that molybdenum is not a suitable indicator of tailings seepage at the

Church Rock site. Molybdenum has a high natural variance in both seepage-impacted and
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background water in Zone 3, and as a consequence the water types are not amenable to

differentiation on the basis of molybdenum data.

More plausible explanations for the observed site molybdenum concentration distributions are related

to its complex environmental geochemistry and the presence of potential natural geologic sources of

molybdenum such as coal beds and carbonaceous shales in the Zone 3 and Zone 2 bedrock and the

overlying Dilco Member of the Crevasse Canyon Formation. Molybdenum concentrations in water are
also complicated by inconsistent well construction in Zone 3; certain wells have screened or sandpacked

intervals that coincide with, or adjoin, the Zone 2 coal, while other wells have screened or sandpacked

intervals that extend from the Dilco or Zone 3 to the Mancos Shale underlying Zone 1. Additional details

regarding these issues are provided in the following section.

Discussion

Historical molybdenum concentrations detected in samples from several Zone 3 wells near the northern

Section 36 boundary (e.g., wells EPA-1, EPA-11, and 0504 B) frequently exceeded 5 mg/I and have a

maximum of 75 mg/I. Many of these detected concentrations are among the highest measured at any
location on the site (including samples collected directly from the tailings ponds and borrow pits) and, in

previous analyses, have been considered representative of background conditions prior to impact by

tailings seepage.

A portion of the dewatering fluids discharged from the Northeast Church Rock (NECR) Mine and Kerr-
McGee Church Rock I Mine into Pipeline Arroyo infiltrated the previously unsaturated alluvium and

bedrock to form the current background groundwater at the Church Rock Mill Site. This mine

dewatering discharge was a source of some molybdenum to the Zone 3 background groundwater;
however, historical discharge monitoring data indicate that molybdenum concentrations in these mine-

related waters were typically lower than those reported in Zone 3 background groundwater. NPDES

monitoring data show that the treated NECR Mine discharge had molybdenum concentrations were in

the range of <0.010 to 0.2 mg/I (1975-1982) and the Kerr-McGee Church Rock I Mine discharge (1980-

1984) had a mean concentration of approximately 0.5 mg/I (Wirt et al., 1991). Blickwedel (2006) shows

that a NECR mine vent shaft sample and several Pipeline Arroyo surface water samples had

molybdenum concentrations similar to theý NECR mine discharge results. These analyses do not

encompass the entire operating period of the mines and therefore may not account for all of the

variability in concentrations discharged to the Arroyo.

Zone 3 is fractured sandstone in which groundwater flows both through the pores in the rock (i.e.,

primary porosity) and through a network of interconnected fractures (i.e., secondary porosity). The

geochemical interaction of acidic tailings seepage with aquifer materials is well known and the

distribution of tailings seepage-impacted waters is reliably indicated by the key parameters pH and

bicarbonate (HC0 3 ). The aquifer materials neutralize the acidic seepage, causing a relatively gradual

increase of the bicarbonate concentration indicative of carbonate mineral dissolution, followed by a

rapid decrease in bicarbonate and pH as the buffering capacity of the formation is exhausted (BBL,

2006). Historical Zone 3 groundwater quality data (see Chester Engineers, 2013, Appendix B) from fully

seepage-impacted wells indicate that it takes from one to three years, from the onset of geochemical

changes associated with the arrival of seepage-impacted groundwater, for full seepage impact to
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develop (unless the constituent transport is affected by pumping). Once the buffering capacity of the
formation is exhausted, acidic conditions will remain indefinitely. The use of pH and bicarbonate as
plume indicators, and to distinguish background from seepage-impacted water quality, is well

documented (N. A. Water Systems, 2008a and 2008b) and has been accepted for various uses (including

an NRC License Amendment, the site Human Health Risk Assessment, and the site Five Year Review) by
NRC, the United States Environmental Protection Agency (EPA), and New Mexico Environment

Department (NMED).

NRC has expressed concern that the source of elevated molybdenum concentrations observed in the
northern Zone 3 wells is tailings seepage that migrated through hypothetical fracture zones (i.e.,

enhanced permeability zones or conduits) from the tailings disposal cells to the well locations. Similarly

EPA, in the Remedial Investigation Report (1988), speculates (without supporting evidence) that higher
downgradient molybdenum concentrations could result from a single discrete introduction of

contamination into the groundwater system. However, historical data show that elevated molybdenum
concentrations were present at background locations in the absence of other known indicators of

tailings seepage. It is implausible that the chemical signature of acidic seepage-impacted water traveling
in an enhanced fracture system would be limited to elevated molybdenum concentrations, independent

of the other more typical seepage indicator parameters (i.e., low pH and bicarbonate concentrations).
There are no identified physical or geochemical mechanisms under which these conditions would occur

and no means for elevated concentrations to be sustained over time such as in samples from well EPA-1

or exhibit variability over time such as in samples from well 0504B.

UNC also considers this potential migration pathway to be unlikely based on the distribution of
molybdenum concentrations in the three site hydrostratigraphic units, which demonstrates that the

molybdenum is not a suitable indicator of tailings seepage at the Church Rock site. Although there are a

few historical examples of significantly elevated molybdenum concentrations in the North Pond and
Borrow Pit 2, these are likely to be related to very low pH conditions (i.e., pH <2.0) which do not persist

for substantial distances in the areas outside the tailings ponds.

The following tables summarize the results of the molybdenum analyses from the background and

exposure point concentration (EPC) statistical evaluations (N.A. Water Systems, 2008a and 2008b) for

each of the three hydrostratigraphic units.

Chester Engineers 1/10/14 12



Response to 6/4/2013 NRC RAI, Enclosure 1 - Comment 4

UNC Church Rock Mill Site, Church Rock, New Mexico

Summary Statistics for Molybdenum (mg/L) in Background Water (N.A. Water Systems, 2008a)

Median UCL95
Total Percent Minimum Maximum Mean of of of

Zone Data Nondetect Detected Detected Detected Detected Mean

Z3 184 14.13% 0.02 .75 11.88 3.76 17.43

Zi 234 97.9% 0.03 0.27 0.12 0.13 0.132

SWA 391 99.5% 0.03 0.03 N/A N/A N/A

Summary Statistics for Molybdenum (mg/L) in Impacted Groundwater (N.A. Water Systems, 2008b)

Median UCL95
Total Percent Minimum Maximum Mean of of of

Zone Data Nondetect Detected Detected Detected Detected Mean

Z3 70. 54.3% 0.1 5 1.084 0.3 0.739

Zi 16 100.0% N/A N/A N/A N/A N/A

SWA 96 100.0% N/A N/A N/A N/A N/A

Two observations regarding these summary data demonstrate that molybdenum should not be

considered a viable indicator of tailings seepage impacts. First, there is a wide, overlapping range of

molybdenum concentrations observed in the Zone 3 background and impacted wells; however,

significantly higher concentrations and greater variance are found in background data. Molybdenum

was detected in approximately 86% of the background samples and in only approximately 46% of the

impacted samples. During the two-year EPC statistical evaluation period (July 2006 through April 2008

inclusive), only two of the 10 seepage-impacted wells (0504 B and NBL-01) had molybdenum

concentrations exceeding 0.4 mg/I, including the maximum detected concentration at NBL-01 (5 mg/L).

Both of these wells also had elevated molybdenum concentrations prior to observing other geochemical

evidence of seepage impact (i.e., changes in pH and bicarbonate). These data show that molybdenum is

a poor indicator to distinguish background from seepage-impacted water. Second, molybdenum was

not detected in any sample of seepage-impacted water from Zone 1 and the Southwest Alluvium (SWA)

during the two-year EPC evaluation period and was detected only infrequently at low concentration in

the background water sample data. If molybdenum were a significant component of the tailings

seepage and that seepage was the source of highly elevated downgradient molybdenum concentrations

in Zone 3, it should also be detected in impacted water in the other hydrostratigraphic units as well.

These conclusions are supported by a review of the annual report data (Chester Engineers, 2013).
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More plausible explanations for the observed site molybdenum concentration distributions are related

to its complex environmental geochemistry and the potential presence of natural geologic sources of
molybdenum. Hem (1985) indicates that the dominant molybdenum species change at pH values of 2
and 5 and that above pH 5 the molybdate ion (MOO 4

2 ) is dominant. Hem (1985) further indicates that

many of the metallic elements have molybdates of low solubility and that ferrous molybdate specifically

limits solubility in relatively iron-rich waters below pH 5. This suggests a sensitivity to pH and effects
related to the availability of other dissolved metals that would favor higher molybdenum solubility at

higher pH (i.e., under background conditions existing after the influx of mine discharge water) than at

lower pH (i.e., impacted conditions).

Hem (1985) notes that molybdenum is also present in fossil fuels and it is well known that molybdenum

is often present in coal combustion products (i.e., fly ash). This is of interest because coal beds and

carbonaceous shales are locally present in the Dilco Coal Member of the Crevasse Canyon Formation
(which overlies Zone 3), the lower part of Zone 3, and Zone 2 (which underlies Zone 3 and is considered

a shale and coal unit). These coals and carbonaceous shales may be a significant source background
molybdenum concentrations and many plausible geochemical reactions related to the other metals
present. Well construction, particularly the position of screened and/or sandpacked intervals with
respect to these coal beds and carbonaceous shales, varies among the Zone 3 wells. For example, a

review of construction information for four northern Section 36 wells indicates that they either

penetrated Zone 2 or were completed near the base of Zone 3:

* EPA-1 - Total drilled depth 250 ft bgs, screened from 215 to 240 ft bgs, with a sandpack from
210 to 251 ft bgs. The Zone 2 contact is indicated to be within the sandpack at 244 ft bgs.

Therefore the well sandpack is approximately 6 to 7 feet into Zone 2.

* EPA-10 - Total drilled depth 206 ft bgs, screened from 155 to 195 ft bgs, with a sandpack from

151 to 205 ft bgs. The Zone 2 contact is indicated to be within the screened interval at 194 ft

bgs and the entire thickness of Zone 2 (10 ft) is within the drilled depth of the well.

* EPA-11 - Total drilled depth 180 ft bgs, screened from 136 to 171 ft bgs, with a sandpack from

133 to 180 ft bgs. The Zone 2 contact is indicated to be within the sandpack at 175 ft bgs.

Therefore the well is approximately 5 feet into Zone 2.

* 0504 B - Total drilled depth 172 ft bgs, screened from 120 to 170 ft bgs, with a sandpack from
120 to 170 ft bgs. The bottom of Zone 3 is indicated to be just below the sandpack at 172 ft bgs.

Regarding the Dilco coal, UNC files contain a partial copy of a report related to the 400-series well
installation and pumping in Section 36 (UNC, 1981b; titled Report 2, Northern Collection System; dated
May 20, 1981; no author listed), which suggests that wells completed in the Dilco or at the Dilco/Zone 3

interface have inferior water quality to those completed only in Zone 3 or Zone 1 of the Upper Gallup

sandstone. It is further suggested that elevated concentrations of TDS, sulfate, manganese,

molybdenum, and uranium may be correlatable to localized carbonaceous deposits in the Dilco shale

and sandy shale.

The Mancos Shale, which underlies Zone 1, is another possible source of molybdenum at certain well
locations. Canonie (1987) considered the Mancos Shale to be the likely source of anomalously high TDS,
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elevated magnesium, and acidic pH found in several alluvium wells. Bush and Morrison (2012) have also

determined that the Mancos Shale can be the source of elevated background concentrations of certain

parameters (e.g., uranium, nitrate, selenium, sulfate). Certain wells constructed in the early 1980s (e.g.,

wells 147 and 401) have screened intervals and/or sandpacked intervals that extend from Zone 3

through Zone 2 and Zone 1 into the Mancos Shale.

In conclusion, there are no identified physical or chemical mechanisms that could result in the transport

of molybdenum from the tailings ponds in the absence of other geochemical evidence of seepage
impacts. More plausible explanations for the observed site molybdenum concentration distributions are

related to its complex environmental geochemistry and the presence of potential natural geologic

sources of molybdenum such as coal beds and carbonaceous shales in the Dilco Coal, Zone 3, and Zone

2, as well as the Mancos Shale.
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11 0.011 2 91 0.489247312 0.00011828 6.4673E-05
12 0.012 2 93 0.5 0.000129032 6.30159E-05
13 0.013 3 96 0.516129032 0.000209677 9.20705E-05
14 0.014 3 99 0.532258065 0.000225806 8.96494E-05
15 0.015 1 100 0.537634409 8.06452E-05 2.90869E-05
16 0.016 2 102 0.548387097 0.000172043 5.66027E-05
17 0.017 4 106 0.569892473 0.000365591 0.000110106
18 0.018 3 109 0.586021505 0.000290323 8.02876E-05
19 0.019 2 111 0.596774194 0.000204301 5.20186E-05
20 0.02 1 112 0.602150538 0.000107527 2.52668E-05
21 0.021 1 113 0.607526882 0.000112903 2.4535E-05
22 0.022 4 117 0.629032258 0.000473118 9.5256E-05
23 0.023 1 118 0.634408602 0.000123656 2.31037E-05
24 0.024 1 119 0.639784946 0.000129032 2.24042E-05
25 0.025 1 120 0.64516129 0.000134409 2.17155E-05
26 0.026 1 121 0.650537634 0.000139785 2.10375E-05
27 0.029 2 123 0.661290323 0.000311828 3.8136E-05
28 0.031 1 124 0.666666667 0.000166667 1.78088E-05
29 0.035 2 126 0.677419355 0.000376344 3.08388E-05
30 0.036 2 128 0.688172043 0.000387097 2.96978E-05
31 0.037 1 129 0.693548387 0.000198925 1.42892E-05
32 0.043 1 130 0.698924731 0.000231183 1.11567E-05
33 0.044 1 131 0.704301075 0.000236559 1.06722E-05
34 0.047 1 132 0.709677419 0.000252688 9.28342E-06
35 0.05 2 134 0.720430108 0.000537634 1.59827E-05
36 0.054 3 137 0.73655914 0.000870968 1.92575E-05
37 0.055 2 139 0.747311828 0.000591398 1.2106E-05

38 0.059 1 140 0.752688172 0.000317204 4.69583E-06
39 0.06 1 141 0.758064516 0.000322581 4.38343E-06
40 0.062 1 142 0.76344086 0.000333333 3.79087E-06
41 0.066 1 143 0.768817204 0.000354839 2.7348E-06
42 0.069 1 144 0.774193548 0.000370968 2.05564E-06
43 0.071 1 145 0.779569892 0.00038172 1.65664E-06
44 0.084 1 146 0.784946237 0.000451613 1.11488E-07
45 0.087 1 147 0.790322581 0.000467742 1.29795E-08
46 0.088 1 148 0.795698925 0.000473118 1.64868E-09
47 0.095 1 149 0.801075269 0.000510753 2.23408E-07

48 0.107 1 150 0.806451613 0.000575269 1.82937E-06
49 0.113 1 151 0.811827957 0.000607527 3.213E-06
50 0,133 1 152 0.817204301 0,000715054 1.06208E-05
51 0.137 1 153 0.822580645 0.000736559 1.26185E-05- 52 0.14 1 154 0.827956989 0.000752688 1.42297E-05
53 0.142 1 155 0.833333333 0.000763441 1.53575E-05
54 0.149 1 156 0.838709677 0.000801075 1.96438E-05
55 0.156 1 157 0.844086022 0.00083871 2.4457E-05
56 0.175 1 158 0.849462366 0.00094086 4.01772E-05
57 0.176 1 159 0.85483871 0.000946237 4.11121E-05

58 0.181 1 160 0.860215054 0.000973118 4.59479E-05
59 0.183 1 161 0.865591398 0.000983871 4.79575E-05

60 0.19 1 162 0.870967742 0.001021505 5.53298E-05
61 0.193 1 163 0.876344086 0.001037634 5.86506E-05
62 0.195 1 164 0.88172043 0.001048387 6.09183E-05
63 0.21 1 165 0.887096774 0.001129032 7.92967E-05
64 0.224 1 166 0.892473118 0.001204301 9.86327E-05

65 0.242 1 167 0.897849462 0.001301075 0.00012659
66 0.253 1 168 0.903225806 0.001360215 0.00014539
67 0.303 1 169 0.908602151 0.001629032 0.000247243
68 0.318 1 170 0.913978495 0.001709677 0.000283041
69 0.34 1 171 0.919354839 0.001827957 0.00033992
70 0.357 1 172 0.924731183 0.001919355 0.000387438
71 0.481 1 173 0.930107527 0.002586022 0.000828033
72 0.523 1 174 0.935483871 0.002811828 0.00101475
73 0.538 1 175 0.940860215 0.002892473 0.001086032
74 0.57 1 176 0.946236559 0.003064516 0.001246185
75 0.573 1 177 0.951612903 0.003080645 0.001261764
76 0.604 1 178 0.956989247 0.003247312 0.001428413
77 0.613 1 179 0.962365591 0.003295699 0.00147873
78 0.688 1 180 0.967741935 0.003698925 0.001931913
79 0.714 1 181 0.97311828 0.00383871 0.002103134

80 0.728 1 182 0.978494624 0.003913978 0.002198341
81 0.768 1 183 0.983870968 0.004129032 0.002481974
82 0.776 1 184 0.989247312 0.004172043 0.002540765
83 0.955 1_ 1_1 185 0.994623656 0.005134409 0.004036178
84 1.01 1 1 1 186 1 0.005430108 0.004564856

0.088553763 0.187067608

Cumulative Probability Distribution Function
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TABLE 2
UPLk95 Calculations Showing Difference Between Use of Z-Statistic and T-Statistic

UNC Church Rock Site, Church Rock, New Mexico

Critical Value
KM Normal Dist. Calculated UPL Calculated UPL

COPC n k Mean KM SD a Probability a/k 1-a/k (Z) Using z-statistic t-statistic Using t-statistic ProUCL UPL
As 186 1 0.0886 0.187 0.05 0.050000 0.950000 1.645 0.397 1.653 0.399 0.399
As 186 4 0.0886 0.187 0.05 0.012500 0.987500 2.241 0.509 2.260 0.512 0.512
As 186 16 0.0886 0.187 0.05 0.003125 0.996875 2.734 0.601 2.766 0.607 0.607
As 186 40 0.0886 0.187 0.05 0.001250 0.998750 3.023 0.656 3.065 0.6635 0.6635
As 186 136 0.0886 0.187 0.05 0.000368 0.999632 3.376 0.722 3.433 0.733 0.733
As 186 216 0.0886 0.187 0.05 0.000231 0.999769 3.501 0.745 3.565 0.757 0.757
As 186 544 0.0886 0.187 0.05 0.000092 0.999908 3.740 0.790 3.817 0.805 0.805

Note: the actual k value for Zone 3 = 216

Equation for t-statistic based calculation
UP495 = 5+ t((1-0.osfk).n,.DS 1+

Note: The Kaplan-Meier estimates of the population mean and standard deviation are substituted into the preceding equation to make the UPL calculation (Singh, 2011).
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FIGURE 1
Composite (Multiple Formation) Wells in the 300-400 Series

United Nuclear Corporation Church Rock Site,
Church Rock, New Mexico
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FIGURE 2
Zone 1 Wells in the 300-400 Series

United Nuclear Corporation Church Rock Site,
Church Rock, New Mexico
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FIGURE 3
Zone 3 Wells in the 300-400 Series

United Nuclear Corporation Church Rock Site,
Church Rock, New Mexico Aft.-CHESTER
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Attachments

Well Hydrographs
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-_BILLINGS & ASSOCIATES, INC.
Rt. 3, Box 739

Kimberling City, MO 65686
(417) 739-4492

DATABASE MANAGEMENT INTERPRETIVE COMMENTS

WELL: 411

Well 411 is a Zone 3 well north of the 400 Series at the same
location as the KMEID well. The water level shows good response
to the pumping of the 400 Series and is an excellent long distance
observation well for analysis. The well does not appear to be
contaminated.
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BILLINGS & ASSOCIATES, INC.
Rt. 3. Box 739

Kimberling City, MO 65686
(417) 739-4492

WELL: 420

DATE: 11-11-84

SUBJECT: Interpretive Comments

Well 420 is a Zone 3 observation well in the 400 Series
pumping system. The well was probably not contaminated at the
last sampling (1982). The well demonstrates response to
pumping and the later, general rise in Zone 3 water level.

i"ILLINGS & AS-;C,.'TATES, INC.,11/11/84 PA,'.
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GEOCHEMISTRY OF GROUND WATER IN THE

GALLUP, DAKOTA, AND MORRISON AQUIFERS,

SAN JUAN BASIN, NEW MEXICO

By William L. Dam

ABSTRACT

Ground water was sampled from wells completed in the Gallup, Dakota, and Morrison
aquifers in the San Juan Basin, New Mexico, to examine controls on solute concentrations.
Samples were collected from 38 wells primarily from the Morrison aquifer (25 wells) in the
northwestern part of the basin. A series of samples was collected along ground-water flow paths;
dissolved constituents varied horizontally and vertically.

The understanding of the flow system changed as a result of the geochemical analyses. The
conceptual model of the flow system in the Morrison aquifer prior to the study reported here
assumed the Westwater Canyon Member of the Morrison aquifer as the only significant regional
aquifer; flow was assumed to be two dimensional; and vertical leakage was assumed to be
negligible. The geochemical results indicate that the Westwater Canyon Member is not the only
major water-yielding zone and that the flow system is three dimensional. The data presented in
this report suggest an upward component of flow into the Morrison aquifer. The entire section
above and below the Morrison aquifer appears to be controlled by a three-dimensional flow
regime where saline brine leaks near the San Juan River discharge area.

Predominant ions in the Gallup aquifer were calcium bicarbonate in recharge areas and
sodium sulfate in discharge areas. In the Dakota aquifer, predominant ions were sodium
bicarbonate and sodium sulfate. Water in the Morrison aquifer was predominantly sodium
bicarbonate in the recharge area, changing to sodium sulfate downgradient.

Chemical and radioisotopic data indicate that water from overlying and underlying units
mixes with recharge water in the Morrison aquifer. Recharge water contained a large ratio of
chlorine-36 to chlorine and a small ratio of bromide to chloride. Approximately 10 miles
downgradient, samples from four wells completed in the Morrison aquifer were considerably
different in composition compared to recharge samples. Oxygen stable isotopes decreased by 2.8
per mil and deuterium decreased 26 per mil, relative to recharge. Carbon-14 radioisotope
activities were not detectable. Chloride-36 radioisotope ratios were small and bromide to chloride
concentration ratios were large. These results suggest two potentially viable processes: ion
filtration or trapping of ancient dilute water recharged under a humid climate. For water samples
near the San Juan River, pH decreased to about 8.0, chloride concentrations increased to more
than 100 milligrams per liter, and ratios of chlorine-36 to chlorine and bromide to chloride were
small. Leakage of deep basin brine into the fresher water of the Morrison aquifer appears to
control ion concentrations.
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INTRODUCTION

In October 1984, the U.S. Geological Survey (USGS) began a regional assessment of the San
Juan structural basin aquifer systems in New Mexico, Colorado, Arizona, and Utah as part of its
national Regional Aquifer-System Analysis (RASA) program (Bennett, 1979).

The San Juan Basin is located in New Mexico, Colorado, Arizona, and Utah, covering an area
of approximately 21,600 mi 2 (fig. 1). The basin, a structural depression in the eastern part of the
Colorado Plateau, is approximately 140 mi wide by 200 mi long, and land-surface altitudes range
from about 4,500 ft in the northwest to about 11,000 ft in the southeast.

The San Juan Basin is an arid region where development of energy and water resources is
essential to the economy. Surface-water resources are fully allocated, so ground-water resources
are vital to industries, municipalities, and ranchers.

Purpose and Scope

This report presents geochemical and isotopic data used in examining sources of solutes and
hydrologic and chemical controls that affect the concentration and distribution of solutes in
aquifers in the San Juan Basin. The Gallup, Dakota, and Morrison aquifers were chosen for
detailed geochemical analysis because of available water wells having known completion data,
ground-water modeling results, and mineralogical analyses. These aquifers are equivalent
stratigraphically to the Gallup Sandstone, Dakota Sandstone, and Morrison Formation. These
aquifers are used extensively as water supplies for industry, communities, and livestock.

The report examines in detail the geochemistry of the three aquifers. The scope is
constrained primarily to the northwestern part of the basin due to limited areal distribution of
wells completed in a single aquifer and disturbances to the natural ground-water system by
mining and petroleum industries in other parts of the basin. The main focus of this report is on
the Morrison aquifer from the communities of Sanostee to Shiprock. Data for the Gallup and
Dakota aquifers are provided for purposes of comparison and examination of vertical changes in
flow and water quality. Hydrologic and water-quality data for the underlying Entrada Sandstone
also are evaluated for the effects that water from this unit may have had on the Morrison aquifer.

Previous Studies

The hydrogeology of the San Juan Basin was described comprehensively by Stone and
others (1983). USGS Hydrologic Investigations Atlases (HA 720-A through 720-J) have been
published for 10 major aquifers in the basin (Craigg and others, 1989, 1990; Kernodle and others,
1989, 1990; Dam and others, 1990a, b; Levings and others, 1990a, b; and Thorn and others, 1990a,
b). Data are presented on maps and in tables to describe the geology, hydrology, and water
quality for each aquifer.

The only previous study that examined the regional San Juan Basin ground-water
geochemistry of Jurassic and Cretaceous aquifers was performed by Berry (1959). He collected
physical and chemical data from water wells, producing oil or gas wells, and drill-stem tests.
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The direction of ground-water flow in Jurassic and Cretaceous aquifers, according to Berry
(1959), was predominantly toward the lowest outcrop in the northwestern part of the basin.
Normal hydrodynamic conditions existed along the flanks of the San Juan Basin. Conversely, in
the central San Juan Basin, referred to by Berry as the "Inner Basin," hydraulic-pressure sinks and
increased salinities were observed in all Cretaceous aquifers. Berry hypothesized that saline
water containing dissolved-solids concentrations ranging from 30,000 to 270,000 parts per million
entered the Entrada Sandstone from dissolved evaporite minerals such as halite contained in the
overlying Todilto Limestone Member of the Wanakah Formation. The saline water in the Entrada
Sandstone moved to the west and was trapped on the western side of the central basin due to the
synclinal structures of the basin. Saline water in the Entrada Sandstone and freshwater in the
Dakota aquifer were separated by the Brushy Basin Member of the Morrison Formation; this
shale, acting as a semipermeable membrane, created an osmotic pressure system. Osmotic
pressure, Berry proposed, caused the relatively dilute water from the Dakota aquifer to pass
through the Brushy Basin Member. This caused a decrease in hydraulic pressure and left behind
solutes that increased the salinity in the Dakota. The dilute water flowed into sandstones of the
Morrison aquifer and Entrada Sandstone, increasing the hydraulic pressure and decreasing the
dissolved-solids concentration. Similar osmotic-pressure phenomena for all Cretaceous
sequences of sandstones and shales in this basin were observed (Berry, 1959).

Phillips and others (1986b) evaluated stable and radioactive isotopic data obtained from the
Ojo Alamo and Nacimiento aquifers (in rocks of Paleocene age) in the central San Juan Basin.
They found that waters collected from the two aquifers were of Pleistocene age and contained
lighter oxygen and deuterium isotopes than modern precipitation and ground water. They
proposed trends of decreased mean annual temperature and increased winter precipitation as
factors affecting the stable-isotope contents.
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GEOLOGY AND HYDROLOGY

The San Juan Basin is a northwest-trending, asymmetric structural depression formed
during the Laramide orogeny (Late Cretaceous-early Tertiary age) at the eastern edge of the
Colorado Plateau (fig. 1). In many places, structural boundaries of the basin are well defined,
whereas in other places, the basin merges gradually into adjacent depressions or uplifts (Kelley,
1951, p. 124-127). The structural boundaries consist principally of large, elongate, domal uplifts;
low, marginal platforms; and abrupt monoclines as shown in figure 2. Faulting is common
especially in the southeastern part of the basin. Maximum structural relief in the basin is about
10,000 ft. The Hogback Monocline, Nacimento Uplift, and Chaco Slope bound the central San Juan
Basin.

The San Juan Basin contains a thick sequence of nearly horizontal beds of sedimentary
rocks, ranging in age from Cambrian through Tertiary, but principally from Pennsylvanian
through Tertiary (fig. 3). The maximum thickness of this sequence of rocks is about 14,000 ft at
the trough-like structural center of the basin (Fassett and Hinds, 1971, p. 4). The sedimentary
rocks, primarily sandstone and shale, dip from the basin margins toward the center of the basin.
Volcanic rocks of Tertiary age and various deposits of Quaternary age also are present in the
basin.

Ground-water flow directions for Jurassic and Cretaceous aquifers are shown in a
generalized areal form in figure 2. Recharge occurs along outcrops in mountainous regions along
the basin boundaries; ground water circulates toward major discharge areas in the northwestern,
southwestern, and southeastern parts of the basin (Frenzel and Lyford, 1982, p. 7).

A diagrammatic hydrogeologic section showing major aquifers, confining layers, and
direction of ground-water flow is shown in figure 4. Major aquifers include the rocks of Tertiary
age, undivided; Kirtland Shale and Fruitland Formation; Pictured Cliffs Sandstone; Mesaverde
Group, undivided; Gallup Sandstone; Dakota Sandstone; Morrison Formation; Entrada
Sandstone; and San Andres Limestone and Glorieta Sandstone. Thick shale beds act as confining
layers between the sandstone aquifers. Ground water generally flows from the recharge areas at
the outcrops downdip through permeable zones. Vertical leakage between aquifers is known to
occur; however, the magnitude is not known and leakage rates through intervening shale beds
probably are small in most areas (Stone and others, 1983, p. 23). Large upward vertical leakage
rates are thought to occur along the Hogback Monocline in the northwestern part of the basin and
in the Puerco Fault Zone in the southeastern part of the basin (fig. 2) (Stone and others, 1983, p. 23).

The geology and hydrology of the Gallup, Dakota, and Morrison aquifers are described
briefly, including the structure, stratigraphy, depositional environment, petrology, mineralogy,
ground-water flow patterns, water levels, and hydraulic characteristics. Additional information
can be found in Stone and others (1983); Craigg and others (1989); Kernodle and others (1989);
and Dam and others (1990a).
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Gallup Aquifer

The Gallup aquifer is a hydrogeologic unit corresponding to the Gallup Sandstone. The
Gallup Sandstone is of Late Cretaceous age (Molenaar, 1973, 1974). The unit has a smaller areal
extent than the other major Upper Cretaceous sandstones in the San Juan structural basin and
occurs only in New Mexico and a small part of Arizona. The Gallup crops out in an arcuate pattern
around the western and southern margin of the basin where it typically forms erosion-resistant
cliffs and dip slopes. Thickness of the Gallup decreases from about 600 ft near the outcrops along
the margin of the basin to zero along the northwest-trending pre-Niobrara erosion limit. Depth
to the top of the Gallup Sandstone ranges from zero in areas of outcrop to about 4,500 ft in an area
about 20 mi south of the town of Farmington (Kernodle and others, 1989). The altitude of the top
of the Gallup decreases from a maximum of about 7,500 ft northeast of Window Rock, Arizona,
to about 1,500 ft above sea level southwest of Farmington. The Gallup represents the first major
regression of the Upper Cretaceous sea in the San Juan structural basin and also represents
deposition in marine and nonmarine environments. As originally defined by Sears (1925) and
discussed in detail by Dane and others (1957), the Gallup consists of various rocks including
sandstone (the predominant rock type), conglomerate, shale, carbonaceous shale, and coal.
Minerals found in the Gallup include quartz (70-90 percent), feldspar (5-25 percent), glauconite,
chlorite, sericite, chert, zircon, tourmaline, hematite, limonite, magnetite, ilmenite, dolomite, and
ankerite (Kaharoeddin, 1971).

The Gallup aquifer is a source of water for domestic, livestock, municipal, and industrial
uses. Recharge to the aquifer is from infiltration of precipitation and streamflow on outcrops and
from vertical leakage of water through confining beds. Areas of recharge are in the southwestern
and northeastern parts of the basin. Ground-water flow from these areas moves generally toward
the central part of the basin and to the west, northwest, and southeast parts (fig. 2). However, the
remaining body of the Gallup aquifer is cut off in a northwest-southeast pattern such that flow of
water is not continuous throughout the entire basin (fig. 3). The Gallup aquifer occurs under both
water-table and artesian conditions. Water wells generally are near the western and southern
margins of the basin and primarily in McKinley County; flowing wells are mostly in the northern
part of the county. The reported or measured discharge from 32 water wells completed in the
Gallup aquifer ranges from 1 to 645 gal/min and the median is 30 gal/min (Kernodle and others,
1989). Water levels significantly below land surface were found in the Grants mineral belt near
Crownpoint and near Gallup, New Mexico, and Window Rock, Arizona.

Dakota Aquifer

The Dakota aquifer is a hydrogeologic unit corresponding to the Dakota Sandstone. The
Dakota Sandstone generally is thought to be of earliest Late Cretaceous age, although the
lowermost part may be of latest Early Cretaceous age (Fassett, 1977, p. 225). The Dakota crops out
around the basin margins where it typically caps mesas and forms erosion-resistant dip slopes
and hogbacks. The Dakota Sandstone unconformably overlies the Morrison Formation (Late
Jurassic age) throughout much of the basin; however, it unconformably overlies the Burro
Canyon Formation (Early Cretaceous age) in the northern part of the basin (fig. 3). The upper
contact of the Dakota is conformable with the Mancos Shale, and intertonguing of these two units
is common near the contact. Stratigraphy of the Dakota is complex. The unit consists of a main
sandstone body in the north, which branches into various members and tongues depending on
location in the San Juan Basin. Thickness of the Dakota generally ranges from a few tens of feet to
about 500 ft; Stone and others (1983, p. 37) reported that a range of 200 to 300 ft probably is
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common. Data reported by Molenaar (1977b, p. 160-161) and Stone and others (1983, fig. 66) and
data obtained from Petroleum Information Corporation, Denver, Colorado, indicate that the
thickness of the Dakota generally increases from the western, northwestern, and northern
margins of the basin toward the eastern, southeastern, and southern margins. Depth to the
Dakota ranges from zero in areas of outcrop to about 8,500 ft in the northeastern part of the basin.
The top of the Dakota decreases from a maximum altitude of about 9,500 ft along the northern
basin margin to about 1,500 ft below sea level in the northeastern part of the study area (Craigg
and others, 1989).

The Dakota was deposited on an erosional surface in this region; the strata represent a
transition from nonmarine alluvial-plain deposition in the lower part of the aquifer to marine
shorezone deposition in the upper part. Marine and nonmarine depositional environments were
interpreted by Walters and others (1987); the primary depositional area for nonmarine rocks was
along the west side of the present basin. The Dakota contains three principal lithologies in
different parts of the basin. It typically consists of a sequence of buff to brown, crossbedded,
poorly sorted, coarse-grained conglomeratic sandstone and moderately sorted, medium-grained
sandstone in the lower part; dark-gray carbonaceous shale with brown siltstone and lenticular
sandstone beds in the middle part; and yellowish-tan, fine-grained sandstone interbedded with
gray shale in the upper part (Owen, 1973, p. 39-48; Merrick, 1980, p. 45-47). Mineralogy, in mean
percentage, as determined by Walters and others (1987, p. 269), for the marine (first number) and
nonmarine (second number) deposits consists of the following: quartz (28 percent, 26 percent),
illite (22 percent, 32 percent), kaolinite (16 percent, 22 percent), calcite (8.3 percent, 0.87 percent),
dolomite (7.3 percent, 0.42 percent), mixed clay (5.7 percent, 9.8 percent), smectite (4.4 percent,
2.9 percent), potassium feldspar (4.2 percent, 4.7 percent), chlorite (2.7 percent, 0.29 percent), and
plagioclase (2.4 percent, 1.3 percent).

The Dakota aquifer is a source of water for domestic, livestock, and industrial uses, and
water wells generally are near the margins of the basin. Water in the Dakota aquifer occurs under
both water-table and artesian conditions. Recharge to the aquifer is from infiltration of
precipitation and streamflow on outcrops and from vertical leakage of water through confining
beds. Within the basin, areas of stress from ground-water development in the Dakota aquifer are
localized. These areas may represent oil or gas production, injection for disposal of brine,
secondary recovery or repressurization of producing zones, or uranium-mine dewatering of the
underlying Morrison aquifer that induces downward flow in the Dakota. The reported or
measured discharge from 29 water wells completed in the Dakota aquifer ranged from 1 to
200 gal/min and the median is 13 gal/min (Craigg and others, 1989). Water levels in numerous
wells were several hundred feet below land surface. Only one well, in the northwestern part of
the basin, was flowing.

Morrison Aquifer

The Morrison aquifer is a hydrogeologic unit corresponding to the Morrison Formation.
The Morrison Formation is of Late Jurassic age (Cadigan, 1967, p. 6) and crops out around the
basin margins. Major sandstones in the Morrison typically form erosion-resistant cliffs and dip
slopes, whereas shale units form topographic saddles. The Morrison is present throughout the
San Juan Basin (Green and Pierson, 1977, p. 151) and conformably overlies the Wanakah
Formation or Cow Springs Sandstone of Late Jurassic age (Condon and Peterson, 1986, p. 24)
throughout most of the basin. In the northern part of the basin, the Morrison conformably overlies
and probably intertongues with the Junction Creek Sandstone of Late Jurassic age (fig. 3). In the
San Juan Basin, the Morrison Formation consists of five members (Gregory, 1938; Craig and
others, 1955; Cadigan, 1967; Green and Pierson, 1977; Owen, 1984). These members, in ascending
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order, are: the Salt Wash Member, Recapture Member, Westwater Canyon Member, Brushy Basin
Member, and Jackpile Sandstone Member. The thickness of the Morrison ranges from about 200
ft near Grants to about 1,100 ft in the northwestern part of the basin (Dam and others, 1990a).
Depth to the top of the Morrison ranges from zero in areas of outcrop to about 8,500 ft in the
northeastern part of the basin (Dam and others, 1990a). The top of the Morrison decreases from a
maximum altitude of about 10,000 ft along the northern basin margin to about 1,500 ft below sea
level in the northeastern part of the basin. Morrison Formation strata were deposited in various
continental environments including eolian, stream channels, flood plains, and lakes (Green and
Pierson, 1977, p. 151; Turner-Peterson and others, 1986). A semiarid to arid climate existed during
deposition of the Morrison (Turner-Peterson and Fishman, 1989).

The Morrison Formation generally consists of yellowish-tan to pink, fine- to coarse-grained,
locally conglomeratic sandstones, which are interbedded with sandy siltstones and green to
reddish-brown shales and claystones; minor limestone beds also are in the aquifer (Woodward
and Schumacher, 1973, p. 3-5; Green and Pierson, 1977, p. 151; Stone and others, 1983, p. 38). The
Salt Wash Member was deposited by meandering and braided streams and consists of very fine
to medium-grained sandstone interbedded with mudstone (Hansley, 1990, p. H4). The Recapture
Member was deposited in fluvial, lacustrine, and eolian environments; lithology consists of very
fine to fine-grained sandstones interbedded with mudstones and claystones. The Westwater
Canyon Member was deposited by braided streams draining source areas in the western and
southwestern parts of the basin. Sandstones are fine to medium grained and locally
conglomeratic; interbedded mudstones and claystones are bentonitic (Hansley, 1990). The Brushy
Basin Member consists of thick bentonitic to zeolitic mudstones interbedded with thin fluvial
sandstones that were deposited in a saline, alkaline lake. The Jackpile Sandstone Member was
deposited in the southeastern part of the basin by braided streams; sandstones are fine to medium
grained and locally conglomeratic.

Hansley (1986 and 1990) described in detail the mineralogy and diagenesis of members of
the Morrison Formation. Minerals from core samples in the southern part of the basin and from
outcrop samples along the rim of the basin include amorphous silica, potassium feldspar, albite,
calcite, anhydrite, barite, hematite, pyrite, garnet, staurolite, and zeolite. Whitney and Northrop
(1987, p. 357) examined clay mineralogy and found smectite, interstratified illite/smectite,
chlorite, and kaolinite. Crossey (1989) recognized two groups of clay minerals on the basis of grain
size in the Westwater Canyon Member: (1) coarse-grained lithologies contain a mixed-layer ilite/
smectite that is highly expandable, kaolinite, and chlorite; and (2) fine-grained lithologies contain
a more illitic mixed-layer illite/smectite with traces of chlorite.

The initial interpretation of the ground-water flow system in the Morrison aquifer is based
on work by Kelly (1977), Frenzel and Lyford (1982), Stone and others (1983), and data from the
files of the U.S. Geological Survey, Albuquerque, New Mexico. The conceptual model of the flow
system in the Morrison aquifer assumed the Westwater Canyon Member to be the only significant
regional aquifer (Kelly, 1977); the other members were considered important only as local
aquifers. The Brushy Basin and Recapture Members were thought to serve as semiconfining
layers above and below the Westwater Canyon throughout the basin except in the southwestern
part where the Brushy Basin is absent.

Flow in the Morrison aquifer previously was assumed to be two dimensional. Vertical
leakage into the Morrison from above or below was unknown and assumed to be negligible
(Stone and others, 1983, p. 23). Minimal hydraulic-head data not representing a single time period
were available for units overlying and underlying the Morrison to determine vertical flow
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components. Data for the Dakota and Morrison aquifers were for 1985-86 and data for the Entrada
Sandstone were pre-1959. Figure 5 shows a comparison of hydraulic heads for the Dakota aquifer
and the Entrada relative to the Morrison aquifer. Hydraulic heads for the Dakota aquifer and
Entrada were measured in the well, whereas hydraulic heads for the Morrison aquifer were
interpolated from the Morrison potentiometric-surface map for that well site. The heads for wells
in the Dakota (for 1985-86) generally are lower than those interpolated from the Morrison
potentiometric surface.

Underlying the Morrison aquifer is the Wanakah Formation; however, no hydraulic-head
data were available for this formation. The Entrada Sandstone underlies the Wanakah Formation.
The only head data available for the Entrada were obtained from a dissertation by Berry (1959),
which contains a potentiometric-surface map of the Entrada with five data points. The dates of
measurement for these wells are unknown, but they were made prior to 1959. The head values
for the Entrada indicate a northerly flow direction similar to the Morrison aquifer. Figure 5 shows
the estimated hydraulic-head differences between the Entrada Sandstone and the Morrison
aquifer at the locations of five wells. Comparison of heads in the Entrada (pre-1959) with those
in the Morrison (1985-86) (fig. 5) shows that the Entrada heads in four wells were from 13 to 110
higher than in the Morrison. Because hydraulic-head values in the Morrison had declined, pre-
1985 water levels in the Morrison were sought for comparison with pre-1959 water levels.
Hydrographs for three wells completed in the Morrison aquifer that span the period 1957-90 were
used to determine water-level trends in the Morrison during this time. These hydrographs, shown
in figure 6, indicate a decline in hydraulic head in the Morrison during this period. The declines
range from approximately 4 feet to more than 70 feet. Although the declines in the Morrison are
shown for almost a 30-year period, the declines are believed to have occurred after the mid- to late
1970's when uranium test drilling was conducted and many of the test holes were completed as
wells in the Morrison aquifer and allowed to flow continuously. On the basis of these tentative
comparisons, even with the declines in the Morrison of as much as 70 feet, the head in the Entrada
would still be several tens of feet higher than the head in the Morrison. Therefore, an upward
component of flow into the Morrison aquifer is assumed.

The potentiometric contours shown in figure 7 indicate that recharge to the Morrison aquifer
north of the Chuska Mountains along the New Mexico-Arizona State line has a significant
component that is north, parallel to the north-trending outcrop. Along the north flanks of the
Chuska Mountains, the Morrison dips primarily to the east, but northward the easterly dip
flattens and a northerly dip develops toward the Four Corners Platform (fig. 2). This change in
dip accounts for the much larger outcrop area, and recharge in this area moves north parallel to
the outcrop to the discharge area near Four Corners.

The discharge areas for the Morrison are considered to be in the northwestern part of the
area near Four Corners where the San Juan River has breached the Morrison aquifer, the
southwestern part of the area southwest of Gallup, and the southeastern part of the area northeast
of Grants (see fig. 2 for general areas of discharge as indicated by converging arrows). In the
northwestern part of the basin north of the Chuska Mountains, the general gradient is to the north
(fig. 7); in the area northeast of the city of Gallup, areas of localized dewatering for uranium
mining have resulted in substantial head declines.

The reported or measured discharge from 53 water wells completed in the Morrison aquifer
ranges from 1 to 401 gal/min; the median discharge is 32 gal/min (Dam and others, 1990a).
Heads of wells completed in the Morrison Formation are typically above land surface in San Juan
County and below land surface in McKinley and Cibola Counties.
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GEOCHEMISTRY OF GALLUP, DAKOTA, AND MORRISON AQUIFERS

This section describes the methods used to collect the data including essential water well
information. Geochemical data are discussed by type of constituent including major, minor, and
trace elements; gases; and isotopes. Physical and geochemical processes controlling solute
concentrations then are evaluated.

Methods

The field sampling methods used to collect the geochemical data are detailed in Dam (1988)
and follow standard USGS procedures (Claassen, 1982; Knapton, 1985). Nonflowing wells were
pumped for a sufficient duration to remove at least three borehole volumes of water. Field
techniques were used to measure specific conductance, pH, temperature, DO, alkalinity, and
sulfide. Alkalinity was used to calculate HC0 3" and CO3. Samples were collected and preserved
for analysis of major, minor, and trace elements; stable and radioactive isotopes; and dissolved-
organic carbon. Dissolved gases were collected in the field using double-chamber glass tubes
under a vacuum. Carbon-14 samples were collected onsite by precipitation of strontium carbonate
in a stainless-steel tank as described in Dam (1988). Chloride-36 samples were treated with nitric
acid and silver nitrate to precipitate silver chloride and stored in light-proof brown bottles. An
anion-exchange resin was used to concentrate chloride when chloride concentration was less
than 10 mg/L. Preparation of the 36C samples for analysis (primarily to remove interfering
sulfur-36) is described in Jones and Phillips (1990).

All samples collected for laboratory analysis of major, minor, and trace elements were
analyzed at the USGS National Water Quality Laboratory (NWQL) in Denver, Colorado. Gas
samples were kept on ice and sent to the USGS laboratory in Reston, Virginia, for analysis. These
samples were analyzed for N, oxygen, Ar, CO2, methane, and ethane. Rapid analysis was
necessary to ensure that loss of vacuum did not result in sample contamination from the air.
Stable isotopes of oxygen and hydrogen and the radioisotope H were analyzed at the USGS
laboratory in Reston, Virginia. Carbon-13/carbon-1 2 and sulfur-34/sulfur-32 stable isotopes were
analyzed by Global Geochemistry, and 14C isotopes were analyzed by Kruger, Inc. These
laboratories are under contract to the NWQL. The University of Rochester, in Rochester, New
York, analyzed 36C1 isotopes using a tandem accelerator mass spectrometer.

Geochemical data for analysis and interpretation were obtained by sampling 38 wells and
using analyses from the USGS NWIS (National Water Information System) data base for 21 wells
(figs. 8-10). Locations of water wells sampled for geochemical data are shown in figure 8 for the
Gallup aquifer (wells 1-10), in figure 9 for the Dakota aquifer (wells 11-13), and in figure 10 for
the Morrison aquifer (wells 14-38). The abundance of wells completed in the Morrison aquifer is
a result of uranium exploration (without development or mining) in the early 1980's. Additional
chemical analyses obtained from the NWIS data base augmented the geochemical data for the
Gallup (15 wells) and Dakota (6 wells) aquifers.
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Table 1 provides data pertaining to the 38 wells sampled from 1986 to 1989. Well depths
range from 150 to 5,250 ft. The part of the Gallup, Dakota, or Morrison aquifer that was sampled,
as shown in table 1, is the thickness of the interval open to the aquifer; the interval thickness
ranges from 31 to 876 ft. Most wells sampled were completed as open holes, so water was
obtained from the entire open interval as opposed to one or more perforated intervals in the
casing. Eight wells were completed with multiple perforated intervals so the well was open to
selected zones; the perforated intervals were summed to determine the total thickness of the
interval open to the aquifer that was sampled (table 1). Two geohydrologic sections for 12 wells
completed in the Morrison aquifer are shown in figure 11. Section A-A' depicts nine wells in a
north-trending line. Well 32 is the only well open solely to the Westwater Canyon Member; the
other wells are open to varying combinations of the Westwater Canyon, Recapture, or Salt Wash
Members of the Morrison Formation. Several wells are completed below the Morrison aquifer and
open to the Wanakah Formation. Section B-B' depicts three wells in an east-trending line. Wells
29 and 30 are completed solely in the Morrison aquifer, whereas well 28 extends 155 feet into the
Wanakah Formation. Flowing, artesian conditions occurred at most wells, facilitating sample
collection. Most of these wells (22 of 29) (table 1) had the capacity to be shut in for a head
measurement and therefore could be turned off after sampling was completed. However, seven
wells (7, 11, 18, 20, 21, 32, and 33) could not be shut in for a head measurement or turned off to
prevent continuous discharge. Six wells were equipped with windmills with positive-
displacement piston pumps and three wells were equipped with submersible pumps. These data
are listed in table 1.
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Table 1.-Data for wells sampled from 1986 to 1989

[See figures 8-10 for location of wells. Type of lift: F, natural flow;
P, piston; 5, submersible. --, not reported]

Altitude of land Depth of well Thickness of Shut-in
Well surface (feet above (feet below interval open Type of capacity for

number Aquifer sea level) land surface) to aquifer (feet) lift flowing wells

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

26
27
28
29
30

31
32
33
34

35
36
37
38

Gallup
Gallup
Gallup
Gallup
Gallup

Gallup
Gallup
Gallup
Gallup
Gallup

Dakota
Dakota
Dakota
Morrison
Morrison

Morrison
Morrison
Morrison
Morrison
Morrison

Morrison
Morrison
Morrison
Morrison
Morrison

Morrison
Morrison
Morrison
Morrison
Morrison

Morrison
Morrison
Morrison
Morrison

Morrison
Morrison
Morrison
Morrison

5,890
6,195
6,401
5,990
6,048

6,379
6,365
6,430
6,165
6,515

5,342
6,035
6,130
5,545
5,440

5,120
5,100
4,941
5,270
5,060

5,290
5,139
5,831
5,270
6,206

5,522
5,735
5,595
5,670
6,090

5,840
5,830
5,905
6,010

5,750
6,330
6,795
6,825

150
3,090

1,239
1,743

1,082
1,850

969
602
667

1,464
521

1,840
604

2,736

2,000
2,035
1,777
2,013
2,300

2,597
2,520

555
2,682

702

1,992
1,912
2,034
1,912
1,751

2,125
1,691
2,349
2,518

5,250
3,988
2,605

410

60

80
160

502
225

64
120
64

555
147
55

342
430

782
691
295
280
788

770
747
60

876
149

247
526
834
505
275

613
410
858
768

250
31

400
110

Yes
Yes
Yes
Yes
Yes

No
Yes
Yes

No

Yes

Yes
Yes
No
Yes
No

No
Yes

Yes

Yes
Yes
Yes
Yes
Yes

Yes
No
No
Yes

Yes
Yes
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Major Constituents and pH

Chemical analyses are shown for 61 water samples collected during 1986 through 1989 from
38 wells completed in the Gallup (table 2), Dakota (table 3), and Morrison aquifers (table 4). In
addition, data from NWIS are presented for the Gallup aquifer (15 wells) and the Dakota aquifer
(6 wells). Several wells, particularly wells completed in the Morrison aquifer, were sampled more
than once during 1986 through 1989 to supplement the initial suite of constituents collected and
to identify a possible change of constituent concentrations with time.

Concentrations of major ions (Ca2+, Mg 2+, Na+, K+, HCO3", CO3
2 -, S0 4

2-, and Cl-) generally
were found to be reproducible in samples collected from the Gallup and Dakota aquifers.
Concentrations of major ions were found to change over time for samples collected from several
wells completed in the Morrison aquifer.

Three of 10 wells in the Gallup aquifer were sampled twice between 1986 and 1987. Major
ion concentrations differed by less than 10 percent for Na, alkalinity, and SiO 2

0 (table 2). Only
one of three wells completed in the Dakota aquifer that were sampled during the investigation

22+was sampled twice (table 3). Differences greater than 10 percent were detected between Ca2 ,
Mg2 , Nat, and K+ concentrations from two analyses for well 13. However, SO4

2", Cl-, and several
other properties and constituents differed by less than 10 percent between the two analyses.
Three of six chemical analyses obtained from the NWIS data base for the Dakota aquifer indicated
that major ion concentrations were within 10 percent (table 3).

Fifteen of 25 wells completed in the Morrison aquifer were sampled more than once between
1986 and 1989 (table 4). Concentrations of major ions in water samples collected from 9 of the 15
wells were reproducible within 10 percent. Thus, concentrations of several major ions in samples
collected from 6 of 15 wells differed by more than 10 percent. Concentrations of Ca2+, HC0 3 , and
C1- varied between sampling periods for wells 18,20,22,25,28, and 33, and Mg 2 t, Nat, and SO4

2-
concentrations varied by more than 10 percent in samples from wells 20 and 28. Because major
ion concentrations in water from well 30 were nearly identical except for Cl, which changed from
4.7 to 2.7 mg/L, and for K÷, which changed from 2.3 to 1.9 (table 4), well 30 was not included with
the six wells.

Several factors may contribute to the non-reproducibility of the samples with time. These
include discharge of large volumes of water between sampling periods, a large open interval, and
pump type-such as piston, which can introduce oxygen into the water resulting in chemical
reactions. The range in discharge at wells 18, 20,22, and 33 was 16 to 65 gal/min. At a discharge
rate of only 20 gal/min over the minimum duration of 354 days between the 1986 and 1987
sampling dates, more than 10 million gal of water would have been discharged at each of these
four wells. However, well 32 flowed continuously for the 3 years of sample collection, 1986-88,
yet analytical results were reproducible within 10 percent. A smaller open interval for well 32
(410 ft) compared with well 33 (858 ft) may account for the difference in analytical results. Well 28
was constructed with a large open interval (834 ft) (table 1). Well 25 was constructed with a
relatively small open interval (149 ft) (table 1); however, a windmill piston pump was used to
obtain the water sample.
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Table 2.-Selected properties of and constituents in water from the Gallup aquifer

[See figure 8 for location of wells; pH, standard units; 0C, degrees Celsius; concentrations in
milligrams per liter; <, less than; -, not reported]

Sodium

Dis- plus Bi-

Tern- sol- So- po- Po- car- Car- Alka-

pera- ved Sul- Cal- Maqne- di- tas- tas- bon- bon- ln- Sul- Chlo- Fluo- Bro- .o- Sil- Dis-

Well Date of Field ture oxy- fide cium sium um alum slum ate ate ity fate ride ride mide dide bca solved

number sample pH (1C) gen (H 2 S+HS-) (Ca
2

+) (Ng2) I) (Na * (a+K+) |K*) (HC 3 ) (C%032-) (as CaCO3) (SO42-} (C1-) (F-) (Br-) () (SiO20) solids

1 07-01-AR 7 90 16_7 1 2 <0n'. 42 17 9 -- - 10 0 254 120 7 0 I0 30 0 074 0 1.fll

2 04-22-B6 8.20 32.8 --

10-21-87 8.33 32.9 --

3 04-21-B6 8.60 32.7 --

4 07-15-89 8.57 24.4 --

S 06-30-B7 8.81 26.0 --

06-28-80 8.B1 25.0 --

6 06-30-88 8.99 19.9 --

7 06-28-88 9.00 20.7 --

8 12-03-87 8.73 18.4 --

9 04-29-86 9.10 18.0 --

08-11-87 8.83 18.0 --

10 06-30-88 9.20 16.9 --

.14

.15
.14

.11

.05

.12

Ili

39

40

41

42

43

44

45

46

47

48

49

so

51

52

53

05-26-64 7.8 10.5 --

07-03-74 8.0 .. ..

10-29-74 8.5 .. ..

10-14-64 7.8 .. ..

09-08-69 8.2 .. ..

01-28-72 8.2 .. ..

01-20-71 8.0 .. ..

03-10-70 7.8 .. ..

07-31-70 8.4 32.0 --

09-19-62 8.2 24.5 --

10-02-62 7.9 24.0 --

10-14-64 8.5 .. ..

07-10-73 8.1 .. ..

09-18-62 8.0 20.0 --

08-30-57 8.4 15.5 --

10 2.1 630

7.4 2.4 670

7.0 1.2 669

1.2 .28 220

3.8 .18 400

3.6 .15 400

1.7 .62 230

2.3 .29 140

5.2 2.0 630

1.4 .03 129

1.3 .31 130

.28 .06 170

33 6.7 --

400 120 150

4.2 .7 580

37 11 --

74 15 37

12 4.0 120

92 17 36

80 26 87

11 3.0 270

9.5 2.1 720

9.4 5.0 360

12 3.6 --

100 36 180

3.1 .9 400

11 3.3 --

-- 3.3

-- 3.2

-- 2.3

-- 1.1

-- 1.0

-- .90

-- .70

-- .70

-- 2.4

-- .80

-- .70

-- .70

1,000 --

-- 2.0

-- 3.6

25 --

-- 2.0

-- 2.0

-- 2.0

-- 5.0

-- 2.7

-- 3.0

-- 3.0

220 --

-- 3.1

-- 1.8

440 --

380
334

240

451

295

288

336

222

252

259

293

290

410

170

520

200

240

190

260

270

280

310

280

250

210

350

610

0
10

10

14

22

17

22

14

10

20
26

17

0

13

19

0

0

0

0

6

0

0
7

10

8

307
290

213

394

277

264

311

206

224

244
244

266

336

161

457

167

209

156

213

221

243

254

230

205

189

315

500

910 46 1.6

1,100 49 1.6

1,000 81 .70

84 4.1 1.2

530 44 1.2

550 45 1.1

180 5.0 .70

84 9.5 .30

1,200 23 .60

31 4.3 .50

35 3.3 .70

85 20 .80

1,700 180 3.5

1,500 20 .4

480 240 3.0

19 2.8 .4

95 9.9 .3

140 4.6 .6

140 7.1 .5

260 8.9 .4

310 50 .0

1,200 42 .0

560 12 .8

270 21 .5

580 7.1 .7

440 73 1.2

200 180 4.4

.18 .004

.066 .005

.16 .004

.034 .005

.15 .006

.054 .005

.056 .005

.11 .004

.044 .008

.066 .005

11

13

12

12
13

9.9

12

16

14

16

13

14

16

15

10

17
16

17

12

12

12

1,799

2.000

1,900

559

1,200

639

374

2,000

330

330

444

3,200

2,700

1,600

210

390

430

450

650

810

2,190

1,100

680

1,100

1,100

1,200



Table 3.--Selected properties of and constituents in water from the Dakota aquifer

[See figure 9 for location of wells; pH, standard units; °C, degrees Celsius; concentrations in
milligrams per liter; -, not reported; >, greater than]

Sodium

plus Bi-

Tom- pO- Po- car- Car- Alka-

pers- Sul- Cal- Hagne- Sodl- tas- tas- ban- ban- lin- Sul- Chlo- Fluo- Bro- Io- Sil- Dis-

well Date of Field ture fide cium sium um siaum slum ate ate ity fate ride ride mide dide ica solved

number sample pH ('C) (H2 S+HS-) (Ca
2
+) (049+) (Na+) (Na*+K*) (K') (HCO31 (Co3

2
-) (as CaCO3) (SO42-) (Cl-) (F-) (Br) (W) (Sio2

0
) solids

11 07-23-67 8.47 18.1 0.05 21 11 390

12 06-29-68 8.78 18.1 -- 2.0 .16 100

13 04-29-86 8.90 19.5 -- 2.3 1.1 700

12-03-87 8.91 19.5 >1.5 170 95 270

-- 3.8 277

-- 1.1 215

-- 1.7 390

-- 2.2 --

-- 3 280

0 -- 11 360

10

10

30

0

12

241 640 57 0.90. 0.16 0.006 8.6 1,300

54 04-27-60 7.6 15.5

55 09-21-66 8.0 --

56 06-27-52 .. ..

09-21'66 8.4 --

57 07-22-70 0.6 --

09-24-74 8.6 --

58 06-00-67 9.4 --

01-08-70 9.4 --

59 07-03-74 8.2 --

-- 24

-- 53

.5 780

10 1,301

192

376

230

315

149

135

233

243

175

204

268

25 2.6 .30

910 85 1.5

960 78 1.6

1,100 260 2.2

1,600 720 8.2

980 280 1.3

1,000 290 2.0

480 15 .3

470 18 .4

70 15 .3

68 12 .3

130 11 .2

.038 .005 12 262

.24 .005 10 1,900

.. ..- 11 --

-- - 6.5 2,320

.. .. ..- 3,780

-- 19 3.1 -- 690 -- 170 6

-- 19 2.4 690 -- 9 140 12

-- 7.0 -- 320 .. .. 260 12

-- 6.0 1.2 360 2 250 23

-- 2.0 1.2 120 -- 160 26

-- 1.0 -- 130 2 180 34

-- 54 7.3 120 2 300 13

13 2,080
-- 2,060

-- 961

0.7 1,040

-- 302

-- 310

9.8 512



Table 4.-Selected properties of and constituents in water from the Morrison aquifer
[See figure 10 for location of wells; pH, standard units; 'C, degrees Celsius; concentrations

in milligrams per liter; -, not reported; <, less than detection limit]
Bi-

Tem- Po- car- Car- Alka-

pera- Cal- Kagne- Sodi- tas- bon- bon- lin- Sul- Chlo- Fluo- Bro- 1o- 5i1- Dis-

Nell Date of Field ture Dissolved Sulfide clum Sium um silum ate ate ity fate ride ride mide dide ica solved

number sample pH (°C) oxygen (HOS + HS-) (Ca
0
2) (Mq2*) (Mal) (K) (HCO-) (CO,2-) (as CaCO ) (SO,2-) (C1") (F-) (Br-) (I-) (Sio,

0
1) solids

r.30%

14 06-10-88 7.56 17.0
15 07-21-97 7.52 39.9
16 06-24-86 9.20 19.9

06-08-88 9.37 20.1
17 07-02-86 8.50 23.0
18 06-16-86 8.00 31.0

06-09-87 8.03 31.1

19 07-14-87 7.74 29.1
20 06-19-86 7.60 33.0

06-10-87 7.60 31.0
21 06-18-86 8.30 --

22 06-19-86 8.00 28.8

06-10-87 8.03 30.5
23 06-10-88 9.65 17.1

24 07-01-86 8.10 18.0
25 06-09-86 8.87 16.9

04-25-89 9.12 16.0
26 06-17-86 9.30 27.2

07-22-87 9.39 27.6
07-01-88 9.33 27.1

27 06-18-86 9.40 23.9
06-11-88 9.65 23.9

28 06-30-86 9.33 22.0
07-17-87 9.45 21.3
07-01-88 9.26 21.3

29 06-29-88 9.51 23.3
11-22-88 9.41 20.9

30 07-23-87 8.37 24.0
01-05-89 8.58 16.1

31 01-05-89 9.06 22.0
32 06-24-86 9.05 21.9

07-15-87 9.31 22.4
06-11-08 9.42 23.6

33 07-15-87 9.52 26.6
06-29-88 9.53 --

11-23-88 9.25 21.3

34 07-16-87 8.96 25.5
11-22-88 8.88 23.9

35 06-11-87 7.88 51.8
36 04-24-86 8.20 42.2

10-22-87 8.31 37.4
37 10-02-87 9.05 30.5
38 07-01-87 7.64 15.0

07-14-88 7.64 15.4

5.0

1.0

(1.0

C

C1.0

4.3-5.0

35

.07

<.05

.24

.18

.07

.16

.19

<.05

(.05

.10

.71

<.05

.12

.07

13 42 1.3 286
50 28 1,700 18 305

1.1 .08 130 1.0 244
1.2 .06 140 .90 273

40 3.4 810 3.6 124
58 14 800 7.7 58

110 14 810 7.2 71

33 12 1,300 9.0 383
78 31 1,400 19 15I

160 15 890 10 81
39 3 770 4.6 128
98 25 740 6.2 51

160 23 690 8.2 57
1.3 .06 120 .70 176

14 8.1 290 2.7 327
14 5.9 54 2.1 156
5.0 1.6 60 1.0 117
1.0 .04 110 .40 143

2.6 .16 110 .60 176
.98 .09 120 .40 159
.80 .04 81 .30 156
.90 <.01 s8 .30 166
1.8 .20 130 .90 170
3.1 .46 190 1.2 164
2.1 .37 160 .90 171

.73 .03 110 .40 200

.86 C.01 120 .50 193
11 .89 60 2.3 200
11 .89 70 1.9 200

1.3 .06 66 .70 134
1.0 .07 71 .60 151

.93 .05 72 .60 144

.95 .06 71 .50 149

.85 .04 120 .50 168

.66 .01 110 .60 164

250
247
248
110

49
60

310
130
68

105
48
45

188

265
140
112
166
200
202
162
184
199
197
196

224
222
163
164
146
147
148
154
194
190

270
274
142
165
162
288
262
282

3,800 210

33 30
33 11

1,700 61
1,600 110
2,100 57

1,500 750
3,200 190
2,500 120
1,600 67
1,900 60
2,000 83

37 23

U.IU 0.112 U0. l0
1.6 .38 .033

2.0 .050 .006

2.8 .. ..

1.6 .13 .015

2.0 .13 .015

1.9 .. ..

6.0 .05 .073

2.1 .20 .035

2.1 .. ..

1.1 .15 .021
1.9 .12 .016

2.0 -- -

.00 .235 .018

A a

390 38 1.3 .12 .005

21 10 .50 .074 .004

23 8.3 .40 . .
52 4.2 .40 .019 .002

35 4.1 .40 .. ..

48 3.9 .30 .. ..

9.0 1.1 .30 .014 .002

10 .80 .30 .. ..
71 28 .40 .032 .006

170 64 .90 -- --

90 37 .60 -- --

24 2.5 .80 .030 .003

22 3.0 .70 .- -

13 4.7 2.0 .010 <.001
13 2.7 .80 .. ..

3.0 1.6 .20 -- --

5.6 1.6 .20 .018 .001

4.6 1.1 .30 -- --

5.2 1.1 .30 -- --

38 12 .60 .. ..

36 8.4 .50 .. ..

361
6,000

350
350

2,700
2,600
3,200

3,800
5,000
3,800
2,600
2,900
3,000

308

920
213
167
300
290
310
220
230
370
570
430

290
297
220
216
174
190
190
190
290
290

509
510
840

1,099
1,100

550
720
750

1.8
1.9

27
12
13

1.4
49
51

.17 190 1.2 301

.19 190 1.0 295

.42 240 2.3 173

.09 359 2.1 190

.15 340 2.0 188

.32 200 .90 308
17 180 2.6 344
17 180 2.4 344

130 7.1 1.7 .. .. 15
130 7.8 1.9 .062 .005 14
430 19 1.2 .10 .009 35

560 14 1.5 .16 .009 25
580 17 1.6 .081 .012 25
150 6.5 .40 .035 .006 14
290 7.9 .30 .10 .006 --

310 7.2 .20 .. .. 17



Values of pH were reproducible at most wells, and all samples were alkaline (above 7.0).
Values of pH in water samples from the Gallup and Dakota aquifers were typically below 9.0
(figs. 12 and 13). Values of pH in water samples from the Morrison aquifer ranged from 7.52 to
9.65; water from 10 wells exceeded a pH of 9.0, indicating highly alkaline conditions. The areal
distribution of pH in water from the Morrison aquifer indicates that highly alkaline water in the
northwestern part of the basin generally is neutralized as it moves in a northerly direction
(fig. 14). The pH in water along Morrison outcrop areas was typically below 9.0 except for one
sample that had the highest pH value measured at 9.65. The pH of samples from wells located
near Shiprock was typically below 8.0.

The distribution of major cations and anions found in water from the three aquifers is shown
in figures 15 through 20. Two types of diagrams were used to depict ion concentrations: (1)
chemical-constituent diagrams modified from Stiff (1951) to indicate spatial variations in ion
concentrations, and (2) trilinear diagrams developed by Piper (1944) to relate variations in the
relative percentage of ion concentrations.

Predominant ions in water from the three aquifers generally were Ca2+, Na+, HC0 3", and
SO4 2-, as shown in figures 15-17. Bicarbonate represents part of the alkalinity value in these
figures. Major ions in water from the Gallup aquifer were predominantly Ca +-HCO 3" in the
southwestern outcrop area and Na+-HCO3" in the northwestern outcrop area. The majority of
samples were predominantly Na÷-HCO3" in the southwestern area of the basin and Na+-SO4 . in
the southeastern and central parts of the basin (fig. 15).

Predominant ions in water in the Dakota aquifer were Na÷-HCO3" for three samples located
farthest south in the northwestern part of the basin. Predominant ions were Na'-SO4

2", with
minor HCO3", for samples to the north and one sample in the southeastern part of the basin
(fig. 16).

Distinct chemical groups of major ion distribution were observed in samples from wells
completed in the Morrison aquifer (fig. 17). Chemical changes were observed in well samples
from south to north in the general direction of flow. For one sample near the outcrop located near
Gallup, New Mexico, Na'-HCO3"-SO4

2" were predominant ions. Predominant ions near
Crownpoint consisted of Na+-HCO3" and predominant ions south and northwest of Chaco
Culture National Historical Park consisted of Na+-SO 4

2 -. In the northwestern part of the basin,
the predominant ions in 10 samples from the southern and outcrop areas were Na+-HCO3" and
in 8 samples from the northern area were Na+-SO 4

2". Predominant ions in two samples near Four
Corners consisted of Ca 2+-HCO3" and Na+-HCO3". In the western part of the basin, water is dilute
and ion concentrations progressively increased northward toward Shiprock.

Points in figures 18-20 represent the percentage of a cation, in meq/L, relative to the total
sum of cations and the percentage of an anion, in meq/L, relative to the total sum of anions. The
intersection of the two percentages is depicted in the quadrangular portion of the trilinear
diagram. Calcium concentrations constitute approximately 0 to 35 percent of the total cations in
the Gallup, Dakota, and Morrison aquifers (figs. 18-20).
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Figure 12.--Values of pH for water from water wells completed in the Gallup aquifer.
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Figure 13.--Values of pH for water from water wells completed in the Dakota aquifer.

29



37.

36" •_• .-- i -• •Cuba " 36"
.8.20

MCKINLEY

Window oCrownpoint SADOA.9.os ISAN DOVAL
Rock .7 4 .90

i ~Gallup

109EL AO1

OU D R OCIBOLA
WA Ls u Grants

0 10 20 30 40 50 60 welES
010 20 30 40 50 60 KL.OMETERS 3!}'

EXPLANATION 107"

~OUTCROP OF MORRISON AQUIFER, JURASSIC ROCKS, UNDIVIDED; WANAKAH FORMATION;
ENTRADA SANDSTONE; AND SAN RAFAEL GROUP--From Dane and Bachman, 1965;
Wilson and others, 1969; Tweto, 1979; and Hintze, 1981

~BOUNDARY OF STUDY AREA

e9.05 WATER WELL--Number is pH, in standard units

Figure 14.--Values of pH for water from water wells completed in the Morrison aquifer.
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Figure 15.--Chemical-constituent diagrams of water from water wells completed
in the Gallup aquifer.
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Figure 16.--Chemical-constituent diagrams of water from water wells completed
in the Dakota aquifer.
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Figure 17.--Chemical-constituent diagrams of water from water wells completed
in the Morrison aquifer.
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CHEMICAL CONSTITUENTS

SO. - Sulfate
Cl - Chloride
Ca - Calcium
Mg - Magnesium
Na+K - Sodium + potassium
CO, +HCO, - Carbonate +

bicarbonate10,

I-10

a
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20

0L

'0 S Sa S% b -S 0. ? e '0
Ca CI

PERCENTAGE OF TOTAL IONS, IN MILLIEQUIVALENTS PER LITER

Figure 18.--Trilinear diagram of major ion chemistry from water wells
completed in the Gallup aquifer.
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CHEMICAL CONSTITUENTS
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CI - Chloride
Ca - Calcium
Mg - Magnesium
Na+K - Sodium + potassium
C0 3 +HCO 3 - Carbonate +

bicarbonate
C"

C)

10

40

20

10

0

4 Ca Cl
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Figure 19.-Trilinear diagram of major ion chemistry from water wells
completed in the Dakota aquifer.
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Figure 20.--Trilinear diagram of major ion chemistry from water wells
completed in the Morrison aquifer.
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Chloride concentrations were small (less than 25 mg/L) in samples on or near recharge areas
for the three aquifers (figs. 21-23). Downgradient, chloride concentrations generally increased by
one to two orders of magnitude. Two samples from wells completed in the outcrop area of the
Gallup aquifer contained less than 8 mg/L of Cl" (fig. 21). Chloride concentrations ranged from
2.8 to 180 mg/L in samples downgradient from the western outcrop areas. For three water
samples from the Gallup aquifer in the northwestern area, chloride concentrations ranged from
7.8 to 180 mg/L, increasing to the north in the general direction of ground-water flow (fig. 21).
Similar trends were observed for the Dakota aquifer (fig. 22). Chloride concentrations were less
than 20 mg/L for four samples and increased to the north toward Shiprock to a maximum of
720 mg/L. In outcrop areas of the Morrison aquifer, small chloride concentrations (less than
25 mg/L) as well as large increases (750 mg/L) toward Shiprock were observed (fig. 23).
However, six samples at and downgradient from Sanostee contained extremely low chloride
values ranging from 0.80 to 3.9 mg/L.

Minor and Trace Constituents

Concentrations of selected minor and trace constituents are shown for the Gallup, Dakota,
and Morrison aquifers (tables 2-4, respectively). Dissolved oxygen and sulfide data were used to
establish the redox (oxidation-reduction) potential of the water samples. The occurrence of DO
in water along outcrop areas generally is anticipated although difficult to measure precisely.
Wells sampled on or near outcrops were equipped with piston pumps that can transfer oxygen
from the air to the water. For example, at well 38 the DO concentration in water ranged from

4.3 to 5.0 mg/L (table 4), increasing as the rate of pumping decreased. Therefore, values of DO
shown in tables 2 and 4 are very approximate. Sulfide was detected in water from several wells
downgradient from the outcrop area; this indicates reducing conditions. However, sulfide did
not consistently increase to the north toward Shiprock, suggesting that localized conditions, such
as the presence of organic matter or availability of reactive iron, may have affected sulfate
reduction reactions. Sulfide consists largely of hydrogen sulfide gas (H2S) and the bisulfide
(HS-) ion. Above a pH of 7.0, sulfide will occur predominantly as HS - (Stumm and Morgan,
1981, p. 443). Therefore, the alkaline water found in the three aquifers indicates that HS- was the
predominant sulfide species.

Fluoride concentrations generally are small in water samples from the three aquifers (tables
2-4); however, a larger percentage of FP concentrations were greater than 2 mg/L in samples from
wells completed in the Dakota aquifer. The F concentration exceeded 2 mg/L for samples from 3
of 25 wells completed in the Gallup aquifer, 2 of 9 wells completed in the Dakota aquifer, and 3 of
25 wells completed in the Morrison aquifer. The 2-mg/L value is the recommended maximum
contaminant level set by the U.S. Environmental Protection Agency (1986). The Dakota aquifer
commonly contains elevated concentrations of F" in the San Juan Basin (Craigg and others, 1989)
and in other parts of the Western United States (Lawton and others, 1984, p. 227).

To further define geochemical and hydrologic processes within the aquifers, samples were
analyzed for Bf and I- concentrations (tables 2-4). Bromide solid phases are highly soluble, and
concentrations of bromide in most natural water are not affected by redox reactions, sorption, or
precipitation reactions (Whittemore, 1988). Bromide concentrations ranged from 0.010 mg/L in
water from well 30 to 0.38 mg/ L in water from well 15. Both wells were completed in the Morrison
aquifer, and bromide concentrations for the Gallup and Dakota aquifers were within this range
(tables 2-4). For water from downgradient wells northeast of well 30 where chloride decreased in
concentration, Br" concentrations increased only slightly (as much as three times higher) relative
to the Br- concentration at well 30.
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Figure 21.--Concentration of chloride in water from water wells completed
in the Gallup aquifer.
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Figure 22.--Concentration of chloride in water from water wells completed
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Concentrations of silica ranged from 8.5 to 35 mg/L in the three aquifers (tables 2-4).
Median SiO2

0 concentrations in samples from the Gallup, Dakota, and Morrison aquifers were 13,
9.8, and 17 mg/L, respectively.

Data for dissolved nutrients and dissolved organic carbon in the three aquifers are shown
in table 5. Nitrate was detected in samples from only four wells. Two wells located in the outcrop
area of the Morrison aquifer contained NO3 concentrations greater than 0.2 mg/L. Ammonium
was not detected in samples near outcrops, but a concentration of 0.520 mg/L was measured in
well 20 in the Morrison aquifer south of Shiprock

Trace-constituent data for samples collected from the three aquifers are presented in table 6.
Constituent concentrations generally found to be below the minimum reporting level were Al, Be,
Cd, Cr, Co, Cu, Pb, Hg, Mo, Ni, Se, Ag, and V. Trace-element concentrations generally found to
be above the minimum reporting level included As, Ba, B, Fe, Li, Mn, and Sr. The minimum
reporting levels differ for some elements due to the requested level of detection.

Twenty-three samples were filtered with both a 0.10-jim filter and a 0.45-jim filter (table
6). Of these 23 samples, 11 in which the 0.45-I-m filter was used were larger or equal in
concentration to the samples in which the 0.10-jim filter was used. This suggests that some Fe
colloids passing through a 0.45-jm filter are removed with a 0.10-jIm filter as described by
Kennedy and others (1974). Iron concentrations in the 0.10-gm filtered samples that were greater
than concentrations in the 0.45-jim filtered samples (12 of 23) may be caused by analytical
uncertainties or field-collection techniques. There are no apparent systematic areal patterns of Fe
concentrations in the Gallup aquifer. Iron concentrations in samples from the Dakota aquifer
indicate a general increase in the direction of ground-water flow to the north. Iron concentrations
in the Morrison aquifer were generally less than 12 jig/L in the recharge area and increased to a
maximum value of 980 jig/L in a sample from a well near the San Juan River discharge area.

Arsenic concentration was less than 1 gg/L in 12 of 14 samples collected from the Gallup
and Dakota aquifers, but was less than 1 Rg/L in only 4 of 23 samples from the Morrison aquifer
(table 6).

Concentrations of Li generally were larger in the Morrison aquifer than in the other two
aquifers and increased in the direction of ground-water flow. Lithium concentrations in the
Morrison aquifer increased from less than 50 gg/L in samples collected from wells in the recharge
area to 540 gg/L in a sample collected from well 20 near the San Juan River.

Strontium concentrations in samples generall increased in the direction of ground-water
flow in the three aquifers. In the Gallup aquifer, Sr 2 concentrations were 360 jig/L or less except
for one concentration that was 920 jig/L (table 6). In the Dakota aquifer, Sr2+ concentrations were
variable both spatially and in samples from the same well. Strontium concentrations ranged from
140 to 3,300 jig/L in four samples from three wells completed in the Dakota aquifer. Water from
well 13 on two different dates contained Sr2+ concentrations of 350 and 3,300 jig/L, suggesting
a problem in reproducibility and a need for additional sampling to verify Sr2+ concentrations.
Strontium concentrations in the Morrison aquifer ranged from 38 to 12,000 lig/L and were
substantially larger than in the other two aquifers.
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Table 5.-Concentrations of dissolved nutrients and dissolved organic
carbon in water from the Gallup, Dakota, and Morrison aquifers

[See figures 8-10 for location of wells. Wells 1-10 are completed in the
Gallup aquifer, wells 11 and 13 in the Dakota aquifer, and wells 14-38 in

the Morrison aquifer. Concentrations in milligrams per liter; --, not
reported; <, less than detection limit]

Well Date of
number sample

1 07-01-88
2 04-22-86

10-21-87
3 04-21-86
4 07-15-88
5 06-30-87

6 06-30-88
7 06-28-88
8 12-03-87
9 04-29-86

08-11-87
10 06-30-88

11 07-23-87
13 04-29-86

12-03-87
14 06-10-88

15 06-24-86
07-21-87

17 07-02-86

18 06-16-86
06-09-87

19 06-19-86
07-14-87

20 06-10-87
21 06-18-86
22 06-19-86

06-10-87

23 06-10-88

24 07-01-86
25 06-09-88
26 07-22-87

06-17-86
27 06-18-86

28 06-30-86
07-17-87

30 07-23-87
32 06-24-86

07-15-87
33 07-15-87

34 07-16-87

35 06-11-87
36 04-24-86

10-22-87
37 10-02-87

07-01-87
38 07-01-87

Nitrite,
as N

<0. 010

<0.010

<.010

<.010
.021

<.010

<.010

<.010

Nitrite
plus

nitrate,
as N

<0.100

<.100

<.100

<.100
.130

<.100

<.100
<.100

Nitrogen
ammonia

Nitrogen plus
ammonia, organic,

as N as N

0.220 0.40

.460 2.2

.041 1.9

.180 .50

.041 .20

.060 <.20

.030 <.20

.070 .30

.120 .40

.730 .80

.041 <.20

.760 1.0

.540 1.3

.140 .80

.520 1.1

.450 1.3

Phosphorus,
as P

0.010

<.010

.010

Phos
or

phosj
a

<0

phorus
tho-
phate, Organic
as P carbon

0.010 --

1.3

.021 .6
- 1.1
- 1.6

.010 .9

.021

.021

.010

.021
.120

<.010 <.100

<.010 <.100
.010 <.100

<.010 <.100

.010

.010
<.010

.010

<.010

<.010
<.010

<.010

<.100

<.100
<.100

<.100

.010

.010

.010

.010

.021

.030
<.010

.010

.120

<.010

<.010

<.010

<.010

<.010

<.010
<0.010

<.010

<.010

<.010
<.010

<.010
<.010

.021

.030
<.010

.8
1.1

.8

1.0

.4
1.8

.1

.2

.2
1.8

0.1
.2

<

<

.021 .230 .010 <.20

.010 .220 .010 <.20

.010 <.100 <.010 .90

.010

<.010
<.010

.6

.6

.2

.2

<.100

<.010

.021

<.010
<.010

<.010

<.010
<.010
<.010
<.010

<.100

<.100

.110
<.100
<.100

<.100

<.100
<.100
<.100
<.100

.021
<.010

<.010

<.010
<.010

.60 .010
.50 <.010

.2

1.7

.2

1.9
1.7

.20

.40

.30

.041

.030

.010

.110

.021 <

.090

.110

.110

.50 .010 <.010 4.1
.... .5

.20 <.010 .021 .3

.30

.30

.30

.010

.010

.010

.021
<.010
<.010

1.1
1.1
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Table 6.--Concentration of dissolved trace constituents in water from the
Gallup, Dakota, and Morrison aquifers

[See figure 8-10 for location of wells; wells 1-10 are completed in the Gallup aquifer,
wells 11-13 in the Dakota aquifer, and wells 14-38 in the Morrison aquifer;

concentrations in micrograms per liter; -, not reported; <, concentration less than
detection limit; samples filtered with a 0.45-micron filter except Al.1, Fe.1, and Mn.1

where a 0.10-micron filter was used]
Well Arse- Bar- Beryl- Cad-
num- Date of AIumiLnum nic lum lHum Boron mium
ber sample (A1) (AI. I
1 07-01-88 <10 --
2 04-22-86 <10 <10

10-21-87 <10 --
3 04-21-86 10 10
4 07-15-88 10 --
5 06-30-87 <10 <20

06-28-88 <10 --

6 06-30-88 <10 --
7 06-28-88 <10 --
8 12-03-87 <10 --
9 04-29-86 <10 <10

08-11-87 <10 --
10 06-30-88 <10 --

(As) (Ba) (Be)

2 33 <.05
<1 17 <17
<I <100 <10
<1 100 <10
<1 26 <.5
<1 <34 <.5

B 1Cd)

-- (1

-- <1
-- <1

110 --

Chro- Co- Cop-
mium balit per Iron

(Cr) (Co) (Cu) (Fe) (Fe.1)
<1 <3 <1 330 --
<1 <1 2 309 160
<1 2 1 250 --
<1 <1 1 40 50
<1 <3 2 22 --
<1 <10 <10 <21 40
.. .. ..-- 30 --

2 <3 1 17 --
1 <3 5 16 --

<1 <1 <1 430 --
<1 <3 1 10 10
.. .. .. <3 --

<1 <3 44 640 --

11 07-23-87 <10 --
12 06-29-88 <10 --
13 04-29-86 <10 <10

12-03-87 <10 --
14 06-10-88 <10 --
15 07-21-87 20 10

16 06-24-86 <10 20
06-08-88 <10 --

17 07-02-86 <10 --
18 06-16-86 <10 <10

06-09-87 <10 --
19 07-14-87 -- <10
20 06-19-86 <10 --

06-10-87 <10 --

21 06-18-86 <10 I0
22 06-19-86 <10 10

06-10-87 <10 --
23 06-10-88 <10 --
24 07-01-86 <10 <10
25 06-09-88 <10 --

04-25-89 <10 --

26 06-17-86 20 20
07-22-87 20 --

07-01-88 10 --

27 06-18-86 20 10
06-11-88 20 --

28 06-30-89 10 10
07-17-87 10 6
07-01-88 <10 --

29 06-29-88 20 --
11-22-88 20 --

30 07-23-87 <10 <10
01-05-89 <10 --

31 01-05-89 10 --
32 06-24-86 20 20

07-15-87 30 --

06-11-88 30 --

33 07-15-87 -- 20
06-29-88 20 --

11-23-88 <10 --
34 07-16-87 <10 10

11-22-88 <10 --
35 06-11-87 20 20

36 04-24-86 <10 <10
10-22-87 <10 10

37 10-02-87 <10 <10
38 07-01-87 <10 <10

07-14-88 <10 --

<1
<1
<1
<1

<1

<1

<

1

21

1

1

1

12

3
<1

2

4

3

3

2

11

2

4

5

6
6

<1
<1

31 <.5
38 <.5

<100 <10
7 <5

14 <.5

10 <.5
24 <.5

<100 <10

19 <.5
<100 <10

17 <.5

<100 <10
100 <10

100 <10

100 <10
100 <10

26 <0.5
10 <.5

120 <.5

36 <.5

25 <.5

15 <.5

9 <.5

61 <.5

24 <.5

43 .5

46 <.5

30 <.5
42 <.5
34 <.5
12 <.5

-- <1
-- <1
-- 1<
-- <1

90 --
-- <1

-- <1
-- 1<

200 --
-- <1
-- <1

-- <1
180 --
-- <1
-- <1

150 --
1,600 --

-- <1

300 --

-- <1
-- <1

150 --
-- <1
-- <1

-- <1
30 --

-- <1
30 --
30 --
-- <1
20 --
-- <1

100 --
-- <1

-- <1

-- <1

10 --
20 --

110 --
70 --
--- 1

-- <1

-- <1
-- <1
-- (1
-- <1

120 --

<3 <1
<3 1

1 2

<3 6
<1 <1

<3 <1

<1 <1
<1 <1

<1 <1

<1 1
<1 <1

<3 <1
<3 2
<3 1

<3 <1

<3 1

<3 1

<3 <1

<3 3

<3 1

<3 <1

<3 <1

<3 1
<3 <1
<3 1
<3 <1

680
53
70
17

440
300

7
12
30

170
170
980
990
470

540
140
240
140
159

85
180

6
15

3
<3

7
3

>3
8

11

7
34

<10
6

<3
14

8
140

159
100

14
680
620

30

230

10

160

1,000

540
150

180

<10

<10

<10

<3
<10

11

8

<10

19

<10

120

250
70

<10
1,900
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Table 6.- Concentration of dissolved trace constituents in water from the
Gallup, Dakota, and Morrison aquifers-Concluded

Lith- Man- Her- Molyb- Sele- Sil- Stron- Vana-Well
num- Date of Lead
ber sample (Pb)
1 07-01-88 <5
2 04-22-86 1

10-21-87 <5
3 04-21-86 <1
4 07-15-88 <5
5 06-30-87 <10

06-28-88 --

6 06-30-88 <5
7 06-28-88 5
8 12-03-87 <5
9 04-29-86 <1

08-11-87 --
10 06-30-88 <5

11 07-23-87 <5
12 06-29-88 <5
13 04-29-86 1

12-03-87 --

14 06-10-88 <5
15 07-21-87 <5

16 06-24-86 <5
06-08-88 --

17 07-02-86 <5
18 06-16-86 <5

06-09-87 --

19 07-14-87 --

20 06-19-86 <5
06-10-87 --

21 06-18-86 <5
22 06-19-86 <5

06-10-87 --

23 06-10-88 <5
24 07-01-86 <5
25 06-09-88 <1

04-25-89 --

26 06-17-86 <5
07-22-87 --

07-01-88 --

27 06-18-86 <5
06-11-88 --

28 06-30-89 <5
07-17-87 --

07-01-88 --

29 06-29-88 <1
11-22-88 --

30 07-23-87 <5
01-05-89 --

31 01-05-89 --

32 06-24-86 <5
07-15-87 --

06-11-88 --

33 07-15-87 --

06-29-88 --

11-23-88 --

34 07-16-87 <5
11-22-88 -

35 06-11-87 6

36 04-24-86 1
10-22-87 <5

37 10-02-87 <5
38 07-01-87 <5

07-14-88 --

jum ganese cury denum Nickel nium ver tium dium Zinc
(Li) (Mn) (Mn.1) (Hg) (Mo) (Ni) (Se) (Ag) (Sr) (V) (Zn)

-V SiV

98
120

70
14
<4

12
<4

100
23

10

140
24

100

15

840

61

270
300

540

270
220

33
88
37

20

40

38

15

35

41

42

70

109
110

33
60

I DU --

8 10
<I0 --

20 20
4 --

<5 <10
5 --

6 --

4 --
20 --

2 <10
2 --

20 --

30 --
7 --

60 10
<3 --

61 --

130 140

<1 <10
<1 --

70 --
100 90

87 --

30 30
110 16

87 --

70 70
160 160

9 --

3 --

3 <10
2 --

3 --

3 <10
4 --

<1 --
<1 <10
<1 --
<1 <10

2 --

<1 --
2 --

1 --

<1 <10
2 --

<1 --
3 <10
2 --

<1 --
-- <10

3 --

3 --

13 10
12 --
19 20

8 20
10 <10

7 <10
140 150
130 --

S•U.L S±U<.1 <1
<.1 <1

<.1 <1

.1 <10

.1 <10
<.1 <10
.1 3

<.I <10

<.1 <10

.1 <10
<.1 <10
<. 1 <1

<.1 <10

<.1 <1

<.I <I1

.1 1
<.1 1

<.1 13

<.1 2
<.1 3

<0.1 <10
<.I <10
<.l <10

.3 <10

<.1 <10

<.I <10

<.1 <10

<.1 <10

<.1 <10

.1 <10

.1 <10

.1 30
<.1 30
<.1 <10
<.1 <10

<1
5
1

<1
1

<1

<1
<1
<1
<1

(1
<1
<1

350 1 <9
350 <1 <10
280 <1 <10

97 <6 5
89 <6 <100
85 .. ..

89 <6
52 <6

360 <1
26 <6
26 --
18 <6

930 <6
140 <6
350 2

3,300 --
1,100 <6
6,700 3

62 <6
66 --

7,500 <1
12,000 <1
11,000 --

10,000 2
9,000 --

7,500 <1
11,000 <1
9,800 --

100 <6
469 <6

1,100 6
380 --

70 <6
63 --
71 --
67 <6
76 --

260 <6
650 --
380 --

47 <6
56 --

810 14
780 --

47 --
42 14
39 --
41 --

45 --
38 --

130 --
140 --

1,100 <6

2,400 <6
2,200 <6

100 <6
2,000 6
2,100 --

19
<3

<10
<3

590

4
34

<10

150

40

6

<10
10

10

<10
<10

27
8

94

9

7

10

<3

51

10

6

<3
<3

5
200

<1
1

3
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Dissolved Gases

Direct measurement of gas composition is useful for correcting pH values of water that loses
carbon dioxide gas (Pearson and others, 1978). Results of four gas analyses for the Morrison
aquifer are shown in table 7. The samples appear to be representative of dissolved-gas
compositions expected from the aquifer.

Table 7.--Concentrations of dissolved gases in water from the Morrison aquifer
[See figures 8-10 for location of wells; concentration in milligrams per liter; nd, not

detected]

Carbon
Well Date of Nitrogen Oxygen Argon dioxide Methane Ethane

number sample (N2) (02) (Ar) (C0 2) (CH4 ) (C2H6)
18 06-09-87 1.48 0.004 0.015 0.0007 0.008 nd
20 06-10-87 1.34 .007 -.014 .001 .051 0.002
22 06-10-87 1.42 .010 .015 .0007 .018 nd
35 06-11-87 1.08 .009 .014 .003 .001 nd

Stable Isotopes

To evaluate hydrologic and geochemical processes, the stable isotopes of '180, 8D, 813 C,
and 834S were determined. Data for the first three isotopes are presented in the text.
Stable-isotopic ratios are expressed in units of parts per thousand (per mil, 0/00) relative to a
standard:

= 
X 1, 000

where 8 is delta;
R is the ratio of heavier to lighter isotope;
x is the sample; and
s is the standard.

For an example of deriving the delta (8) notation, hydrogen isotopes are the ratio of deuterium (D
= 2H) to hydrogen (H):

(2)
8D =r X 1,000

where V-SMOW is Vienna-Standard Mean Ocean Water.
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Oxygen and hydrogen isotopes can be ideal tracers of water movement because they
compose the water. Isotopic variations in precipitation (atmospheric deposition) result from
changes in temperature, altitude, and other factors. For example, winter precipitation is depleted
in heavy isotopes (D, 180) relative to summer precipitation. Because high-latitude precipitation
is depleted, the isotopic ratio is lighter than low-latitude precipitation. The mixing of recharge
water tends to average the isotopic variations of precipitation. At low temperatures (as compared
to geothermal regimes) associated with most aquifers, no hydrogen isotopes are exchanged
between water and solid phases. Thus, the isotopic composition of water changes only as a
function of physical and chemical processes in the aquifer such as evaporation or mineral
dissolution.

Isotopic ratios are shown in table 8, and a plot of the 8D and 8180 ratios for 36 samples
collected from the Gallup, Dakota, and Morrison aquifers is shown in figure 24. A line defined by
Craig (1961) as 8D = 85180 + 10 represents samples collected from various localities in the
world. Vuataz and Goff (1986) defined a local meteoric water line for northern New Mexico
as 8D = 88180 + 12, which is parallel to and slightly left-of the world meteoric line. This local
meteoric line was applied to the San Juan Basin study area by Phillips and others (1986b) in their
report on the Ojo Alamo aquifer. However, most of the isotopic ratios plot to the right of the world
meteoric line in figure 24. This suggests a different local meteoric water line for these samples or
evaporation during infiltration of precipitation, which is common in semiarid environments
(Phillips and others, 1986b, p. 181).

Phillips and others (1986b, p. 181) calculated the mean isotopic ratio for modern
precipitation in the central San Juan Basin as -12.80/00 for 6180 and as-90"/00 for 8D. Recharge
water of Pleistocene age averaged 3.0 /00 lighter in 81b and 25 0/00 lighter in 8D than modem
recharge water. During the Pleistocene, climatic changes such as a decrease in mean annual
temperature and an increase in winter precipitation may have accounted for the shift to lighter
isotopic ratios (Phillips and others, 1986b, p. 183).

The areal distribution of 8D is shown for the Morrison aquifer in figure 25. Heavier isotopic
ratios (5180 = -14.2 0/00 and 8D = -103.5 0/00) were found in samples at well 30 in the recharge
area near Sanostee than in samples collected from wells 10 mi downgradient to the east and
northeast. Water in an area encompassin% four wells in the Morrison aquifer had light values of
5180 (-15.0 0/00 to -15.6 0/00) and 8D (-114 /00o to -1160/00). Comparing data for these four wells
to modern precipitation calculated by Phillips and others (1986a) indicates a depletion of 2.8 0/00
in 8180 and 26 '/00 in 8D, which is similar to Pleistocene samples. The data imply that ground
water 10 nil from the outcrop area was recharged during the Pleistocene.

Carbon-13/carbon-12 ratio data were collected to examine sources and sinks of carbon as an
aid in determining chemical reactions that control the carbon distribution in the aquifers. In
general, soil gas CO2 contains a 813C value of -20 0/00 to -25 /00, and carbonate minerals have
813C values close to 0 °/0 (Drever, 1982, p. 345). Stable carbon isotopic values typically range
from -10 0/00 to -12.5 /00 in samples, as a result of soil gas CO2 reacting with carbonate
minerals. Chemical reactions will affect 813C values in water in different ways: calcite dissolution
adds carbon so 813C values become heavier; calcite precipitation removes carbon so 513C values
become lighter; feldspar dissolution does not change 813C values in a system closed to CO2. The
oxidation of organic matter adds light carbon (813C) to the system.
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Table 8.--Isotopic ratios of stable isotopes in water from the Gallup,
Dakota, and Morrison aquifers

[See figures 8-10 for location of wells; wells 1-10 are completed in
the Gallup aquifer, wells 12-13 in the Dakota aquifer, and wells 14-38
in the Morrison aquifer; values are in per mil (/00); -, not reported]

Sulphur,
Well Date of Oxygen Hydrogen Carbon S042.

number sample (8180) (8D) (813C) (8 34S)
1 07-01-88 -13.6 -101 -12.3 -14.0
2 04-22-86 -13.5 -113 -- --

10-21-87 -- -- -9.8 -6.0
3 04-21-86 -14.3 -110 -- --

4 07-15-88 -14.2 -105 -8.0 15.4
5 06-30-87 -13.9 -98 -26.1 --

06-28-88 -- -- -- -5.4

6 06-30-88 -14.0 -104 -8.6 -6.1
7 06-28-88 -15.0 -111 -11.2 1.6
8 12-03-87 -13.0 -97 -- --

9 04-29-86 -11.8 -87 -- --

08-11-87 -11.9 -90 -7.6 -10.4
10 06-30-88 -14.3 -106 -12.2 -1.6

12 06-29-88 -14.4 -106 -13.1 -1.3
13 04-29-86 -13.0 -96 -- --

14 06-10-88 -13.0 -96 -8.6 .5
15 07-21-87 -13.6 -101 -19.0 --
16 06-24-86 -14.6 -107 -- 9.4

06-08-88 -- -- -6.5 --

17 07-02-86 -14.1 -103 -- 11.7
18 06-16-86 -14.1 -103 -8.8 10.2

06-09-87 -- -104 -- --

19 07-14-87 -12.7 -97 -3.7 8.6
20 06-19-86 -13.9 -103 -- 10.1
21 06-18-86 -14.1 -103 -- 9.0

22 06-19-86 -14.0 -104 -9.2 10.1
23 06-10-88 -15.9 -120 -9.1 3.0
24 07-01-86 -12.5 -94 -10.9 -6.1
25 06-09-88 -13.2 -98 -10.3 3.7
26 06-17-86 -15.6 -114 -10.8 10.1

07-01-88 -- -- -10.5 11.2
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Table 8.--Isotopic ratios of stable isotopes in water from the Gallup,
Dakota, and Morrison aquifers-Concluded

Sulphur,
Well Date of Oxygen Hydrogen Carbon SO42"

number sample (8180) (8D) (813C) (834S)

27 06-18-86 -15.9 -115 -10.0 10.9
28 06-30-86 -15.7 -114 -- --

07-01-88 -- -- -10.0 14.0
29 06-29-88 -15.6 -116 -10.5 14.9
30 07-23-87 -14.2 -104 -10.9 --
32 06-24-86 -14.6 -107 -13.4 5.0

07-15-87 -- -- -12.7 --

33 07-15-87 -15.3 -113 -11.7 --

34 07-16-87 -14.1 -104 -10.7 --

35 06-11-87 -14.0 -104 -11.9 --

36 04-24-86 -14.3 -114 -- --

10-22-87 -14.4 -108 -11.7 12.8
37 10-02-87 -14.5 -108 -12.2 -18.7

38 07-01-87 -11.0 -82 -13.5 - 13.0
07-14-88 ..-- -13.1 -10.3
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Figure 24.-Oxygen and deuterium isotopic ratios in water from water wells
completed in the Gallup, Dakota, and Morrison aquifers.
Well locations are shown in figures 8, 9, and 10.
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EXPLANATION

OUTCROP OF MORRISON AQUIFER, JURASSIC ROCKS, UNDIVIDED; WANAKAH FORMATION;
ENTRADA SANDSTONE; AND SAN RAFAEL GROUP--From Dane and Bachman, 1965; Wilson
and others, 1969; Tweto. 1979; and Hintze, 1981

BOUNDARY OF STUDY AREA

-104 WATER WELL--Number is deuterium isotopic ratio, in per mil relative to Standard
Mean Ocean Water (SMOW)

Figure 25.--Deuterium isotopic ratio in water from water wells completed in the Morrison aquifer.
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Stable carbon isotopic data (613C) are shown in table 8 and in figure 26 for the Gallup aquifer
and figure 27 for the Morrison aquifer. Values of 513C for the Gallup aquifer generally were
consistent with carbonate minerals reacting with soil gas (-7.6 °/00 to -12.3 0/00) except for one
sample that contained very light 813C of -26.1 0/00 (fig. 26), suggesting an organic carbon source.

Carbon-13/carbon-12 ratio values for samples from the Morrison aquifer ranged from
-3.7 0/00 to -19.0 0/00 (fig. 27). However, 16 of 20 samples had a smaller range of -9.1 0/00 to -13.1
0/00, which coincides with well locations that are more than 10 mi from the San Juan River
(fig. 26). The analytical accuracy of the 513C analysis was generally ± 0.3 0/00 (Carol
Kendall, U.S. Geological Survey, oral commun., 1989). Thus, the minor variability of the 813C
values in the samples may be due to chemical reactions involving carbon or may be due to
analytical accuracy. For example, a value of -10.5 0/oo ± 0.3 0/o0 includes three samples (wells 26
and 29) in the northwestern part of the basin (table 8).

Radioactive Isotopes

The radioactive isotopes 3 H, 14C, and 36C1 were used to determine the residence time that
water has been isolated from the atmosphere. Residence times are useful for determination of
aquifer characteristics and for geochemical analysis of flow paths. The half-lives of the three
radioisotopes are: 3H = 12.26 years, 14 C = 5,730 years, and 36CI = 301,000 years. Therefore,
applications of age dating with the three radioisotopes are significantly different. Tritium is
applicable in detecting modern (post-1952) water in the sample. The isotope 14C is applicable in
determining ages to approximately 50,000 years (Durrance, 1986). Because of its slow decay, 36C1
is applicable in age determinations of 100,000 to approximately 1 million years (Bentley and
others, 1986). Processes that include mixing and ion filtration can be determined using 36Ca
radioisotopes as shown by Phillips and others (1986a).

Activities of 3H in samples from 26 wells generally were less than 1 tritium unit
(3.2 pCi/L) as shown in table 9. This indicates that the sampled ground water has not mixed with
modern water and has been isolated from the atmosphere at least since 1952.

During the initial collection of radioisotope samples in 1986, samples for 14C analysis were
collected from four wells completed in the Morrison aquifer. Of water from wells 18, 22, 26, and
27, only water from well 27, closest to the recharge area, contained measurable 14C (table 9).
Therefore, the 14C dating technique could be applied practicably only to water samples near
recharge areas in the Morrison aquifer in this part of the study area. Twenty-four 4C samples
were analyzed between 1986 and 1989, 12 of which contained detectable 14C.

The 14 C technique revealed that samples collected from the Morrison aquifer rapidly
increased in apparent age; 1C was not detected downgradient from the recharge areas. Slow flow
rates or mixing of modem and ancient waters may have resulted in nondetectable 1 4C activities.
Therefore, in view of the limited application of the 14C data to samples from the Morrison aquifer,
Dr. Fred Phillips at New Mexico Institute of Mining and Technology prepared, analyzed, and366136
interpreted results of 3Cl samples. The atmosphere produces C1 by cosmic ray spallation of

Ar and neutron activation of Ar (Bentley and others, 1986). Meteroic water contains C1; as
precipitation becomes recharge water moving into the subsurface, 36C1 decays exponentially.
Chlorine-36 can be added from subsurface sources derived from rock weathering and production
of neutrons in uranium radionuclide decay. The application of 36CI to ground-water hydrology
has been demonstrated in two regional aquifers: the Great Artesian Basin in Australia (Bentley
and others, 1986) and the Milk River aquifer in Alberta, Canada (Phillips and others, 1986a).
Age-dating techniques using 36CI were substantiated with independent modeling results and
provided new insights into hydrochemical processes in the two aquifer systems.
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In the southeastern part of the study area mapped as part of the Mesaverde Group,
undivided. From Dane and Bachman, 1965; and Hackman and Olson, 1977

BOUNDARY OF STUDY AREA

APPROXIMATE SUBSURFACE EXTENT OF GALLUP AQUIFER--From Molenaar, 1973

S.e0 WATER WELL--Number Is carbon-13 Isotopic ratio, in per mil relative to Peedee
belemnite (PDB)

Figure 26.--Carbon-13 isotopic ratio in water from water wells completed in
the Gallup aquifer.
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Figure 27.--Carbon-13 isotopic ratio in water from water wells completed in the
Morrison aquifer.
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Water samples from 34 wells were collected to measure 36CI, as shown in table 9. Analytical
error was less than 10 percent. The primary focus of the 36C1 investigation was a detailed
examination of the Morrison aquifer. The 36Cl/1015C1 values (unitless atomic ratios of 36C1

atoms per 1015 chlorine atoms where chloride is the atomic sum of the stable isotopes 35C1 and37C1) ranged from 4 to 2,201. Figure 28 displays the areal distribution of 36C/1015 Cl data for the
Morrison aquifer. Multiple samples for the same well location are shown where available. The
expected recharge input value for the San Juan Basin area was 700 (Jones and Phillips, 1990).
Samples obtained near the southern outcrop (well 38) and western outcrop (well 30) contained
ratios of 630 and 573, respectively. The simple interpretation of data shown in figure 28 is that
values greater than 700 are a result of buildup of 36Cl and values less than 700 are due to
radioactive decay of 36C1. Repeat sampling for 36C1 at four of five wells indicated that
36C1/10 15C1 ratios were not reproducible within 10 percent (fig. 28; table 9). Well construction and
open-hole completion opposite multiple sandstones within the Morrison aquifer have a similar
effect on the 36CI data as on the previously discussed water-chemistry data.

Comparison of the 14C data with the 36C1 data was not reliable due to collection of the data
on different sampling dates. Chemical concentrations and isotope contents varied in several wells
over time as previously described.

Collection and analysis of 36C1 radioisotopes, as well as other constituents, clearly indicated
that the original assumptions of the ground-water flow system were inadequate. The flow system
was re-evaluated to provide a conceptual model, consistent with the chemical data, with which to
interpret the sources of solutes.

Table 9.-Activities of tritium, carbon-14, and chlorine-36 isotopes in
water from the Gallup, Dakota, and Morrison aquifers

[See figures 8-10 for location of wells; wells 1-2 and 4-10 are completed in the Gallup
aquifer, wells 11-13 in the Dakota aquifer, and wells 14-38 in the Morrison aquifer;

pCi/L, picocuries per liter; <, less than detection limit; -, no data. A, B, and C
refer to repeat sampling of wells as shown in figures 31-331

Carbon-14
(14C) Chlorine-36

Date of Tritium (3H) (percent (36C1/1015 Cl) (36Cl)
Well number sample (pCi/L) modern) (ratio) (atoms/liter)

1 07-01-88 <0.3 -- 676 9.0
2 10-21-87 <.3 <0.4 198 16.5
4 07-15-88 <.3 2.2 122 .9
5 06-30-87 <.3 <.4 --

06-28-88 - -- 153 11.7
6 06-30-88 1.5 6.4 22 .2

7 06-28-88 <.3 2.6 569 9.2
8 12-03-87 .... 537 21.0
9 08-11-87 .4 4.5 --

10 06-30-88 <.3 2.8 --

.11 07-23-87 - -- 169 16.4

12 06-29-88 - -- 730 3.2
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Table 9.-Activities of tritium, carbon-14, and chlorine-36 isotopes in
water from the Gallup, Dakota, and Morrison aquifers--Concluded

Carbon-14
(14C) Chlorine-36

Date of Tritium (3H) (percent (36C1/10 15C1) (36C1)
Well number sample (pCi/L) modem) (ratio) (atoms/liter)

13
14
15
16

17
18

19
20
22

23
24
25
26

27

28

29
30

31

32

33

34

35
36

37
38

12-03-87
06-10-88
07-21-87
06-24-86
06-08-88

07-02-86
06-16-86
06-09-87
07-14-87
06-10-87
06-19-86
06-10-87

06-10-88
07-01-86
06-09-88
06-17-86
07-01-88
06-18-86
06-11-88
06-30-86A
07-17-87B
06-29-88B
07-23-87
01-05-89
01-05-89

06-24-86
07-15-87
06-11-88
07-15-87A
06-29-88B
11-23-88C
07-16-87B
11-22-88A
06-11-87
04-24-86A
10-22-87B

10-02-87
07-01-87
07-14-88

<0.3
4.0

<.4
<.3
1.2
3.0

<.3
<.3
<.3
2.0

1.0

<.3

<26

3.0
<.3

<.3

<.3
<26

<1.0

<.3

<.3
.3

<1.0

<1.1

<1.2

<.4

<1.2

10.5

31.5
<.8

3.1

15.6

11.2

<1.0

<1.0

<.4

<.4

.8
14.4

149
244
15

44

42

59
4

38

42

333
213
295

251

36
163
15

417

573
2,201

42
400
121
274

1,857
481
290
648
537

894

630

19.7
4.6
5.5

.8

4.4

5.7
5.1
7.7

5.9

13.0
13.8
5.0

1.7

.1
7.8
1.6
2.1

2.6
6.0

.1
29.2
2.5
3.9

22.4
6.4
9.4

15.4
15.5

9.9

7.7
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333 WATER WELL--Number represents ratio of chlorine-36 to stable chlorine
isotopes. Multiple ratios for a well are listed in chronological order

Figure 28.--Ratio of chlorine-36 to stable chlorine isotopes in water
from water wells completed in the Morrison aquifer.
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Physical and Geochemical Processes

Physical processes of the flow system and geochemical processes controlling rock/water/
gas interactions affect the observed chemical concentrations and isotopic contents. Physical
processes that are examined include ground-water flow, mixing, evaporation, dilution, and ion
filtration. Geochemical processes examined include mineral solubility, ion exchange, and
oxidation/reduction. The geochemical data were used to examine these physical and geochemical
processes.

The fluctuation in ion concentration among water analyses, particularly for wells containing
large open intervals, may be due to the lithology of the Morrison aquifer, which is a sequence of
sandstones and shales. Heterogeneity in sandstone properties, such as hydraulic conductivity,
may result in variability of ion concentrations contained in the individual sandstone layer if the
sandstones are confined between shale layers and no mixing occurs within the Morrison aquifer.
Thus, a water sample from a well completed in multiple lithologies in the Morrison aquifer may
be a mix of different water chemistries. Changes in ion chemistry in samples collected at a well
at different times may be due to changes in hydraulic head. A change in hydraulic head may cause
the sandstone layers in the aquifer to contribute different amounts of water to the well bore, which
would change the mix of different water chemistries. Wells completed in the Morrison aquifer
that flowed continuously during the duration of the field sampling caused a lowering of the
hydraulic head, resulting in changes in ion chemistry for samples collected at different times. In
large regional aquifer systems such as the San Juan Basin, the water chemistry at a particular
location commonly has been assumed to have changed little, if any, over short time periods of a
few years. The results determined for six wells completed in the Morrison aquifer and one well
in the Dakota aquifer suggest that repeated sampling over time is needed to verify reproducibility
of ion chemistry.

Decreases in chloride concentrations 10 mi downgradient from the recharge area may be
due to factors including mixing of recharge water with more dilute water within the Morrison
aquifer; leakage of more dilute water from above or below the Morrison aquifer; or ion filtration.
Another potential cause of low chloride concentrations may be changing rates of recharge in the
Morrison aquifer. Large rates of recharge during times of high precipitation would dilute chloride
concentrations. Conversely, small rates of recharge during dry periods would likely concentrate
chloride in the recharge area by evaporation in the vadose zone.

Ion filtration is a process previously proposed as being active in the San Juan Basin (Berry,
1959) and other basins (such as Phillips and others, 1986b). The ion-filtration hypothesis assumes
a semipermeable membrane such as a clay layer or shale separating two zones of higher hydraulic
conductivity. Electrochemical and pressure factors can result in exclusion of negatively charged
ions, such as chloride, and a decrease in salinity on the low-pressure side of the membrane. Dilute
water passes through the membrane to increase the pressure on the "filtrate" side. By applying
this hypothesis to the Morrison aquifer, saline water from either the Dakota above the Morrison
or the Entrada below the Morrison would be filtered by clay or shale layers and result in the
observed low chloride concentrations. Clays or shales of the Brushy Basin and Recapture
Members within the Morrison aquifer are the most likely semipermeable membranes within the
Dakota-Entrada sequence.

As previously described, 8D values in samples from four wells completed in the Morrison
aquifer were depleted by 260/00 relative to modem precipitation. These lighter isotopic values
may indicate that recharge for these four wells occurred during a time period of cooler mean
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temperature and wetter conditions than exist today. This would be consistent with average
Pleistocene values found for the Ojo Alamo aquifer by Phillips and others (1986b). A second
hypothesis explaining the existence of depleted 8180 and 5D values is membrane filtration. The
ion filtration process would enrich the heavy isotopes in the residual solution and deplete the
heavy isotopes in the solution passing through the shale (Coplen and Hanshaw, 1973).

Increases in chloride concentrations in wells near the San Juan River relative to chloride
concentrations in recharge areas may be due to factors including dissolution of halite (NaCl)
within the Morrison aquifer; leakage of saline water from above or below the Morrison aquifer;
mixing of dilute recharge water with saline, deep-basin water near the discharge area in the
Morrison aquifer; or oil-field brine contamination. The large solubility of halite, lack of observed
halite, and deposition in a freshwater (nonmarine) environment suggest that NaCl dissolution is
an unlikely source of increased chloride concentration. Leakage of saline water into the Morrison
aquifer and mixing of dilute and saline water within the aquifer are likely processes controlling
chloride concentrations.

Figure 29 compares the ratio for concentrations of Br/CI" to the concentration of chloride.
The log-log plot was developed by Whittemore (1988) to evaluate mixing of brines with dilute
water and to differentiate between natural brines and oil-field brines. In general, dilute recharge
water has Br/Cl" ratios as low as 10 x 10 -4 (concentration ratio). Saline solutions from natural
brines increase in chloride and the Br/CI ratio decreases. The points plotted in figure 29
represent analyses of water from the three aquifers. The lowest Br/CI ratio was for well 19,
which contained 750 mg/L C17 and 0.05 mg/L Br-, resulting in a ratio of 0.67 x 10-4 Br-/CI'. By
comparison, the lowest Br7/Cl" ratio found in a natural salt water was 0.57 x 10 -4 (Whittemore,
1988, p. 345). Samples from wells completed in the Morrison aquifer near the San Juan River
contain Br/Cl" ratios between values found for recharge-type water and halite brine. This
suggests mixing of dilute recharge water with saline water.

To aid in identifying physical processes, sampled wells completed in the Morrison aquifer
were grouped by location and sample type by Jones and Phillips (1990). Five groups of wells are
shown in figure 30 and were designated as follows: group 1 is wells near the San Juan River with
elevated chloride concentrations; group 2 is wells located near the Morrison Formation outcrop;
group 3 is wells downgradient from the recharge area; group 4 is wells 33 and 34; and group 5 is
wells in the central and southern parts of the basin.

Graphical representation of 36C1 data is useful in delineating processes such as dissolution
of radioactively "dead" Cl-, ion filtration, dilution, evaporation, and decay or buildup of36C, from uranium deposits (Bentley and others, 1986; Phillips and others, 1986a; Jones and
Phillips, 1990). Figure 31 is a plot of the 36C1/10 15C1 ratio data and 36C1 concentrations (in atoms/
liter x 10 7) for each sample using the group symbol defined in figure 30. As described in Phillips
and others (1986a, p. 2012), the addition of "dead" Cl - will decrease the 36C1/10 C1 ratio
(addition of 35C1 and 37C1) without changing the 36CI concentration, resulting in a downward
shift of the data points as shown by the diagram in figure 31. Dilution, evaporation, or ion
filtration will affect the 35C1, 36C, and 37C1 concentrations; therefore, the 36C1/10 15 Cl ratio will
not change, and points in figure 31 would shift horizontally if these processes occurred.
Radioactive decay decreases and buildup increases 36CI concentrations; these processes are
represented by sloped lines in figure 31.
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EXPLANATION

W• OUTCROP OF GALLUP AQUIFER, JURASSIC ROCKS, UNDIVIDED; WANAKAH FORMATION:
ENTRADA SANDSTONE; AND SAN RAFAEL GROUP--From Dane and Bachman, 1965; Wilson
and others, 1969; Tweto, 1979; and Hintze, 1981

BOUNDARY OF STUDY AREA
Is W.TER WELL--Symbol represents group 1 wells located near the San Juan River with elevated

Cl concentrations. Number corresponds to well number shown in table I
0 23 WATER WELL--Symbol represents group 2 wells located near the outcrop of Morrison

Formation. Number corresponds to well number shown in table 1
O 24 WATER WELL--Symbol represents group 3 wells located downgradient from the recharge

area. Number corresponds to well number shown in table I
S33 WATER WELL--Symbol represents group 4 wells, wells 33 and 34. Number corresponds to well

number shown in table 1
38 WATER WELL--Symbol represents group 5 wells located in the central and southern parts

of the basin. Number corresponds to well number shown in table 1

Figure 30.--Location, well number, and group for water wells completed in the Morrison aquifer
used in analysis of chlorine-36 data shown in figures 31-33.
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Three decay (or buildup) lines were plotted in figure 31 to show samples containing
different salinities: line (A) was drawn through sample 30 and the origin for dilute samples; line
(B) was drawn through sample 34B and the origin for slightly saline samples; and line (C) was
drawn through sample 36B and the origin for saline samples. In general, data points assigned to
the well groups defined in figure 30 are described by these three lines. Dilute samples generally
followed line A and consisted primarily of group 3 wells: 30, 29, 26, 27, and 31. Samples
containing slightly saline values plotted along line B and generally belonged to groups 2 and 5
(outcrop samples and southern San Juan Basin samples). Samples containing saline values plotted
along line C and generally consisted of group 5 wells. Wells located near Shiprock and the San
Juan River plotted below line C. The buildup of 36 C1 due to uranium deposits may have affected
samples 31 and 34B (fig. 31).

Chloride mass-balance equations derived by Jones and Phillips (1990) indicate that mixing
of waters could be evaluated by plotting the 36C1/10 15C1 ratio against the inverse of the chloride
concentration in milligrams per liter (figs. 32 and 33). The three lines A, B, and C in figure 31 are
shown in figures 32 and 33. Compared to figure 31, lines A, B, and C plot in reverse order in
figures 32 and 33 because the chloride concentration decreases away from the origin in figures 32
and 33. Line A represents the 36C1 decay curve and is not affected by other processes such as
dilution or ion exchange. Samples that fall on the 36C1 decay curve are 30, 29B, and 26. A
decrease in chloride concentration for samples 29A, 32, and 27 results in plots to the right of line
A as shown by line D in figure 32. These samples may be the result of dilution or ion filtration of
chloride in the Morrison aquifer. Likewise, samples that plotted to the left of line A were
concentrated in chloride, possibly due to evaporation or ion filtration on the opposite side of the
membrane, as represented by line E.

Dr. Fred Phillips (New Mexico Institute of Mining and Technology, written commun., 1991)
compared the 36CI/Cl ratios with Br'/CI" ratio data. The mixing of three end-member sources
explains the observed data. The first end member is recharge water having a large 36C1/Cl ratio
and large Br-/C1- ratio; chloride concentrations range from 7 to 14 mg/L. The second end member
is likely either ion filtrate or very ancient ground water recharged under a more humid climate.
This second end member is characterized by a small 36CI/Cl ratio, large Br'/CI" ratio, and is very
dilute with chloride concentration less than 5 mg/L. The third end member is upward-leaking
deep-basin brine containing small ratios of 36CI/Cl and Bfr/CI'; Cl- concentrations exceed 100
mg/L. Therefore, the mixing of recharge water and an ion filtrate or ancient dilute recharge water
with upward-leaking brine dominates the flow regime in the northwestern part of the San Juan
Basin. This mixing of ground water affects ion constituent concentrations and precluded
quantitative mass-balance calculations of geochemical reactions affecting water chemistry.
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To examine further the possibility of upward leakage into the Morrison aquifer, water-
quality analyses were retrieved from the NWIS data base. Single-completion wells in the
Wanakah Formation were not available. Chemical analyses for two samples from wells
completed in the Entrada Sandstone are shown in table 10. Well Jel is located on the northwest
side of the basin approximately 8 mi west of Morrison well 21, and well Je2 is located
approximately 8 mi east of Morrison well 36 (table 10). Sodium, sulfate, and chloride are the
predominant major ions in both samples from the Entrada Sandstone. Chloride concentrations are
significantly larger in water from the Entrada than in water from the Morrison aquifer. The
chloride concentration is 1,100 mg/L in water from well Jel compared with a chloride
concentration of 67 mg/L (table 4) in well 21 from the Morrison aquifer. The chloride
concentration is 810 mg/L in water from Entrada well Je2 compared with a chloride concentration
of 17 mg/L (table 4) in well 36 from the Morrison. Vertical leakage of water into the Morrison
through fractures or other areas of large permeability would increase chloride concentrations in
the Morrison aquifer. This finding is generally consistent for samples from wells that have
multiple completions in the Morrison and Wanakah Formations. Water from two wells, 26 and
24, completed in the Morrison aquifer, contain chloride concentrations of 3.9 and 38 mg/L
(table 4). Well 26 is completed in the Recapture Member and well 24 is completed in the Recapture
and Salt Wash Members and in the Wanakah Formation.

Table 10.--Two chemical analyses of water from the Entrada Sandstone
[Concentration in milligrams per liter except where otherwise indicated. -, no data]

Well identification

Jel Je2
Latitude 364838 360344
Longitude 1085154 1075156
Sample date 09-17-69 03-28-78
Specific conductance (microsiemens per centimeter at 25 degrees Celsius) 9,320 10,000
pH (standard units) 8.20 8.30

Alkalinity (as CaCO3) 410 470
Bicarbonate 570 -
Carbonate 10 2
Calcium 72 70
Manganese 28 8.3

Sodium 2,200 2,800
Potassium 9.0 15
Chloride 1,100 810
Sulfate 2,800 4,300
Fluoride 3.6 5.3

Dissolved solids 6,600 8,300

Physical processes, predominantly leakage and mixing, account for some of the sources and
distribution of solutes and isotopes in the three aquifers. Other sources and mechanisms for
addition and removal of solutes are controlled by geochemical processes.
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Magnesium concentrations were larger in water samples from the Gallup aquifer than from
the other two aquifers. This suggests a mineral source of Mg2' in the Gallup aquifer that was not
present in the other two aquifers or a sink for Mg 2+ in the other two aquifers. Dissolution of calcite
would contribute Ca2+ ions and dissolution of dolomite contributes Ca2 + and Mg2+ ions as shown
in reactions 3 and 4:

CaCO3(,) + H+ = Ca2+ + HC0 3" (3)

CaMg(C0 3)2 (c) + 2H+ = Ca2+ + Mg2+ + 2HC0 3 " (4)

Dolomite, but not calcite, was observed in the Gallup aquifer by Kaharoeddin (1971),
suggesting that the source of Ca2+ and Mg2÷ is likely dolomite dissolution reactions.

The small Ca2+ and Mg 2+ concentrations in the Dakota aquifer indicate that either dolomite
dissolution is not a major process, cation exchange occurs, or the available data were not
representative of the Dakota aquifer. Calcium and magnesium concentrations were also small in
the Morrison aquifer. Dolomite minerals have not been observed in the Morrison, and calcite
minerals are present but in small amounts (less than 10 percent calcite from two outcrop locations
in the northwestern part of the basin according to Hansley, 1990).

The removal of Ca2+ and Mg 2 + and the increase in Na+ in the Gallup aquifer in the direction
of ground-water flow are indicative of ion-exchange reactions with clay minerals (reaction 5):

Ca2+ + Na2X = 2Na + + CaX; (5)

where X = ion-exchange site.

Chlorite and glauconite clay minerals were observed by Kaharoeddin (1971) in the Gallup
aquifer. Chlorite has a very low cation-exchange capacity of less than 10 meq/100 g (Drever, 1982,
p. 82). Glauconite, an iron-rich variety of illite, has a higher cation-exchange capacity of 10 to
40 meq/100 g (Drever, 1982, p. 74 and 82). This suggests that glauconite rather than chlorite
would be more effective in the exchange of the divalent cations (Ca2 +, Mg2 +) for the monovalent
Na+ cation in the Gallup aquifer.

The presence of small concentrations of Ca2+ and Mg2+ in samples from the Dakota and
Morrison aquifers may be a result of sampling where dissolution of carbonates and cation
exchange both occur in the recharge area, possibly in the soil zone or unsaturated zone, prior to
reaching the location of the sampled wells. Another possible explanation is that dissolution of
carbonates was not a significant process and that silicate hydrolysis was the major process
resulting in Na+ concentrations. The dissolution of albite (NaAlSi3O8) releases Na+ as shown in
reactions 6 and 7. Albite altering to kaolinite (A12Si2Os(OH) 4) has been observed in core and
outcrop samples from the Morrison aquifer (Hansley, 1990).

NaAISi3O8 (c) + 8H 20 = Na+ + Al(OH)4 - + 3H 4 Si0 4
0  (6)

2NaAlSi3O8 + 2CO 2 + 11H 20 = 2Na + + Al 2Si2 05 (OH)4 (c) + 4H 4 SiO 4
0 + 2HCO3 (7)

Sources of bicarbonate include carbonate dissolution (reactions 3 and 4) and silicate
hydrolysis (reaction 7). Dissolution of the carbonate mineral dolomite is a likely source of
HCO3" in the Gallup aquifer (reaction 6). Silicates hydrolyzing in the presence of CO2 gas
contribute HCO 3" (reaction 7). Silicate minerals observed in all three aquifers include potassium
feldspar, plagioclase feldspar (such as albite), and several clay minerals.
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Sources of sulfate include dissolution of sulfate-bearing minerals and oxidation of sulfide
minerals. However, for the Gallup aquifer, no sulfate or sulfide minerals were observed by
Williams (1956) or Kaharoeddin (1971). The large concentrations of SO42" in water analyses shown
in table 2 suggest that there is a source of S042- and that the mineralogical data may Pot be
complete for the Gallup aquifer. The Mancos Shale confines the Gallup aquifer and may be a
source of SO 4

2

Sulfate concentrations in the Dakota aquifer do not increase uniformly but rather form two
groups of small and large concentrations. No sources of 5042" were studied by Walters and others
(1987), who were concerned primarily with trace-element concentrations.

Sulfate concentrations increase downgradient in the Morrison aquifer toward Shiprock.
Sources of SO42" in water from the Morrison aquifer include dissolution of sulfate minerals or
oxidation of sulfide minerals. Anhydrite (CaSO 4) and pyrite (FeS2) have been observed in the
Morrison aquifer (Hansley, 1990). A dissolution reaction for anhydrite producing S042- is shown
in reaction 8. Oxidation of 1 mole of pyrite can release 2 moles of S042" (reaction 9).

CaSO4(c) = Ca2+ +SO427 (8)

FeS2(C) + 402 (g) + 2H 2 0 = FeO(OH) + 2SO4
2 - + 4H ÷ (9)

(Silica)T is the total sum of three ions: H4SiO 4
0, H3SiO4 ", and H2SiO 4

2 ". Below a pH of 9,
most dissolved (SiO2)T exists as H4SiO 4

0. As pH rises above 9, H3SiO4 - becomes an important
species (Drever, 1982, p. 91-92), followed by H2SiO4

2 " above a pH of 12. Dissolved (SiO2>"
concentrations would be expected to increase with increasing pH above 9 because both H2SiO4 -

and H3Si0 4 " would be in solution. Dissolved (SiO2)T is plotted against field pH in figure 34 for
water from the Morrison aquifer. No correlation exists for all points; however, a cluster of (SiO2)T
samples plot in the range of 18 to 20 mg/L with pH values between 9.2 and 9.5. Another control
on (SiO2)Tr concentration is temperature (Krauskopf, 1979, p. 169-170). The effects of water
temperature on dissolved (SiO2)T appear to be significant for values greater than 25 0 C (fig. 34).
The maximum (SiO2)4 concentration of 35 mg/L was associated with the warmest water of 51.8
0C.

An oxidation-reduction (redox) reaction controls nitrogen speciation. The denitrification
process (reaction10) is shown below:

N0 3-+ 2CH 20 + 2H + = NH 4÷ + 2CO2(g) + H20; (10)

where CH 20 = organic matter.

Microbes use the oxygen in nitrate ions to oxidize organic matter to CO2. The denitrification
process in the aquifer probably occurs after oxygen is consumed by the oxygen-reducing
microbes.
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Degrees of mineral saturation were computed with the computer code WATEQF (Plummer
and others, 1976) to identify areas where minerals are likely to dissolve, precipitate, or be in
thermodynamic equilibrium with the water. Requirements for input into the code include data on
the major ions, pH, temperature, SiO 2, Fe, P0 4, Sr, and F. Analytical data for Al and (SiO2 )T are
required for calculating states of saturation for aluminosilicate minerals. A value of 10 gg/L for
Al was assumed for values less than the detection limit of 10 gg/L. Redox calculations were made
using dissolved oxygen (where detected) or the S0 4/H 2S ratio (H2S was converted from total
sulfide data).

WATEQF modeling provides an estimate of the mineral saturation index (SI) for a suite of
minerals for each sample. The definition of SI is:

SI = log lAP (11)
KT

where IAP is ion activity product; and
K is equilibrium constant at temperature T, in degrees Kelvin.

If SI is negative, the solution is undersaturated with respect to the mineral. Conversely, a
positive SI indicates supersaturation with respect to the mineral. Where TAP equals KT,
thermodynamic equilibrium is indicated.

Results from WATEQF modeling indicate various states of saturation for minerals in the
three sandstone aquifers. Albite, amorphous silica, and gypsum were found to be undersaturated
in all samples collected from the three aquifers, suggesting that these minerals would dissolve in
ground water where they are present in the aquifer. Values of SI for calcite in the Gallup and
Dakota aquifers generally are positive, suggesting conditions suitable for calcite precipitation.

Values of SI for calcite in samples from the Morrison aquifer ranged from positive to
negative, indicating both precipitation and dissolution of calcite minerals in some parts of the
aquifer. Most samples were supersaturated with respect to calcite, indicating that calcite would
precipitate. Several samples, particularly near the San Juan River in the vicinity of Shiprock, were
undersaturated with respect to calcite, indicating that calcite would dissolve where present.

Values of SI calculated for dolomite (CaMg(CO3)2) for samples in the three aquifers have
similar patterns to the SI data for calcite. Notable exceptions are three samples from the Gallup
aquifer in the central part of the basin that are supersaturated with respect to calcite and
undersaturated with respect to dolomite. The difference in SI values for dolomite relative to
calcite may be the presence of small Mg2+ concentrations detected in several samples from the
Gallup aquifer.

SI values were computed for clay minerals including chlorite, kaolinite, illite, and the
smectite group of montmorillonite minerals. SI values for chlorite samples from the Gallup
aquifer ranged from highly positive (5.0) to highly negative (43). Highly positive SI values
indicate that precipitation of chlorite may consume 0.5 mole/liter of Mg from the water. SI values
for chlorite in the Morrison aquifer ranged from 3.7 to -6.2. No discernible trends in SI values for
chlorite were evident.
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Kaolinite minerals were observed in the Dakota and Morrison aquifers. Values of SI for both
aquifers show general trends of undersaturation (suggesting dissolution) with respect to kaolinite
near the recharge areas and supersaturation (suggesting precipitation) downgradient.

WATEQF calculations for illite minerals indicate predominant undersaturation of the
minerals in samples collected from the three aquifers. Exceptions were two samples obtained
from wells located in the outcrop area of the Morrison aquifer. Illite has been observed in the
Dakota and Morrison aquifers, suggesting the potential for dissolution reactions that would
release Mg 2÷, Al hydroxides, and silicic acid.

Smectite minerals were observed in the Dakota and Morrison aquifers. The thermodynamic
data for smectite minerals are not well constrained, creating large uncertainties in the SI
calculations. Smectite was found to be supersaturated for all samples from the two aquifers.

SUMMARY AND CONCLUSIONS

Geochemical data were obtained for 38 wells completed in the Gallup, Dakota, and
Morrison aquifers to examine sources of solutes and hydrologic controls that affect the
concentration and distribution of solutes in the San Juan Basin. The scope was constrained
primarily to the northwestern part of the basin because of well availability and disturbances to the
natural ground-water system by uranium mining in the southern part of the basin. Although the
Gallup, Dakota, and Morrison aquifers were examined, 25 of the 38 wells were completed in the
Morrison aquifer, which had the most available wells completed in single aquifers.

Based on a series of samples collected along ground-water flow paths, chemical
concentrations were variable depending on vertical sampling interval, well location, and
sampling date. Several sandstone units contributed water to wells completed in the Morrison
aquifer, suggesting that the Morrison aquifer is not a simple two-dimensional flow system. The
data presented in this report indicate an upward component of flow into the Morrison aquifer.
The entire section above and below the Morrison aquifer appears to be controlled by a three-
dimensional flow regime where saline brine leaks upward near the San Juan River discharge area.
Temporal changes in ion constituent concentrations may be a result of changes in hydraulic head
in individual sandstone layers that contributed water to the well. The assumption that water
chemistry in wells does not change over short periods in a large regional aquifer cannot be made
as has been done commonly in previous investigations.

Predominant ions found in the three aquifers were generally Ca2+, Na+, HC0 3", and
-O4". The Gallup aquifer contained Ca2 -HCO3- in recharge areas and Na -SO 4

2 downgradient.

The Dakota Sandstone contained Na'-HCO3 in recharge areas with the addition of S042-

downgradient. Predominant ions in the Morrison aquifer were Na+-HCO 3" in recharge areas and
Na+-SO 4

2" downgradient.

Maximum chloride concentrations found in the Gallup, Dakota, and Morrison aquifers were
240, 720, and 750 mg/L, respectively. Median chloride concentrations were 20, 57, and
11 mg/L, respectively. Detectable trace-element concentrations included As, Ba, B, Fe, Li, Mn,
and Sr.
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Radioactive isotopes were useful in distinguishing sources of water to the Morrison aquifer.
The absence of 3H activities confirmed that ground water from all wells sampled has not mixed
with modem water and has been isolated from the atmosphere since at least 1952. Of 24 samples
analyzed, 14C activities were detected in 12. Age dating with 14C was not meaningful given the
different sources of water in the aquifer. The 360 radioisotopic data proved most useful in
differentiating the sources of water in the Morrison aquifer. Comparing Br'/Cl- concentration
ratios to 36C1/C1 ratios indicates three major end members of water resulting from different
sources. Recharge water had a large 36C] /Cl ratio and small Bfr/Cl" ratio. Chloride concentrations
were between 7 and 14 mg/L. A second end member of water contained small 36 CI ratios, large
Br'/Cl" ratios, was very dilute, and contained chloride concentrations below 5 mg/L. These
results suggest that water may have filtered into the Morrison through zones that trap dissolved
solids by the ion-filtration process. A second hypothesis is that this water is very ancient water
that was recharged during a humid climatic period. The third end member of water is
characterized by upward-leaking, deep-basin brine containing small ratios of 36C1/Cl and Br-
/Cl" and large chloride concentrations exceeding 100 mg/L.

Chemical and radioisotopic data indicate that water from overlying and underlying units
mixes with recharge water in the Morrison aquifer. Recharge water contained a large I Cl/Cl
ratio and a small Bfr/CI" ratio. Approximately 10 mi downgradient, however, samples from four
wells completed in the Morrison aquifer were considerably different in composition compared to
recharge samples. Oxygen stable isotopes decreased by 2.8 0/00 and deuterium decreased 26
0/00, relative to recharge. Carbon-14 radioisotope activities were not detectable. Chlorine-36/Cl
ratios were small and Br'/Cl" ratios were large. These results suggest two potentially viable
processes: ion filtration or trapping of ancient dilute water recharged under a humid climate. For
water samples near the San Juan River, pH decreased to about 8.0, C17 concentrations increased
to more than 100 mg/L, and 36C1/CI ratios and Br/Cl" ratios were small. Leakage of deep basin
brine into the fresher water of the Morrison aquifer appears to control ion constituent
concentrations.

The mixing of recharge water and an ion filtrate or ancient dilute recharge water with
upward-leaking brine dominates the flow regime in the northwestern part of the San Juan Basin.
This mixing of ground water controls ion constituent concentrations and precluded quantitative
mass-balance calculations of geochemical reactions controlling water chemistry. Geochemical
reactions involve dissolution of carbonate, silicate, and sulfate minerals present in the three
aquifers, ion-exchange reactions, and oxidation reduction.
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CONVERSION FACTORS AND VERTICAL DATUM

By~ To obtain

LENGTH
inch
foot
mile
foot per day

0.02540
0.3048
1.609
0.3048

meter
meter
kilometer
meter per day

AREA
square mile

foot squared per day

VOLUME
cubic foot

acre-foot

cubic foot per second

gallon per minute
gallon per minute per

foot
gallon per day per foot

squared

2.590
43,560.

0.09290

0.02832
7.48

1,233
43,560

0.02832
448.8

0.00006309
0.2070

0.04075

square kilometer
square foot
meter squared per day

cubic meter
gallon
cubic meter
cubic foot
cubic meter per second
gallon per minute
cubic meter per second
liter per second per

meter
meter per day.

Temperature in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) as follows:
OF = 9/5 (0C) + 32

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 --a
geodetic datum derived from a general adjustment of the first-order level nets of the United States
and Canada, formerly called Sea Level Datum of 1929.
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HYDROGEOLOGY AND STEADY-STATE SIMULATION
OF GROUND-WATER FLOW IN THE SAN JUAN BASIN,

NEW MEXICO, COLORADO, ARIZONA, AND UTAH

By John Michael Kernodle

ABSTRACT

As part of a multidisciplinary regional aquifer-system analysis, a three-dimensional steady-
state ground-water-flow model was constructed for the San Juan Basin in parts of New Mexico,
Colorado, Arizona, and Utah. The model simulated ground-water flow in 12 hydrostratigraphic
units representing all of the major sources of ground water from aquifers of Jurassic and younger
age.

Ten map reports in the U.S. Geological Survey Hydrologic Investigations Atlas 720 series
were prepared in conjunction with this investigation. The units that were described in the atlases
were the San Jose, Nacimiento, and Animas Formations; Ojo Alamo Sandstone; Kirtland Shale
and Fruitland Formation; Pictured Cliffs Sandstone; Cliff House Sandstone; Menefee Formation;
Point Lookout Sandstone; Gallup Sandstone; Dakota Sandstone; and Morrison Formation.
Additional descriptions of the alluvial and landslide deposits, Chuska and Crevasse Canyon
Sandstones, Lewis and Mancos Shales, Wanakah Formation, and Entrada Sandstone are included
in this report. Much of the information in the HA-720 series was generated from digital computer
data bases that were directly usable by the computer for compilation of input data for the model.
In essence, the major components of the ground-water-flow model were described and
documented in the series of hydrologic atlases.

The primary finding resulting from the ground-water-flow simulation was that boundary
conditions and internal geometry of the aquifers are the major controls of steady-state ground-
water flow and hydraulic heads in the San Juan Basin. Another significant finding was that the
computed steady-state ground-water flux is a very minor component (about 1 percent) of the total
water budget of the basin.

INTRODUCTION

This report is one in a series resulting from the U.S. Geological Survey's Regional Aquifer-
System Analysis (RASA) program (Sun, 1986). The program began in 1978 with a study of the
Northern Great Plains Basin (fig. 1) and has expanded to include 28 regional aquifer systems
nationwide that have been or were planned to be investigated.

The study of the San Juan structural basin began in October 1984. Although the San Juan
Basin geologically is a part of the Colorado Plateau and is partly in the Colorado River drainage,
which defined the area of a preceding RASA, it was excluded from that study because the ground-
water-flow system in the San Juan Basin remains regional in scale and is a classical example of an
artesian ground-water-flow system. The isolation of the San Juan Basin as a separate investigation
within the Colorado Plateau thus provided the opportunity to derive and focus on information that
could be compared with other classical artesian basins.
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1. Northern Great Plains
2. High Plains
3. Central Valley California
4. Northern Midwest
5. Southwest alluvial basins
6. Floridlan aquifer
7. Northern Atlantic Coastal Plain
8. Southeastern Coastal Plain
9. Snake River Plain

10. Central Midwest

11. Gulf Coastal Plain
12. GreatBasin
13. Northeast glacial valleys
14. Upper Colorado River Basin
15. Oahu Island, Hawaii
16. Caribbean Islands
17. Columbia Plateau
18. Michigan Basin
19. Son Juan Basin
20. Edwards-Trinity aquifer

= Not yet begun

21. Ohio/Indiana carbonates and
glacial deposits

22. Appalachian Valleys and Piedmont
23. Puget-Wlllamette Trough
24. Pecos River Basin
25. Southern California alluvial basins
26. Northern Rockies Intermontane Basin
27. Alluvial basins, Oregon, Calif., Nev.
28. IllInoli Basin

Figure 1.--Location of the Regional Aquifer-System Arnalysis areas of investigation.
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The purposes of the San Juan Basin RASA (Welder, 1986) are to: (1) define and characterize
the aquifer system; (2) assess the effects of past, present, and potential ground-water use on
aquifers and streams; and (3) determine the availability and quality of ground water. These broad
objectives were reduced to four specific tasks: (1) the geologic framework was described; (2) the
geochemical processes in a selected part of the flow system were investigated and described;
(3) the flow system was simulated and described (this report); and (4) a summary of the
investigation was prepared. This report describes the geohydrology and presents the results of
three-dimensional steady-state ground-water-flow simulations of the major aquifers in the San
Juan Basin.

Information on the major water-yielding units in the basin presented in the Hydrologic
Investigations Atlas 720 Series and additional unpublished information on non-water-yielding
units and minor aquifers were used to describe the geohydrology of the basin and to construct the
ground-water-flow model. Existing literature and well-completion records provided information
on aquifer properties, water levels, potentiometric heads, and well yields. The completed model
was used to give an integrated description of the aquifer-system components and their relation to
and interaction with surface recharge and discharge.

Description of the Study Area

The San Juan structural basin is located in New Mexico, Colorado, Arizona, and Utah, and
has an area of about 21,600 square miles (fig. 2). The structural basin is about 140 miles wide and
about 200 miles long. The study area is that part of the structural basin that contains rocks of
Triassic and younger age; therefore, the study area is less extensive than the structural basin.
Triassic through Tertiary sedimentary rocks are emphasized in this study because these units are
the major aquifers in the basin. The study area is about 140 miles wide (about the same as the
structural basin), 180 miles long, and has an area of about 19,380 square miles. The study area
represents 15,550 square miles in New Mexico, 3,100 square miles in Colorado, 720 square miles
in Arizona, and 11 square miles in Utah.

Land-surface altitudes in the study area range from about 4,500 feet above sea level in
southeastern Utah to about 11,300 feet in the southeastern part of the basin. The area-weighted
mean altitude is about 6,700 feet. Annual precipitation in the high mountainous areas along the
north and east margins of the basin is as much as 40 inches, whereas annual precipitation in the
lower altitude central basin is generally less than 8 inches. Mean annual area-weighted
precipitation in the study area is about 12 inches.

Population and Economy

Data obtained from documents published by the U.S. Bureau of the Census (1980 and 1985)
were used to calculate the population of the study area. The population in 1970 was calculated to
be about 134,000. The population increased to about 194,000 in 1980, 212,000 in 1982, 221,000
in 1984, and then decreased to about 210,000 in 1985. The economy of the basin is supported by
exploration for and development of natural gas, petroleum, coal, and uranium resources; urban
enterprise; farming and ranching; tourism; and recreation. The rise and fall in population were
related to changes in the economic strength of the minerals, oil, and gas industries and support
services. Uranium-mining and -milling activities underwent rapid growth from the 1950's until
the late 1970's and early 1980's when most uranium-mining activity came to an abrupt end.
Likewise, the oil and gas industry prospered until about 1983 and then declined rapidly.

3



I

40.1U
UTAH D~II UTAH BOUNI

OF "THI

COLOF
I PLATE

STUDY AF

350

ARIZONA

a.

10501100

COL

B

S
S
B•

--- - ,

LRADO

OUNDARY
FTHE
AN JUAN
TRUCTURAL
ASIN

A

MEXICO

---- A--I

0 100 200
I I

400 MILES
I

0
200

400 KILOMETERS

Figure 2.--Location of Colorado Plateau, San Juan structural basin, and study area.

4



Population density governs the amount of water that is required for private-domestic or
municipal supplies. Population density also reflects the distribution or concentration of
commercial and industrial facilities that also have water needs. Ranges in estimated population
density in the San Juan Basin for 1985 are shown in figure 3.

Previous Investinations

Wright (1979) prepared a bibliographic reference for papers and reports that pertain to
geologic and geohydrologic subjects for the San Juan Basin. Her publication listed more than
2,500 manuscripts, including many private consultants' reports. Many other hydrogeologic
documents have been published since the release of her compilation, including the citations listed
in the next paragraph. In addition, a vast number of archeological, climatic, paleoclimatic, and
surface-water reports have information relevant to a study of the ground-water basin.

Stone and others (1983) compiled a fairly comprehensive summary of the hydrogeology of
the New Mexico part of the San Juan Basin. That report describes the geohydrologic properties of
the Wanakah Formation (latei terminology) and younger hydrostratigraphic units. Frenzel (1982)
completed a three-dimensional steady-state ground-water-flow model of the San Juan Basin in
New Mexico and Colorado. Later (1983), he prepared an uncalibrated transient version of the
model to investigate possible effects related to proposed development of Federal coal leases.
Other models prepared by the U.S. Geological Survey include those by Hearne (1977) and
McLean (1980) of aquifers in the vicinity of Gallup, New Mexico. A three-dimensional steady-
state model of the Morrison-Dakota-Gallup aquifer subsystem was completed by Kernodle and
Philip (1988). One of the most recent models is of the aquifers in Mesozoic rocks in the Four
Corners area (Thomas, 1989). Many other reports and papers are cited in the following sections.

Z•ports Related to th Inv! st on

Sun (1986) compiled a summary of RASA investigations. That summary contains detailed
information on the overall purpose of the RASA program and the scope and status of the
individual investigations, including the San Juan Basin RASA.

A series of Hydrologic Atlases was published in conjunction with this investigation that
describe the hydrology, geology, and geochemistry of the major water-yielding hydrostratigraphic
units in the study area. Reports in this series describe the hydrogeology of the Dakota Sandstone
(Craigg and others, 1989); Gallup Sandstone (Kernodle and others, 1989); Point Lookout
Sandstone (Craigg and others, 1990); Morrison Formation (Dam and others, 1990a); Pictured
Cliffs Sandstone (Dam and others, 1990b); Kirtland Shale and Fruitland Formation (Kernodle and
others, 1990); Menefee Formation (Levings and others, 1990a); San Jose, Nacimiento, and
Animas Formations (Levings and others, 1990b); Cliff House Sandstone (Thorn and others,
1990a); and Ojo Alamo Sandstone (Thorn and others, 1990b) in the San Juan structural basin.

The series of atlases was intended to provide information upon which subsequent
investigative reports such as this could rely for basic reference material. This report describes a
three-dimensional ground-water-flow model of Jurassic and younger hydrostratigraphic units.
Levings and others (1996) provided a coherent overview of the multidisciplinary facets of the
investigation. The hydrogeochemistry of the Morrison, Dakota, and Gallup aquifers in the
northwestern part of the basin was described by Dam (1995). Craigg (in press) describes the
geologic framework of the San Juan Basin.
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GEOHYDROLOGIC SETTING

Geolgy

The San Juan structural basin (fig. 4), formed during the Laramide Orogeny (Late
Cretaceous-early Tertiary), is an asymmetric syncline that deepens to the northeast. The limits of
the basin generally are clearly delineated by faults, uplifts, or monoclines. The clearest example
of a fault determining the basin boundary is along the eastern side of the basin where Precambrian
granite has been uplifted east of the Nacimiento Fault. The Defiance and Nutria Monoclines also
are good examples of basin-bounding features. In some areas, however, the boundary is indistinct
and the basin merges across structural saddles with adjacent basins or embayments. Examples of
this indistinct boundary between basins are found in the Gallup and Acoma Sags and the Four
Corners Platform.

The San Juan structural basin contains a thick sequence of sedimentary rocks ranging in age
from Cambrian through Tertiary (fig. 5), but principally from Pennsylvanian through Tertiary. The
maximum thickness of the sequence of rocks is about 14,000 feet (Fassett and Hinds, 1971, p. 4).
These sedimentary rocks dip basinward from the basin margins toward the troughlike structural
center (deepest part of the basin) except where locally interrupted by intrabasinal folds, faults, and
domes. Older sedimentary rocks crop out around the basin margins and are successively overlain
by younger rocks toward the center of the structural basin (fig. 6). Volcanic rocks of Tertiary age
and various deposits of Quaternary age also are present in the basin.

Faulting is common, especially around the northeastern, eastern, and southeastern perimeter
of the basin (fig. 7). Faults along the northeastern and eastern perimeter generally are on the
platform areas outside the Hogback Monocline. Displacement along these faults is as much as
several hundred feet, and along Nacimiento Fault is several thousand feet. Displacement along
individual faults in the Puerco Fault Zone in the southeastern part of the basin typically ranges
from several tens to a few hundred feet. The basinward side of faults is usually the downthrown
side in the Puerco Fault Zone. Fault orientation and displacement in the Crownpoint-Grants, New
Mexico, area (also known as the Grants uranium belt) are more disheveled than elsewhere, often
leading to some remarkable structures as in the area just south of Crownpoint. When fault
displacement and synclinal structure are combined, the maximum structural relief in the basin is
about 10,000 feet (Kelley, 1951, p. 126). The present structural elements of the basin largely had
developed by middle Tertiary time (Kelley, 1951, p. 130).
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Climate

The San Juan Basin is located in the aid Southwestern United States and therefore typically
has mild winters with periodic cold-front storms; hot, dry, and windy springs and early summers;
warm and monsoonal late summers; and cool, clear autumns. However, within the San Juan Basin
a wide range of climatic conditions are determined Primarily by topographic altitude and
somewhat by slope aspect. The low-altitude central andl northwestern part of the basin has the
warmest temperatures and the least amount of precipitation (upper Sonoran climate). The
mountainous regions around most of the northern and eastern perimeter of the basin have the
coolest temperatures and receive the most precipitation (Canadian climate zone).

Figures 8 and 9 are maps of mean annual and m4an winter precipitation for the period
1931-60. As stated earlier, amounts of annual precipitation range from almost 40 inches in the
northeastern part of the study area to less than 8 inches in the lower altitude central basin (U.S.
Department of Commerce, no date). Most winter precipttauon occurs as snowfall, especially in
the higher mountain areas where snowpack typically eceeds 100 inches. Spring runoff from
melting mountain snowpacks accounts for most surface water in the basin. Convective summer
thunderstorms locally may result in considerable amounts of water in a very brief period, often
causing severe and dangerous flash floods. I

Potential mean annual evaporation (fig. 10) ranges from a low of less than 40 inches in the
northeastern to more than 60 inches in the northwestern Part of the study area (National Oceanic
and Atmospheric Administration, no date). In only a very small part of the study area does annual
precipitation exceed potential evaporation, and throughodt most of the area potential evaporation
greatly exceeds precipitation. With additional losses due to transpiration, the potential annual
water deficit is large throughout most of the area. Becatse of the timing of rain and snowfall,
however, water periodically is available for runoff and round-water recharge regardless of the
annual potential deficit.
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Figure 9.--Mean winter precipitation for the period
of Commerce, no date).



37"%

36* H ~I~S cials e~n ___ I 36'

Ut MCKINLEY

o, CROWNPOINT SANDOVAWINDOW O EQUAL POTNT M
ROCK ic

STDCIBOLA E ONAULLO

0 10 20 30 40 50 60M.ES • i35' * 5
i I i I. .1 ' 

I I0 10 20 30 40o 50 KLOMTE~R.

EXPLANATION

';"o- LINE OF EQUAL POTENTIAL MEAN ANNUAL
EVAPORATION--Number indicates potential
evaporation, In inches per year. Contour
interval 5 Inches

STUDY AREA BOUNDARY

Figure 1O.--Potential mean annual evaporation (from National Oceanic and Atmospheric
Administration, no date).

15



Surface Water

The study area is drained mainly by the San Juan River and its tributaries (fig. 11). The San
Juan River is a tributary to the Colorado Rivpr. The ?uerco River and its tributaries in the
southwestern part of the study area are also part of the Colorado River system. East of the
Continental Divide the Rio Chama, Rio Salado, Rio Puerco, and Rio San Jose drain to the Rio
Grande. A diversion from the headwaters of the San Juan; River transfers about 100,000 acre-feet
of water per year to the headwaters of the Rio Chama.

Only the San Juan River and its major northern tributaries are naturally perennial in the
study area. Portions of some streams are perennial for short reaches downstream from spring or
well discharges or discharges of treated municipal wastewater. Other streams are ephemeral or
seasonal and many only flow immediately after storms.

Several large reservoirs are in the study area. The largest of these, Navajo Reservoir on the
San Juan River, is used for irrigation and municipal water supplies. Water stored in or passed
through two other reservoirs in the study area, Heron Lake and El Vado Reservoir on the Rio
Chama in New Mexico, is allocated for municipal use by Ithe City of Albuquerque, New Mexico,
although much of this water is leased from the City for agricultural use downstream from
Albuquerque. Bluewater Lake on the Rio San Jose is usedl to supply water for irrigation. Lemon
and Vallecito Reservoirs, in Colorado just outside the study area, provide flood control and supply
water for irrigation within the San Juan Basin. All of these reservoirs offer excellent recreational
opportunities.

Ground Water

In a simplified conceptual model of the ground-water-flow system in the San Juan Basin,
water enters the ground-water-flow system from precipitation on aquifer outcrops and from
stream-channel loss as streams cross the outcrops. Rechaige from direct precipitation occurs only
after the near-surface demands for moisture are met byl the water that does not run off and a
residual amount of water is able to reach the zone of saturation in the aquifer. These near-surface
demands include evaporation, transpiration, and sublimation.I

Once water is in the ground-water-flow system it m6ves downgradient to areas of natural or
artificial discharge, in accordance with Darcy's law (Darcy, 1856) whereby the flow is equal to the
ground-water gradient times the aquifer's hydraulic conduictivity times the cross-sectional area of
the aquifer perpendicular to the direction of flow. Areas 9f natural discharge include springs and
seeps in topographically low parts of the outcrop, dischirge from the aquifer outcrop to stream
channels, and upward movement across conining units to the surface along fault planes,
fractures, and, to a modest extent, along intrusive dikes. Striking examples of spring discharge
along fault planes and fractures are at the southern end of the Nacimiento Uplift in the
southeastern part of the study area.

Another important mechanism of natural discharge is water moving from one aquifer across
a less permeable unit to another aquifer that has relatively'lower hydraulic head. Water might also
move across a less permeable unit directly to land surface where it would contribute to soil
moisture and hence to evaporation or transpiration. Both forms of vertical ground-water
movement may be significant in the San Juan Basin.
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Artificial discharge occurs at flowing or pumped vells or in conjunction with open-pit or
subsurface mining operations. Free-flowing wells are commonplace in the basin and most of
those are completed in multiple aquifers so the percentage of water contributed by each aquifer is
unknown. Pumped wells or controlled flowing wells also gre common and supply water to satisfy
municipal, small-community, private-domestic, and livestock needs. The majority of these wells
are windmill powered and small yielding, but some Yield large quantities of water. Mine
dewatering operations have been a major source of grouaid-water discharge in the south-central
part of the basin. Some mines required the removal of much as 3 cubic feet per second of
ground water to keep the mine from flooding. All o4' the mines presently are closed, the
dewatering has ceased, and ground-water levels are nov recovering from head reductions that
commonly exceeded 1,000 feet.

Complexities in the flow system arise because of non-uniformity in the aquifers. The
aquifers may thin or pinch out, or the composition and liydraulic properties may vary in space.
Aquifers also may have preferred directions of groundiwater flow that are controlled by the
orientation of fracture systems or by a persistent orientation of the aquifer's matrix of sedimentary
materials. Other pore-filling liquids or gases may createI barriers to the movement of water, or
water in parts of an aquifer may be saline enough to create a density barrier to movement of
freshwater. All of these conditions are present to some degree in the San Juan Basin.

HYDROSTRATIGRAPTIC UNITS

The San Juan Basin has many hydrostratigraphic units that function either as aquifers or
confining units. Other units, such as thin alluvial deposits, may not be hydrologically extensive
enough to be classified as major aquifers but potentially a•e very important in the role they serve
in capturing precipitation that eventually becomes recharge to underlying units. Much of the
following description of the major hydrostratigraphic units in the San Juan Basin was taken
directly from U.S. Geological Survey Hydrologic Investigations Atlases in the HA-720 series
(Craigg and others, 1989, 1990; Dam and others, 1990•, b; Kernodle and others, 1989, 1990;

Levings and others, 1990a, b; and Thorn and others, 1990a, b).

The structure-contour maps presented in thi's sectioh are derived from computer-generated
and human-edited continuous-surface representations of týe tops of the major hydrostratigraphic
units. These continuous-surface data layers were. generatWd from the control points shown in the
HA-720 series of Hydrologic Investigations Atlases and !geographic information system (GIS)-
generated outcrop altitudes. The representations were imported into the GIS, which was then used
to produce the figures in the atlases and in this report. Much of the information in those atlases
also was used directly by the computer for compilation of input data for the model, as described
later. In essence, the major components of the ground-water-flow model were documented in the
series of hydrologic atlases. In the following section the hydrostratigraphic units are discussed in
order of uppermost (youngest) to lowermost (oldest) occurrence.
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Alluvium and Other Ouaternary Deposits

Quaternary and recent deposits in the San Juan Basin include stream-deposited alluvium and
older terrace deposits, landslide deposits, and eolian sand. The areal distribution of these
sediments are shown in figure 12. Most Quaternary and younger deposits are unconsolidated and
form a thin covering over older bedrock sediments.

Lithology

Stream-deposited alluvium and older terrace deposits are associated with major streams and
rivers in the San Juan Basin. The alluvium consists of unconsolidated sediments that range from
silt to cobbles in size but predominantly are sand and gravel. Along major streams the alluvium is
varied in composition, depending on the mix of material from the various erosional source areas.
Alluvial deposits also occur as a thin veneer of fine-grained sediments in the valleys of
intermittent streams.

Landslide deposits are mapped on the northeastern flank of the Chuska Mountains and
locally in the San Juan Mountains in the northeastern part of the study area. These colluvial
deposits consist of material derived from the topographically higher source areas. The landslide
material on the flank of the Chuska Mountains consists of reworked sand from the Chuska
Sandstone; the deposits in the San Juan Mountains primarily are derived from volcanic or
volcaniclastic sources.

Unconsolidated wind-blown deposits are common in the central part of the basin, although
they generally are not mapped on small-scale geologic maps. Typically, these deposits are very
thin, but local dunes near dry washes, which are excellent sources of fine-grained material, may
reach heights of 20 feet. These recent eolian deposits are not known to yield water to wells.

Hydraulic Properties

In the absence of other sources of water, alluvial deposits, where present, commonly are
relied upon as a source of water for domestic and livestock use. Along the major rivers and
streams, wells are of conventional vertical design, whereas in the valleys of intermittent streams,
where the hydraulic conductivities and saturated thickness generally are small, most wells are
constructed as galleries of horizontal drains feeding to a central collector. Reported well yields
range from less than 1 gallon per minute to as much as 1,100 gallons per minute. The median
yield of 48 wells is 15 gallons per minute. The largest reported yields are from wells completed in
the alluvium in the Rio San Jose Valley (fig. 11) in the vicinity of Grants, New Mexico. The
smaller yields are from gallery wells completed in the alluvium of minor stream valleys.

Hydraulic conductivities of sand and gravel can vary from 10 to 1,000,000 gallons per day
per foot squared (roughly I to 100,000 feet per day) (Freeze and Cherry, 1979, table 2.2), but a
more typical range is from 15 feet per day for fine sand to about 1,000 feet per day for coarse
gravel (Lohman, 1972, table 17). Tests along the San Juan River (fig. 11) upstream from
Farmington indicate that the hydraulic conductivity of alluvium ranges from 0.006 to 220 feet per
day (Peter and others, 1987, p. 29). The thickness of alluvium at this site was reported to range
from about 14 to 61 feet, and the saturated thickness was less than 25 feet in all 13 test holes.
Water occurs in the alluvium under unconfined conditions. No tests have been made where the
storage coefficient of the alluvium was determined. However, a typical specific yield for
moderately to well-sorted unconsolidated sediments would be in the range of 0.1 to 0.25.

No known hydraulic data exist for the landslide and recent eolian deposits in the basin. No
instances are known where these deposits are used as a source of water.
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Chuska Sandstone

The Chuska Mountains (fig. 12) in the western part of the basin primarily are formed from
the Chuska Sandstone, a consolidated, windblown sand of Tertiary age that was deposited on
upturned and eroded Cretaceous and older sediments. Several moderate-sized intrusive mafic
necks form a spine along the ridge of the mountains and, together with associated horizontal lava
flows, may have provided the erosional resistance necessary to protect the sandstone from
weathering away, as has happened toward its source area to the south-southwest.

Lithology

The Chuska Sandstone is a fine-grained, moderately well sorted sandstone (Harshbarger and
Repenning, 1954, p. 6). Cross-bed units typically range from 5 to 15 feet in thickness. Thick
zones of silicic cement form resistant ledges at and near the top of the unit, but overall the
sandstone is weakly cemented. Cementation is more complete to the southwest, allowing
conventional headward erosion of streams. The poorly cemented sand on the northeastern flank of
the Chuska Mountains has allowed piping and massive slump failure during pluvial periods in the
Pleistocene Epoch. The average thickness of the Chuska Sandstone is about 1,000 feet and the
maximum preserved thickness is 1,750 feet (Wright, 1956, p. 416). The Chuska Sandstone
conformably overlies a horizontally bedded fluvial sandstone and shale about 250 feet in
thickness (the Deza Formation of Wright, 1954).

Hydraulic Properties

No measurements are known of the hydraulic properties of the Chuska Sandstone. However,
the unit is water yielding and springs are abundant around the flanks of the Chuska Mountains,
usually at the base of the Chuska Sandstone. Most of the springs are undeveloped, but some serve
as domestic water supplies. The sandstone is recharged by leakage from the numerous lakes and
potholes along the top of the mountains. In addition to the discharge from springs, the sandstone
loses water to the underlying Cretaceous and older sediments.

San Jose Formation

The San Jose Formation of Eocene age was defined by Simpson (1948a, b). The San Jose
Formation occurs in New Mexico and Colorado, and its outcrop forms the land surface over much
of the eastern half of the central basin (fig. 4). It overlies the Nacimiento Formation in the area
generally south of the Colorado-New Mexico State line and overlies the Animas Formation in the
area generally north of the State line (Fassett, 1974, p. 229). The basal contact of the San Jose
varies with location in the basin. This contact is a disconformity along the basin margins and an
angular unconformity along the Nacimiento Uplift; the contact is conformable in the central basin
(Baltz, 1967, p. 54; Fassett, 1974, p. 229).

Geometry and Lithology

The San Jose Formation was deposited in various fluvial-type environments (Baltz, 1967,
p. 44-55). In general, the unit consists of an interbedded sequence of sandstone, siltstone, and
variegated shale. The sandstones are buff to yellow and rusty colored, crossbedded, very fine to
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coarse-grained arkose, which are locally conglomeratic and contain abundant silicified wood
(Baltz, 1967, p. 46; Fassett, 1974, p. 229; Anderholm, 1979, p. 23).

1

Baltz (1967, p. 45) recognized four formal members of the San Jose Formation in the east-
central part of the basin; he also identified, but did not n ae, a fifth member in the northeastern
part of the basin. The members and their principal lith1logy in descending order are Tapicitos
Member (shale), Llaves Member (sandstone), Regina Member (shale), and Cuba Mesa Member
(sandstone). The stratigraphic relation and subsequept mapability of these members are
complicated by extensive intertonguing and pinch-outs (0assett, 1974, p. 229; Anderholm, 1979,
p. 23; Stone and others, 1983, p. 25), and whether the members can be identified throughout the
basin has been the subject of some discussion.

Thickness of the San Jose Formation generally increases from west to east. Fassett (1974,
p. 229) reported a maximum thickness of 2,400 feet in the east-central part of the basin, and Stone
and others (1983, p. 25) reported a range from about 260 feet in the west and south to almost
2,700 feet in the center of the structural basin. I1

Hydraulic Properties
ITransmissivity data for the San Jose Formation ate minimal. Values of 40 and 120 feet

squared per day were determined from two aquifer tests (Stone and others, 1983, table 5).

The reported or measured discharge from 46 wtter wells completed in the San Jose
Formation ranges from 0.15 to 61 gallons per minute ahd the median is 5 gallons per minute.
Most of the wells provide water for livestock and domestic use, but a few provide cooling water
for natural gas compression and transmission plants. I

The San Jose Formation is a very suitable unit for r~charge from precipitation because soils
that form on the unit are sandy and highly permeable ano therefore readily adsorb precipitation.
However, low annual precipitation, relatively high transpiration and evaporation rates, and deep
dissection of the San Jose Formation by the San Juan River and its tributaries all tend to reduce
the effective recharge to the unit.

Anims and Nacimiento Formations

Most of the Animas Formation is of Paleocene age, but the lower part of the formation is of
latest Late Cretaceous age (Barnes and others, 1954). It crops out principally inside the northern
margin of the central basin (fig. 4). The Animas is presenj in only about the northern one-third of
the basin, mainly in Colorado; it does not occur south df a line that extends from Dulce, New
Mexico, to the La Plata River Valley (fig. 11) near the Colorado-New Mexico State line (fig. 13).
Along this line the Animas Formation grades laterally into the Nacimiento Formation (Fassett and
Hinds, 1971, p. 33; Fassett, 1974, p. 229), which occupies the same stratigraphic interval (fig. 5).
In the north the Animas Formation conformably overlies the Kirtland Shale of Late Cretaceous
age; farther south, near the New Mexico-Colorado State line, the unit may unconformably overlie
the Ojo Alamo Sandstone of Tertiary age (Fassett and Hihds, 1971, p. 34).
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Figure 13.--Approximate altitude and configuration of the base of the Animas
and Nacimiento Formations.

23



Geometry and Lit ology

The Animas Formation consists of two members: the unnamed upper member of Paleocene
age (Barnes and others, 1954) and the lower McDermott Member of latest Late Cretaceous age.
The unnamed upper member disconformably overlies thei McDermott Member, this unconformity
represents a time gap of about 6 million years (Fassett,1 1977). The Animas Formation consists
mainly of volcaniclastic deposits; the diagnostic chara~teristic of the Animas Formation as a
whole is the presence of macroscopic volcanic material (Fassett and Hinds, 1971, p. 33). The
unnamed upper member consists of varicolored ahd interbedded tuffaceous sandstone,
conglomerate, and shale (Fassett, 1974, p. 229). The McDermott Member consists of varicolored
(dominantly purple) tuffaceous sandstone and conglomerate with minor variegated shale
(Reeside, 1924, p. 25). Thickness of the Animas Formatign ranges from about 230 feet at the type
section along the Animas River (fig. 11) at Durango, Col6rado (Barnes and others, 1954), to about
2,700 feet near the La Plata-Archuleta County line in Colorado (fig. 14) (Fassett and Hinds, 1971,
p. 33). 1

The Nacimiento Formation is of Paleocene age (Baltz, 1967, p. 35). It crops out in a broad
band inside the southern and western margins of the central basin and in a narrow band along the
west face of the Nacimiento Uplift (fig. 4). The Nacimiento is a nonresistant unit and typically
erodes to low, rounded hills or forms badlands topography.

The Nacimiento Formation occurs in approximately only the southern two-thirds of the
basin where it conformably overlies and intertongues with the Ojo Alamo Sandstone (Baltz, 1967,
p. 41; Fassett, 1974, p. 229). The Nacimiento Formation !grades laterally into the main part of the
Animas Formation (Fassett and Hinds, 1971, p. 34; Fas~ett, 1974, p. 229); thus, in this area the
two formations occupy the same stratigraphic interval (fig. 5). The altitude of the base of the
Animas and Nacimiento Formations is shown in figure I•.

Strata of the Nacimiento Formation mainly were d&posited in lakebeds in the central basin
area with lesser deposition in stream channels (Brimhalli 1973, p. 201; Fassett, 1974, p. 229). In
general, the Nacimiento consists of drab, interbedded black and gray shale with discontinuous,
white, medium- to very coarse grained arkosic sandstone! (Fassett, 1974, p. 229; Stone and others,
1983, p. 30). Baltz (1967, p. 39) stated that the percentage of sandstone increases northward.
Stone and others (1983, p. 30) indicated that the formation may contain more sandstone than
commonly has been reported because some investigators assume the slope-forming strata in the
unit are shales, whereas in many places the strata actually are poorly consolidated sandstones.

Total thickness of the Nacimiento Formation ranges from about 500 to 1,300 feet
(Molenaar, 1977a). The unit generally thickens from the basin margins toward the basin center
(Baltz, 1967, p. 38; Steven and others, 1974; Stone anl others, 1983). The sandstone deposits
within the Nacimiento Formation are much thinner than the total thickness of the formation
because their environment of deposition was localized stream channels (Brimhall, 1973, p. 201).
The combined thickness of the combined San Jose, AnijInas, and Nacimiento Formations ranges
from 500 to more than 3,500 feet (fig. 14).
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Figure 14.--Approximate thickness of the San Jose, Animas, and Nacimiento Formations.
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Hydraulic Properties

Reported well yields for 53 wells completed in either the Animas or Nacimiento Formations
range from 2 to 90 gallons per minute and the median yie!d is 7.5 gallons per minute. The primary
use of water from the Nacimiento and Animas Formations is domestic and livestock supplies.I

There are no known aquifer tests for the Animas oiý Nacimiento Formations, but specific
capacities reported for six wells range from 0.24 to 2.30 gallons per minute per foot of drawdown
(Levings and others, 1990b).

The Animas and Nacimiento Formations are in many ways hydrologically similar to the San
Jose Formation because sands in both units produce appoximately the same quantities of water.
However, the greater percentage of fine material in the Animas and Nacimiento Formations may
restrict downward vertical leakage to the Ojo Alamo Sandstone or Kirtland Shale. The poorly
cemented fine material is highly erodible, forms a badlands terrain, and supports only spotty
vegetation. These conditions are more conducive to runof than to retention of precipitation.

Oio Alamo Sandstone
I

The Ojo Alamo Sandstone is of early Tertiary (Paleocene) age. It crops out inside the central
basin and typically forms cliffs and dip slopes or caps low mesas and forms rounded hills. The
majority of Ojo Alamo rocks are in New Mexico (fig. 15). The unit pinches out in the northwest
about halfway between Farmington, New Mexico, and ihe Colorado State line west of the La
Plata River (fig. 11). In the northeast, Ojo Alamo outcrops extend into Colorado, where they pinch
out a few miles north of the State line, south of Pagosa Springs, Colorado (Fassett, 1974, p. 228).
Subsurface studies by Fassett and Hinds (1971, fig. 9 and '. 29) indicate that the Ojo Alamo is not
present north of a line connecting the northernmost limitsl of the Ojo Alamo outcrops (fig. 15).1

The Ojo Alamo Sandstone disconformably overlie4 the Kirtland Shale throughout most of
the basin. On the east side, however, the Kirtland Shale has been removed by pre-Ojo Alamo
erosion, and the Ojo Alamo disconformably overlies the Fruitland Formation; locally in places
where the Fruitland Formation has been removed, the Ojo Alamo rests directly on the Lewis
Shale (Fassett, 1974, p. 228). The contact of the Ojo Alamo with underlying rocks has been
described by O'Sullivan and others (1972, p. 56) as "a sharp wavy surface of erosion." Fassett
and Hinds (1971, p. 28) reported large-scale channeling it the base of the Ojo Alamo and stated
that some of these channels cut 50 feet or more into tht underlying shales or sandstones of the
Kirtland Shale or Fruitland Formation. The Ojo Al•.mo is conformably overlain by the
Nacimiento Formation throughout most of the basin, and intertonguing at the contact is common
(Fassett and Hinds, 1971, p. 29).
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Figure 15.--Approximate altitude and configuration of the top of the Ojo Alamo Sandstone.
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Geometry and Lith1logy

In general, the Ojo Alamo Sandstone consists of overlapping sheetlike sequences of
conglomeratic sandstones and sandstones, which locally contain interbedded shale lenses. The
sandstones are arkosic, light brown to rusty brown, or buff and tan, and contain abundant silicified
wood. The sandstones are medium to very coarse grained and often conglomeratic, containing
pebbles of various compositions that decrease in size arid quantity from west to east across the
basin (Baltz and West, 1967, p. 17; Fassett and Hinds, 1971, p. 28).

Thickness of the Ojo Alamo Sandstone is variable. Baltz (1967, p. 32) reported that
thickness ranges from 70 feet to a maximum of 200 feet. O'Sullivan and others (1972, p. 57) also
reported a maximum thickness of 200 feet. Stone and others (1983, p. 31) reported a range of
about 70 to 300 feet. In a basinwide study, Fassett an4 Hinds (1971, p. 28, 29) reported that
thickness of the Ojo Alamo varies from about 20 to 400 feet but that a range of 50 to 150 feet is
most common. Fassett and Hinds (1971, p. 28) stated! that thickness varies according to the
number of sandstone beds that constitute the unit at any given location.

The altitude of the top of the Ojo Alamo Sandstone Is shown in figure 15. The top of the Ojo
Alamo decreases from a maximum altitude of about 8,000 feet along the northeastern basin
margin to about 4,000 feet in the east-central part of the study area.

I.Hydraulic Properties

The transmissivity of the Ojo Alamo Sandstone ranges from 57 to 164 feet squared per day;
the median value is 104 feet squared per day for 10 laquifer tests (Brimhall, 1973, p. 206;
Anderholm, 1979, p. 29; Stone and others, 1983, table 5). These data represent wells that are on or
near the outcrop and are less than 1,100 feet deep. Dita are available for three aquifer tests
performed on two test wells more than 4,000 feet deep ne Ir the center of the basin; transmissivity
for these tests ranges from 0.05 to 0.39 foot squared pei day and the median value is 0.35 foot
squared per day (Mercer, 1969). i

Reported or measured discharges from '19 water wells completed in the Ojo Alamo
Sandstone range from 1.2 to 112 gallons per minute, and &e median is 12 gallons per minute. The
specific capacity of nine of these wells ranges from 0.0ý to 2.04 gallons per minute per foot of
drawdown and the median is 0.26 gallon per minute per foot of drawdown.

The Ojo Alamo is resistant to erosion, and the outcr,'p generally forms a prominent ridge or
cliff or caps mesas. In the outcrop the Ojo Alamo is deeply fractured at wide intervals of as much
as 15 feet. Soil cover on the outcrop usually is thin and sandy. In contrast to the overlying Animas
and Nacimiento Formations, the Ojo Alamo usually supports a modest stand of conifers in areas
where there is sufficient precipitation, indicating capture ind retention of moisture. Although the
unit is relatively thin it is a dependable source of generall-r good quality water.

Kirtland Shale and Fruitla nd FormationI
The combined Kirtland Shale and Fruitland Formation, of Late Cretaceous age (Baltz, 1967;

Fassett and Hinds, 1971), crops out inside the margins of Ohe central basin. Topography formed on
the unit typically varies from rolling to rough, and badlands commonly are developed. Erosion-
resistant sandstones commonly cap isolated buttes and hillocks, whereas softer shaley units form
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slopes and broad valleys or flats. The upper part of the Kirtland Shale generally forms steep
slopes below mesas or buttes that are capped by the overlying erosion-resistant Ojo Alamo
Sandstone.

The Kirtland Shale and Fruitland Formation were named by Bauer (1916) for exposures
along the San Juan River (fig. 11) west of Farmington, New Mexico. The Ojo Alamo Sandstone
of Tertiary age and the McDermott Member of the Animas Formation of Late Cretaceous age
(Baltz, 1967; Fassett and Hinds, 1971; Molenaar, 1977b) unconformably overlie the Kirtland
Shale. The Kirtland Shale conformably overlies the Fruitland Formation. The Fruitland
Formation conformably overlies the Pictured Cliffs Sandstone, and intertonguing locally occurs at
the contact.

Geometry and Lithology

In general, the combined Kirtland Shale and Fruitland Formation consists of various
thicknesses of interbedded and repetitive sequences of nonmarine channel sandstone, siltstone,
shale, and claystone. Coal beds and carbonaceous shales are common in the Fruitland Formation.
The Kirtland Shale does not contain coal and has been divided into three members, which in
descending order are the upper shale member, Farmington Sandstone Member, and lower shale
member (fig. 5; Bauer, 1916).

Thickness of the combined Kirtand Shale and Fruitland Formation ranges from zero on the
east side of the basin, because of pre-Ojo Alamo Sandstone erosion, to a maximum of about 2,000
feet in the northwestern part of the basin (Fassett and Hinds, 1971, p. 22, 26; Molenaar, 1977b, p.
165). A basinwide thickness map of the combined Kirtland Shale and Fruitland Formation is
shown in figure 16. Thickness of the Kirtland Shale ranges from zero in the east to about 1,500
feet in the northwest; the upper shale member, Farmington Sandstone Member, and lower shale
member each are as much as 500 feet thick (Fassett and Hinds, 1971, p. 26; Molenaar, 1977b, p.
165; Stone and others, 1983, p. 31). The Fruitland Formation ranges in thickness from zero in the
east to about 500 feet in the northwest (Fassett and Hinds, 1971, p. 23) and averages about 300 to
350 feet thick (Molenaar, 1977b, p. 165).

The overall structural pattern of that part of the San Juan Basin underlain by the Kirtland
Shale and Fruitland Formation is shown in figure 17. The top of the Kirtland Shale and Fruitland
Formation decreases from a maximum altitude of about 8,000 feet along the northeastern basin
margin to about 3,500 feet in the east-central part of the structural basin.

Hydraulic Properties

Reported transmissivity and hydraulic-conductivity data for the Kirtland Shale and
Fruitland Formation are limited to aquifer tests conducted on five wells. The transmissivity
determined from these tests ranges from 0.6 to 130 feet squared per day (Stone and others, 1983,
table 5). The only hydraulic conductivity calculated from the tests is 0.00001 foot per day.

The reported or measured discharge from 12 water wells completed in the Kirtland Shale
and Fruitland Formation ranges from 1 to 12 gallons per minute and the median is 3 gallons per
minute. The specific capacity of six of these wells ranges from 0.01 to 0.42 gallon per minute per
foot of drawdown and the median is 0.03 gallon per minute per foot of drawdown. These tests are
most probably of wells that produce drinking water from the Farmington Sandstone Member of
the Kirtland Shale.

29



0 10 20 30 40 50;1 60

0 V 20 30 40 50 60 KLOMETERS

Figure 16.--Approximate thickness of the combined

30
Shale and Fruitland Formation.



0 10 20 30 40 50 60MLES

0 10 20 30 40 50 60 KLOKETERS

EXPLANATION

-OUTCROP OF KIRTLAND SHALE AND FRUITLAND FORMATION

LINE OF EQUAL ALTITUDE OF THE TOP OF THEr4000- KIRTLAND SHALE--Number indicates altitude,
in feet. Contour Interval 500 feet. Datum is
sea level

STUDY AREA BOUNDARY

Figure 17.--Approximate altitude and configuration of the top of the Kirtland Shale.
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Recently, there has been extensive exploration for methane gas resources from coal beds in
the Fruitland Formation. The gas resource in the coal ,eds had largely been ignored because
initial production from most wells was large quantities of poor-quality water and the gas-
producing potential was not recognized. The current production practice is to complete the well
and pump out water to reduce the pressure at the coal bed. Gradually, gas production increases as
water production decreases (Fassett, 1989). InBecause of the poor-quality water and the
identification of over-pressured (greater than hydrostatic jressure) areas in the center of the basin
at the Colorado-New Mexico State line, a current question among coal geologists is whether the
water is connate (trapped in the coal at the time of de 'osition) or meteoric (originated from
recharge on the outcrop).

Some gas and water production is thought to be frc m both coal in the Fruitland Formation
and sandstone in the underlying Pictured Cliffs Sandstone. Water-quality analyses for these two
units also show more similarity with each other than with ,analyses from the overlying Ojo Alamo

ISandstone or the underlying Cliff House Sandstone aquifers.

Pictured Cliffs SandstoneI
The Pictured Cliffs Sandstone is of Late Cretaceou4 age. It crops out inside the margins of

the central basin where it caps mesas and buttes or f9rms erosion-resistant dip slopes. The
Pictured Cliffs Sandstone typically is a cliff former, except along the southern outcrop belt where
commonly the only way to determine its presence is by drilling. The Pictured Cliffs Sandstone
was named by Holmes (1877, p. 248) for exposures havii g carved petroglyphs near the San Juan
River between Shiprock and Farmington, New Mexico.

The Pictured Cliffs Sandstone is a regressive marine coastal-barrier deposit (Molenaar,
1977b, p. 165). It conformably overlies the Lewis Shale (fig. 5). The contact is characterized by a
distinct offshore marine transition zone consisting of interbedded thin sandstones, siltstones, and
shales (Reeside, 1924, p. 19; Fassett and Hinds, 1971,1 p. 8). The Fruitland Formation (Late
Cretaceous) conformably overlies the Pictured Cliffs, and these two units locally intertongue
(Fassett and Hinds, 1971, p. 8).

Geometry and Lithology

The Pictured Cliffs Sandstone generally consists of an upward-coarsening sequence of
thick- to very thick bedded, very fine to medium-grained, locally crossbedded and bioturbated
sandstone. Thin interbeds of dark marine shale also are present, especially in the lower part of the
unit (Baltz, 1967, p. 17-18; Fassett and Hinds, 1971, p. 8).IThe Pictured Cliffs is tightly cemented
in the northern part of the basin, decreasing to poor or no fementation in the southern part.

Thickness of the Pictured Cliffs Sandstone is variable. Molenaar (1977a) reported a
maximum thickness of 400 feet, but also reported (1977b, p. 165) that the average thickness is
much less. Fassett and Hinds (1971, p. 17) stated that thickness ranges from 0 feet in the east side
of the San Juan structural basin to about 400 feet in the north-central part of the basin. Stone and
others (1983, p. 33) reported a range in thickness of 25 to F 80 feet in New Mexico.

The configuration of the top of the Pictured Cliffs: Sandstone is shown on the structure-
contour map (fig. 18). The top of the Pictured Cliffs Sandstone decreases from a maximum
altitude of about 8,000 feet along the north-central ba in margin to about 3,000 feet in the
northeastern part of the study area.
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Figure 18.--Approximate altitude and configuration of the top of the Pictured Cliffs Sandstone.
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Hydraulic Properties

Reported transmissivity and hydraulic-conductivity data for the Pictured Cliffs Sandstone
are minimal. Transmissivity from five tests ranges fromI0.001 to 3 feet squared per day (Stone
and others, 1983, table 5). Hydraulic-conductivity values calculated from drill-stem tests in oil
and gas wells in deeper parts of the basin average 0.007 foot per day (Reneau and Harris, 1957).1

The reported or measured discharge from 12 wate' wells completed in the Pictured Cliffs
Sandstone ranges from 2 to 73 gallons per minute and tIe median is 21 gallons per minute. The
specific capacity of seven of these wells ranges from less than 0.01 to 0.70 gallon per minute per
foot of drawdown and the median is 0.01 gallon per mindte per foot of drawdown.

Few water wells are completed in the Pictured Clffs Sandstone because of the generally
poor quality water found in the unit. In the northern part of the basin the source of water to wells
is predominantly from fractures and joints, whereas in the southern part it is from interstitial
porosity.

LewLIShale
The Lewis Shale, of Late Cretaceous age (fig. 5), crops out around the margins of the central

basin. Topography formed on the unit generally is rolling, and badlands landscapes are common.
The type area for the Lewis Shale is in the northwestern San Juan Basin.I

The Lewis Shale is conformably overlain by the Pibtured Cliffs or, in the northeastern part
of the San Juan Basin, may be unconformably overlain by the Fruitland Formation, Kirtland
Shale, or Ojo Alamo Sandstone. The Lewis conformably overlies and intertongues with the Cliff
House Sandstone. In some areas where Cliff House tongues pinch out, the Lewis Shale may
directly overlie the Menefee Formation (Stone and others' 1983, p. 33).r

Geometry and Lithology

The Lewis Shale is a gray to dark-gray transgressivf marine shale that thins to the west and
southwest. In the western part of the basin the Lewi. wedges out and the Pictured Cliffs
Sandstone rests on the Cliff House Sandstone. The Lewi contains several bentonitic horizons, of
which the most widely noted is the Huerfanito Bentonite Bed. The Huerfanito Bentonite Bed is
frequently used as a geologic time marker. 11

The configuration of the top of the Lewis Shale •s shown on the structure-contour map
(fig. 19). The top of the Lewis Shale decreases frpm a maiimum altitude of about 8,000 feet along
the northeastern basin margin to about 3,000 feet in the northeastern part of the central basin.

Hydraulic Properties

The Lewis Shale is not recognized as an aquifer and there are no known tests to determine
the hydraulic properties of the unit. Water wells are repored to be completed in the unit, but these
actually may be completed in sandstone tongues of the underlying Cliff House Sandstone.

The Lewis Shale serves as a confining unit thati hydraulically separates the overlying
Pictured Cliffs Sandstone and underlying Cliff House Sa dstone aquifers. The low-permeability
shale also rejects recharge from precipitation.
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Figure 19.--Approximate altitude and configuration of the top of the Lewis Shale.
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Cliff House Sandstone
IThe Cliff House Sandstone is of Late Cretaceous age (fig. 5). It crops out around the

margins of the central basin and typically caps mesas (as in the Chaco Canyon area at Chaco
Culture National Historical Park) and southwest of Cuba, New Mexico) and forms erosion-
resistant dip slopes and hogbacks (as on the Hogback[ Monocline) (fig. 4). The Cliff House
Sandstone, named by Collier (1919) for exposures on Mesa Verde in southwestern Colorado (fig.
20), is the uppermost formation of the classical three-partIMesaverde Group of the San Juan Basin
(Cliff House Sandstone, Menefee Formation, and Point Lookout Sandstone).

The Cliff House Sandstone is conformably overl.ain by and intertongues with the Lewis
Shale; both of these units conformably and unconformably overlie the Menefee Formation, with
which they locally intertongue (Molenaar, 1977b, p. 164; C2raigg, 1980, p. 7). In some areas where
Cliff House tongues pinch out, the Lewis Shale may directly overlie the Menefee Formation
(Stone and others, 1983, p. 33). In the western part of the basin, near the confluence of Coyote
Wash and the Chaco River (fig. 11), the Cliff House merges with the Pictured Cliffs Sandstone,
wedging out the Lewis Shale (fig. 5). The Cliff House 4andstone strata consist of several thick
sandstone tongues that represent marine shorezone depcIsits of an overall transgressing shallow
sea. Molenaar (1977b, p. 164) noted that these sandstone bodies actually are offlap or regressive
deposits formed during stillstands and minor regressions bf the shoreline.I

Geometry and Lithblogy

Stratigraphy of the Cliff House Sandstone is complex. Nomenclature problems and differing
interpretations tend to complicate regional correlations. The unit consists of two major sandstone
tongues-the Chacra Tongue (Molenaar, 1977b, p. 164) tand La Ventana Tongue. Several other
minor sandstone tongues of considerably less thickness and areal extent are common (Molenaar,
1977b, p. 164; Stone and others, 1983, sheets 2-4), but pinch out to the northeast.

The Chacra Tongue occurs stratigraphically above! and is not physically connected to La
Ventana Tongue (Fassett, 1977, p. 196). The Chacra Tongue is the major buildup of the Cliff
House Sandstone found at the type section on Mesa Verde, at Chaco Canyon, and at the Hogback
Monocline and it forms the margins of the central basin (#g. 4). The unit is about 400 feet thick at
its type section on Mesa Verde (fig. 20) (Collier, 1919, p. 297). Molenaar (1977b, p. 164) reported
a range of about 150 to 300 feet in thickness, and Stone ýnd others (1983, p. 33) reported a range
of 0 to 250 feet in thickness of the Chacra Tongue throughout most of its extent in New Mexico.

I

The major buildup of La Ventana Tongue crops oui in the southeastern part of the basin at
La Ventana south of Cuba and, according to some authors, can be traced in the subsurface across
the basin to outcrops on Hogback Mountain (fig. 20) souih of the San Juan River (Fassett, 1977;
Molenaar, 1977b, p. 164). Other authors report that La Ventana Tongue is a more localized
buildup in the southeastern part of the basin, representing deposition in a deltaic environment
rather than a marine beach environment (Mainhard, 1976; Fuchs-Parker, 1977). Maximum
thickness of La Ventana Tongue, according to Molenaar (1977b, p. 164), is about 800 feet.
However, Mannhard (1976, p. 39) and Fuchs-Parker 1(1977, p. 199) reported a maximum
thickness of about 1,000 feet in outcrops along State Highway 44 south of Cuba. Mannhard
(1976), Fuchs-Parker (1977), and Tabet and Frost (1979) khowed La Ventana Tongue to pinch out
about 15 to 20 miles west of these outcrops.
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Figure 20.--Approximate altitude and configuration of the top of the Cliff House Sandstone.
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Several other minor tongues of the Cliff Uouse Sandstone of limited areal extent occur in
the Lewis Shale northeast of the two major sahdstone bodies, Chacra Tongue and La Ventana
Tongue. Molenaar (1977b, p. 164) reported that'the aggregate thickness of these localized bodies
is about 300 feet. I

The Cliff House Sandstone generally consists of thick- to very thick bedded and locally
crossbedded sandstone with calcite or silica cement and clay matrix. Grain size ranges from very
fine to fine and the sandstones are well- to very well sorted (Stone and others, 1983, p. 28, 33).
Interbeds of gray shale and silty shale are common (O'S Illivan and Beikman, 1963; Haynes and
others, 1972; Craigg, 1980). I

The configuration of the top of the Cliff House Sandstone is shown on the structure-contour
map (fig. 20). The top of the Cliff House Sandstone decreases from a maximum altitude of about
8,000 feet along the northern rim of the central basin to about 1,000 feet near the structural center
of the basin. The dip of the Cliff House Sandstone is steepest near the basin margins (where
contours are closely spaced), and less steep on the marginal platforms and near the basin center.

I.
Hydraulic Properties

Transmissivity and hydraulic-conductivity data for ýhe Cliff House Sandstone are extremely
limited. A recovery test on a water well in 1961 indicated a transmissivity of 2 feet squared per
day (Stone and others, 1983). The average hydraulic condiuctivity calculated from drill-stem tests
in oil and gas wells in deeper parts of the basin is 0.0015 ýfoot per day (Reneau and Harris, 1957).

1
The reported or measured discharge from 27 water wells completed in the Cliff House

Sandstone ranges from 1 to 40 gallons per minute and ttIe median is 8.5 gallons per minute. The
specific capacity of 14 of these wells ranges from 0.0 to 0.15 gallon per minute per foot of
drawdown and the median is 0.06 gallon per minute per foot of drawdown.i

The exposed dip slope of the Cliff House Sandstone offers good recharge potential. The
recharge potential is excellent in the northern and northeastern part of the basin where streamsI••

cross the outcrop. One of the more probable areas of natural discharge is where the San Juan
River crosses the Hogback Monocline (fig. 4) between F rmington and Shiprock, New Mexico.

Menefee FormationI
The Menefee Formation (fig. 21) is of Late Cretaceous age (fig. 5) and crops out beyond the

margins of the central basin. Erosion-resistant sandstones in the Menefee commonly cap isolated
buttes and hillocks, whereas softer shale units form slopes and broad valleys or flats. Topography
formed on the Menefee typically is rolling to rough, broken and steep, and generally has a
badlands appearance. The upper part of the Menefee Fbrmation commonly forms steep slopes
below mesas or buttes capped by the erosion-resistant Cliff House Sandstone.i

The Menefee Formation, named by Collier (1919) for exposures on Menefee Mountain near
Mesa Verde in southwestern Colorado, is the middle unit of the classical three-part Mesaverde
Group of the San Juan Basin. The Menefee Formation qonformably or disconformably overlies
the Point Lookout Sandstone and is conformably or disconformably overlain by the Cliff House
Sandstone; intertonguing locally occurs at both contactý (Tabet and Frost, 1979; Craigg, 1980;
Stone and others, 1983). Some authors have reported thel Menefee to be conformably overlain by
the Lewis Shale in the southeastern part of the basin (Dane, 1936; Beaumont and others, 1956).
South of the pinch-out of the Point Lookout Sandstone inj the vicinity of Gallup, New Mexico, the
Menefee conformably overlies the Crevasse Canyon Formation (fig. 5).
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Geometry and LitihologyI
In general, the Menefee Formation consists of interbedded and repetitive sequences of

differing thicknesses of sandstone, siltstone, shale and claystone, carbonaceous shale, and coal
beds of differing thicknesses (Collier, 1919; Sears and others, 1936; Mannhard, 1976; Tabet and
Frost, 1979; Craigg, 1980). Typically the sandstones are lenticular, light brown to gray, thick to
very thick bedded, and fine to medium grained, with clay Imatrix and various types of cement. The
siltstones commonly are tabular, gray, and thin to thick ibedded; shales and claystones typically
are light-brownish gray and thick to very thick bedded (Mannhard, 1976; Tabet and Frost, 1979;
Craigg, 1980). 1

The Menefee Formation increases in thickness frotm north to south. Thickness ranges from
zero where the unit pinches out between the Point Lookout and Cliff House Sandstones in
Colorado to about 2,000 feet along its southern outcrop area (Molenaar, 1977b, p. 164; Tabet and
Frost, 1979). 1

The configuration of the top of the Menefee Formation is shown on the structure-contour
map (fig. 21). The top of the Menefee Formation decreases from a maximum altitude of about
8,000 feet along the north-central basin margin to about 1,000 feet in the northeastern part of the
study area.

Hydraulic Prope rties

The transmissivity of the Menefee Formation depends on the thickness of sandstone lenses
penetrated. Transmissivity values reported for rgine aquifer tests (Stone and others, 1983) range
from 2.7 to 112 feet squared per day and the median value is 10 feet squared per day. Hydraulic
conductivity calculated from drill-stem tests in oil and gas wells in deeper parts of the basin
averages 0.017 foot per day (Reneau and Harris, 1957).

The reported or measured discharge from 83 water wells and seven springs completed in the
Menefee Formation ranges from 2 to 308 gallons per minute and the median is 10 gallons per
minute. The specific capacity of 37 of these wells rangesiffrom 0.02 to 0.57 gallon per minute per
foot of drawdown and the median is 0.11 gallon per minute per foot of drawdown.

Water from the Menefee Formation is used for livestock watering and domestic purposes.
Until a deep well to the Gallup Sandstone was drilled ih 1973, the Menefee, supplemented by
water from shallow alluvial deposits along Chaco Waslh (fig. 11), also was used for the water
supply at Chaco Culture National Historical Park. Mo t wells completed in the Menefee are
designed for a low but steady yield of water because thq ultimate rate of yield is limited by the
rate of leakage of water from shales and silt that encase ithe lenses of sandstone. Because of the
extensive area of the outcrop and the lenticular occurrende of water-yielding sandstones in a clay
matrix, the Menefee Formation is both one of the most Widely used aquifers and one of the most
regionally effective confining units in the basin.

Point I onknut ,qandqtnn

The Point Lookout Sandstone is of Late Cretaceous age (fig. 5) and crops out beyond the
margins of the central basin (fig. 4). The outcrops typically form cliffs, cap mesas and buttes, or
form erosion-resistant dip slopes and hogbacks (as along the base of the Hogback Monocline in
fig. 4). The Point Lookout Sandstone, named by Collier 1(1919) for exposures on Mesa Verde in
southwestern Colorado, is the lowermost formation of the Mesaverde Group of the San Juan
structural basin. It conformably overlies the Mancos Shal,• throughout the basin, and the contact is
characterized by a distinct offshore marine transitior zone consisting of interbedded thin
sandstones, siltstones, and shales (Shetiwy, 1978; Craigg, 1980; Wright, 1984). The Menefee
Formation conformably or disconformably overlies the Wtoint Lookout, and the two units locally
intertongue at the contact (Tabet and Frost, 1979).
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In the southern part of the San Juan Basin, the Point Lookout Sandstone is separated into
two units by the Satan Tongue of the Mancos Shale (fig. 5). The upper unit is the main body, or by
common usage, the Point Lookout Sandstone. The lower unit is the Hosta Tongue, which is a
transgressive marine beach sandstone. The main body and Hosta Tongue merge along the
southern margin of the basin (fig. 5) into a combined unit about 250 feet thick (Sears and others,
1941; Beaumont and others, 1956, p. 2154). The Hosta Tongue is of limited areal extent, pinching
out 30 miles northeast of its outcrop (Beaumont, 1971, p. 22; Craigg, 1980), and attains a
maximum thickness of about 160 feet (Beaumont and others, 1956, p. 2155).

Geometry and Lithology
The Point Lookout Sandstone generally consists of a sequence of thick- to very thick

bedded, very fine to medium-grained, locally crossbedded sandstone (Shetiwy, 1978; Craigg,
1980; Wright, 1984). Thin interbeds of dark marine shale also occur, especially in the lower part
of the unit.

Thickness of the Point Lookout Sandstone is variable. Beaumont (1971, p. 22) reported
thickness to range irregularly from about 100 feet in the southern part of the basin to about 350
feet near the Colorado-New Mexico State line. Molenaar (1977a) reported a maximum thickness
of 300 feet. Stone and others (1983, p. 34) reported a range from 40 to 415 feet in New Mexico.

The configuration of the top of the Point Lookout Sandstone is shown on the structure-
contour map (fig. 22). The top of the Point Lookout Sandstone decreases from a maximum
altitude of about 8,000 feet along the north-central and southeastern basin margins to about 500
feet in the northeastern part of the study area.

Hydraulic Properties

Reported transmissivity of the Point Lookout Sandstone ranges from 0.4 foot squared per
day (Craigg, 1980) to 236 feet squared per day (Dames and Moore, 1977; Stone and others,
1983). Dames and Moore reported a storage coefficient of 0.000041 that was based on an analysis
of drawdown in an observation well. The average hydraulic conductivity calculated from drill-
stem tests in oil and gas wells in the deeper parts of the basin is 0.0058 foot per day (Reneau and
Harris, 1957).

The reported or measured discharge from 22 water wells completed in the Point Lookout
Sandstone ranges from I to 360 gallons per minute and the median is 20 gallons per minute. The
specific capacity of six of these wells ranges from 0.02 to 1.67 gallons per minute per foot of
drawdown and the median is 0.25 gallon per minute per foot of drawdown.

Crevass Canyon Formation

The Crevasse Canyon Formation is of Late Cretaceous age (fig. 5). It crops out only in the
southern part of the basin. In the western part of the basin the Gibson Coal Member of the
Crevasse Canyon forms a rolling, hilly topography in the outcrop. Farther east, the Dalton
Sandstone Member commonly is found in cliff-side exposures.
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Geometry and Lithology

The Crevasse Canyon Formation, named by Allen and Balk (1954), consists of three
members (fig. 5): the transgressive Dilco Coal Member, the regressive Dalton Sandstone Member,
and the transgressive Gibson Coal Member. The thickest occurrence of the Dalton Sandstone is in
the vicinity of Mount Taylor (fig. 4) where it has a cliff-side exposure beneath the basalt-capped
Mesa Chivato. The Gibson Coal Member is thickest in the southwest part of the basin where it is
extensively mined at the surface for its coal resources. The Gibson Coal Member thins to the east
as the Dalton Sandstone thickens. The Crevasse Canyon Formation underlies the Hosta Tongue of
the Point Lookout Sandstone. South of the pinch-out of the Point Lookout Sandstone in the
vicinity of Gallup, New Mexico, the Menefee conformably overlies the Crevasse Canyon
Formation (fig. 5). The Crevasse Canyon Formation conformably overlies the Gallup Sandstone.
The Crevasse Canyon Formation thins rapidly to the northeast and pinches out about 30 miles
northeast of its outcrop.

Hydraulic Properties

The Dalton Sandstone Member is the primary water-yielding unit of the Crevasse Canyon
Formation. Because of its limited extent, however, it is not a major aquifer in the basin. Stone and
others (1983) reported a probable transmissivity of less than 50 feet squared per day for
sandstones in the Crevasse Canyon Formation.

Gallug Sandstone

The Gallup Sandstone is of Late Cretaceous age (fig. 5). The unit has a smaller areal extent
than the other major Upper Cretaceous marine sandstones in the San Juan structural basin and
occurs only in New Mexico and a small part of Arizona. The Gallup Sandstone crops out in an
arcuate pattern around the margins of the southwest half of the basin where it typically forms
erosion-resistant cliffs and dip slopes.

As originally defined by Sears (1925) and discussed in detail by Dane and others (1957), the
Gallup Sandstone consists of various rocks including sandstone (the predominant rock type),
conglomerate, shale, carbonaceous shale, and coal. The Gallup Sandstone represents the first
major regression of the Upper Cretaceous sea in the San Juan structural basin area and also
represents deposition in various marine and nonmarine environments.

Geometry and Lithology

From its outcrops, the Gallup Sandstone dips toward a northwest-trending cutoff line that
extends from the southeastern part of the basin, through the central part of the basin, to near
Shiprock, New Mexico, in the northwestern part of the basin. The orientation of this cutoff line is
about north 50 degrees west. The Gallup Sandstone is not present northeast of this cutoff line
because it has been truncated by a pre-Niobrara erosion surface (Pentilla, 1964; Molenaar, 1973,
1974). Thickness of the Gallup Sandstone decreases from about 600 feet near the outcrops along
the southern margin of the basin to zero along the northwest-trending pre-Niobrara cutoff line.
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Isolated, lenticular sandstone bodies known as Tocito Sandstone Lentils are found in the
transgressive Mulatto Tongue of the Mancos Shale northeast of the cutoff line. These isolated
sandstone lenses have been referred to by various informal names such as "Basal Niobrara
sandstone," "Tocito sandstone," "Transgressive Gallup,1' and "Stray sandstone" and have been
misidentified as parts of the main body of the Gallup Sandstone. Although many of these isolated
sandstone bodies are found at stratigraphic horizons that suggest the presence of the Gallup
Sandstone, they are not connected to nor are geneticallz related to the main body of the Gallup
Sandstone (Molenaar, 1973, 1974). I

The approximate altitude and configuration of the top of the Gallup Sandstone are shown on
the structure-contour map (fig. 23). The altitude of the too of the Gallup Sandstone decreases from
a maximum of about 7,500 feet in the western part of the basin to about 1,500 feet in the west-
central part of the basin. I I

Hydraulic Propeties

Transmissivity and storage-coefficient data for the Gallup Sandstone are available from
analysis of drawdown and recovery data for aquifer tests conducted at 17 wells in the study area
(Stone and others, 1983, table 5; McLean, 1980, U.S. Geological Survey files, Albuquerque, New
Mexico). Values of transmissivity range from 15 to 390 feet squared per day;, the median is 123
feet squared per day. Values of storage coefficient calculated from aquifer tests at four wells range
from 0.000002 to 0.000033. a t

The reported or measured discharge from 49 water wells completed in the Gallup Sandstone
ranges from less than 1 to 645 gallons per minute and the median is 42 gallons per minute. The
specific capacity of 13 of these wells ranges from 0.12 to 2.10 gallons per minute per foot of
drawdown and the median is 0.46 gallon per minute per foot of drawdown.

The Gallup Sandstone is a major source of potable pr treatable water and serves as the main
water supply for the City of Gallup, Chaco Culture Ndtional Historical Park, and many small
public-distribution systems in the southern part of the basin. It is also a major source of water for
livestock use, especially in the southeastern part of the basin. The Gallup Sandstone is a source of
water containing dissolved-solids concentrations less than 2,000 milligrams per liter throughout
the extent of the main body of the sandstone.

The Dakota Sandstone generally is thought to be of earliest Late Cretaceous age, although
the lowermost part may be of latest Early Cretaceous qge (Fassett, 1977, p. 225). The Dakota
Sandstone crops out around the basin margins where it •ypically caps mesas and forms erosion-
resistant dip slopes and hogbacks. r

The Dakota Sandstone in the San Juan structural basin and vicinity was deposited on a
regional erosion surface; the strata represent a transition from continental alluvial-plain
deposition in the lower part of the formation to marine shorezone deposition in the upper part.
Owen (1973, p. 39-50) presented a comprehensive depositional model for the Dakota Sandstone
in the area of the San Juan structural basin. I

The Dakota Sandstone unconformably overlies the Brushy Basin Member of the Morrison
Formation (Late Jurassic age) throughout much of the basin. However, the Dakota overlies the
Westwater Canyon Member of the Morrison in the southwest and the Burro Canyon Formation
(Early Cretaceous) in the north (fig. 5). The upper contact of the Dakota is conformable with the
Mancos Shale, and intertonguing of these two units is coi nmon near the contact.
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Figure 23.--Approximate altitude and configuration of the top of the Gallup Sandstone.
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Geometry and Lijology

Stratigraphy of the Dakota Sandstone is complex. The unit consists of a main sandstone
body in the north from which various members and tongues extend depending on location in the
San Juan structural basin. The Dakota consists of four members (Landis and others, 1973; Owen,
1973), which, in descending order, are the Twowells Tongue, Paguate Tongue, Cubero Tongue.
and Oak Canyon Member (fig. 5). The two upper sa idstone members intertongue with the
Graneros Member of the Mancos Shale. Owen and 5iemers (1977) and Noon (1980) have
attempted to extend these members in the east part o the basin. Petroleum geologists have
applied informal terminology to some of the tongues of the Dakota Sandstone, such as "Dakota
A" for the Twowells Tongue and "Dakota B" for the Paguate Tongue (fig. 5).

The Dakota Sandstone contains three principal I lithologies. It typically consists of a
sequence of buff to brown, crossbedded, poorly sorted, toarse-grained conglomeratic sandstone
and moderately sorted, medium-grained sandstone in the lower part; dark-gray carbonaceous
shale with brown siltstone and lenticular sandstone beds in the middle part; and yellowish-tan,
fine-grained sandstone interbedded with gray shale in the upper part (fig. 5; Owen, 1973, p. 39-48;
Merrick, 1980, p. 45-47). TI

Thickness of the Dakota Sandstone generally ranges from a few tens of feet to about 500
feet; Stone and others (1983, p. 37) reported that 200 tO 300 feet probably is a more common
range. Data reported by Stone and others (1983, fig. 66) and Molenaar (1977b, p. 160-161) and
data obtained fErom Petroleum Information Corporation ikidicate that the thickness of the Dakota
generally increases from the west, northwest, and north margins of the basin toward the east,
southeast, and south margins.

The altitude and configuration of the top of the Dakota Sandstone are shown on the
structure-contour map (fig. 24). The top of the Dakota Sandstone decreases from a maximum
altitude of about 9,500 feet above sea level along the northern basin margin to about 1,500 feet
below sea level in the northeastern part of the study area.

Hydraulic Properties

Transmissivity and hydraulic-conductivity data Ifor the Dakota Sandstone are few.
Transmissivity values of 44 and 85 feet squared per day were reported for aquifer tests conducted
northeast of Crownpoint, New Mexico (Dames and Moore, 1977, pls. 4 and 5). An aquifer test
conducted east of Grants indicated a transmissivity of 2,000 feet squared per day (Risser and
Lyford, 1983, p. 166). Hydraulic-conductivity values calculated from drill-stem tests in oil wells
in deeper parts of the basin average 0.03 foot per day (Reneau and Harris, 1957, p. 43).

The reported or measured discharge from 30 water wells completed in the Dakota Sandstone
ranges from 1 to 75 gallons per minute and the median is 12 gallons per minute. The specific
capacity of 13 of these wells ranges from 0.03 to 3.67 glons per minute per foot of drawdown
and the median is 0.06 gallon per minute per foot of drawdown.

In only a few instances is the Dakota Sandstone the sole source of water to a well. The
quality of water generally is not as good as that of water from the underlying Westwater Canyon
Member of the Morrison Formation (Craigg and others, 1989; Dam and others, 1990a), and most
well drillers opt to extend wells into the Westwater Canyon Member.

The Dakota Sandstone has been mined for uranium ore in the southern part of the basin.
Also, the Twowells Tongue and upper Paguate Tongue sandstone members that intertongue with
the Graneros Member of the Mancos Shale produce o~l and gas in the basin. Similar to the
transgressive sands of the Gallup Sandstone, these tongues are hydraulically isolated from the
ground-water-flow system.
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Morrison Formation
If I

The Morrison Formation is of Late Jurassic age (fig. 5; Cadigan, 1967, p. 6) and crops out
around the basin margins. Major sandstones in the Morrison Formation typically form erosion-
resistant cliffs and dip slopes, whereas shale units form topographic sddles and dip slopes.

The Morrison Formation is present throughout tho San Juan structural basin (Green and
Pierson, 1977, p. 151). It conformably overlies the upper part of the Wanakah Formation or Cow
Springs Sandstone of Late Jurassic age (Condon and Petrson, 1986, p. 24). In the north part of
the basin, the Morrison Formation conformably overlies and probably intertongues with the
Junction Creek Sandstone of Late Jurassic age (fig. 5). The Morrison Formation is unconformably
overlain by the Dakota Sandstone of Late Cretaceous age throughout most of the San Juan Basin;
however, it is conformably overlain by the Burro Canyon Formation of Early Cretaceous age in
the northern part of the basin (fig. 5; Green and Pierson, 1977, p. 151).II I

Geometry and Lithrlogy

The Morrison Formation generally consists of yellowish-tan to pink, fine- to coarse-grained,
locally conglomeratic sandstones, which are qteredd~d with sandy siltstones and green to
reddish-brown shales and claystones; minor' limestorle beds also occur in the formation
(Woodward and Schumacher, 1973, p. 3-5; Green and t~erson, 1977, p. 151; Stone and others,
1983, p. 38). These strata were deposited in various co ental environments including stream
channels, flood plains, and lakes (Green and Pierson, 1977, p. 151).

In the San Juan structural basin the Morrison Formation consists of five members (Gregory,
1938; Craig and others, 1955; Cadigan, 1967; Green apd Pierson, 1977; Owen, 1984). These
members in descending order are the Salt Wash Member,, Recapture Member, Westwater Canyon
Member, Brushy Basin Member, and Jackpile Sandstone Member. Recently the Zuni Sandstone
was assigned to the Morrison Formation as an eolian facies of the Recapture Member (Condon,
1989). i I

Because of its geologic characteristics the Westwater Canyon Member is the most important
hydrologic unit of the Morrison Formation. KFlly (19717) described the hydrogeology of this
member in the south part of the basin. The Westwater Canyon Member is composed of yellowish-
gray to tan, pink or fight-brown, fine- to coarse-grained locally conglomeratic sandstone,
interbedded with shale or claystone (Craig and others, 19ý5, p. 153; Woodward and Schumacher,
1973, p. 3). Grains increase in size toward the west-ceritral part of the basin until the member
consists wholly of conglomeratic sandstone (Craig and pthers, 1955, p. 154). Thickness of the
Westwater Canyon Member increases from about 100 feet on the north, east, and south sides of
the San Juan Basin to about 300 feet in the west-central phrt of the basin (Craig and others, 1955,
p. 154). 11 |

The altitude and configuration of the top of the Morrison Formation are shown on the
structure-contour map (fig. 25). The top of the Morrison Formation decreases from a maximum
altitude of about 10,000 feet above sea level along the nrthern basin margin to about 1,500 feet
below sea level in the northeastern part of the basin.

The composite thickness of all members of the Morrison Formation is shown in figure 26.
The composite thickness generally correlates with the thickness of the Westwater Canyon
Member.
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Hydraulic Properties

Transmissivity, storage coefficient, and hydraulic-conductivity data for the Morrison
Formation are available from drawdown and recovery aquifer tests conducted at 31 wells in the
study area (Stone and others, 1983, table 5; Risser and others, 1984, p. 23). The transmissivity
ranges f6om 2 to 480 feet squared per day and the median value is 115 feet squared per day. The
storage coefficients calculated from aquifer tests at nine wells range from 0.00002 to 0.0002.
Hydraulic-conductivity values for three wells range from 0.025 to 0.39 foot per day. A
U.S. Department of the Interior report (1986) listed a hydraulic conductivity of 0.3 foot per day
for the Jackpile Sandstone and sandstone lenses in the Brushy Basin Member. For a ground-
water-flow model of the Westwater Canyon Member northeast of Gallup, New Mexico, Hearne
(1977) simulated the aquifer as having a transmissivity of 300 feet squared per day, a confined
storage coefficient of 0.0002, and an unconfined storage coefficient of 0.10.

The reported or measured discharge from 83 water wells completed in the Morrison
Formation ranges from 1 to 2,250 gallons per minute; the median discharge is 30 gallons per
minute. The specific capacity at 32 of these wells ranges from 0.01 to 3.98 gallons per minute per
foot of drawdown and the median is 0.42 gallon per minute per foot of drawdown.

One of the major influences on water levels in the Morrison Formation has been aquifer
dewatering associated with uranium mining. The location and approximate extent of selected
uranium mines in the study area are shown in figure 27. Uranium mining had a modest beginning
in the late 1940's, but the industry was well established by the early 1950's. Ore production
increased in the mid-1960's and overall mining activity peaked in the late 1970's. By 1981-82,
low demand and low prices forced the closure of some mines (primarily the open-pit and
underground operations). By 1986 all but one mine had ceased operation. Ground-water levels in
the Morrison declined as a result of increased mine dewatering and ore leaching during the
growth years of the industry. Later, as mining activity decreased and eventually came to an end in
1991, ground-water levels began to recover.

All wells in the southern part of the study area for which water-level hydrographs have been
drawn respond to some degree to uranium-mining activities. Operation of the mines requires the
removal of ground water from the aquifer-, this results in a reduction in potentiomerric head in the
aquifer. The rate and extent of reduction are less near the outcrop, where water in the aquifer is
under water-table conditions, than in confined areas in the interior of the basin where the
Morrison Formation is a confined aquifer. The primary uranium ore body is the Jackpile
Sandstone Member of the Morrison Formation.

Three methods of ore extraction have been used in the study area. Open-pit mining
techniques were used in the area east of Grants, New Mexico (and to a much lesser extent in the
discovery area west-northwest of Grants). This mining method commonly uses gravity flow and
existing drainages to remove mine seepage. Open-pit mines usually are within or very near the
outcrop area of the formation; the effects of dewatering for open-pit mining are buffered by water-
table storage coefficients and reduced transmissivity of the water-yielding units (a function of
reduced saturated thickness). Also, the regional base elevation for ground-water discharges
usually is only slightly altered from preexisting natural conditions.
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Deep underground mining methods were used east, north, and northwest of Grants, New
Mexico, and northeast of Gallup, New Mexico. This mining practice usually has a more
immediate and intense effect on regional ground-water levels than open-pit mining because the
aquifer is under confined (artesian) conditions rather than unconfined (water-table) conditions.
Typically, potentiometric heads will respond two or three orders of magnitude more quickly to a
change in withdrawal in the confined part of an aquifer than in the unconfined part. Also, at any
specific time after initiation of withdrawal, equal changes in potentiometric head will be
measured at distances of at least one order of magnitude greater in the artesian part of the aquifer
than in the unconfined part.

In situ leaching techniques were used at several mines in the Crownpoint, New Mexico,
area. Commonly, a concentrated oxidant was injected into the mineralized zone in a pattern of
wells forming a square. At the center of the square a single well was used to extract the leachate
that contained the uranium. In the process, more fluid was extracted than was injected, causing a
net decline in pressure head that propagated through the confined aquifer.
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W-anakah Fomatin
The Wanakah Formation, of Jurassic age (fig. 5), drops out at the extreme margins of the

basin. Evaporite beds in the Wanakah Formation arq moderately resistant to mechanical
weathering and form low ridges or crop out in cliff faces under protective caps of younger
sandstones of the Dakota Sandstone and Morrison Formation.

The Wanakah Formation is present throughout the San Juan structural basin. It conformably
overlies the Entrada Sandstone of Jurassic age. Throughout most of the basin the Wanakah
Formation is conformably overlain by the Recapture Memnber of the Morrison Formation, but in
the south it is overlain by the Cow Springs Sandstone hnd in the north by the Junction Creek
Sandstone (fig. 5).

Geometry and Lithology

The Wanakah Formation, as recently redefined (Condon and Huffman, 1988; Condon,
1989), consists of three members. In descending order tiey are the Horse Mesa, Beclabito, and
Todilto Limestone Members. The Horse Mesa and Beclabito Members were previously defined as
the Summerville Formation described by Gilluly and Reeside (1928). These members are a
massive to planar bedded sandy siltstone and fine-grained silty sandstone as much as 60 feet thick
(Green and Pierson, 1977). A basal siltstone grades into Limestone and gypsum-anhydrite of the
underlying Todilto Limestone Member. The "lodilto I4mestone Member consists of a basal
limestone as much as 30 feet thick. An upper gyspum-a'hydrite facies is present in the eastern
part of the basin where it reaches a thickness of as much as 90 feet.

The Wanakah Formation is the lowest unit for which a structure-contour map has been
prepared for this report (fig. 28). Control for structure r.raps diminishes very rapidly for lower
units and is insufficient for constructing structure maps that do not conflict with maps showing the
top of the Wanakah Formation and younger units. I

Hydraulic Properties

The Wanakah Formation is usually regarded as a confining unit (Thomas, 1989), although
sands in the upper part of the unit might yield small quantities of probably poor quality water.
There are no known determinations of hydraulic properti4s of the Wanakah Formation. Recharge
to the unit probably is negligible, but solutior openings are known to exist in the gypsum-
anhydrite facies in the southeastern part of the basin, indicating some secondary permeability in
the unit.
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Figure 28.--Approximate altitude and configuration of the top of the Wanakah Formation.
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Entrada Sandstone

The Entrada Sandstone is the lowest hydrostratigraphic unit considered in this investigation.
The Entrada Sandstone (Gilluly and Reeside, 1928), of Jurassic age (fig. 5), is present throughout
the basin and crops out at the perimeter of the basin where it forms cliffs, often capped by the
Todilto Limestone Member of the Wanakah Formation, or weathers to rounded hills. The Entrada
was formerly misidentified as the Wingate Formation by early investigators (Dutton, 1885).

Geometry and Lithology

In the San Juan Basin the Entrada Sandstone is Conformably overlain by the Wanakah
Formation and unconformably overlies the Triassic Chinle Formation. The Entrada
predominantly is a reddish-orange, massive-bedded, fine- to medium-grained eolian sandstone
with some interbedded siltstone. Thickness of the Entrada Sandstone in the San Juan Basin is
reported to range from about 60 to 350 feet (Green and Pierson, 1977), but in the southern part of
the basin where the unit is used as a water supply it is commonly about 130 feet (Stone and others,
1983). 1

Hydraulic Properties

Stone and others (1983) reported transmissivity values of less than 50 feet squared per day
that were based on the results of several specific-capacity tests. Fassett and others (1977) reported
values of hydraulic conductivity ranging from 0.5 to 5 feet per day from drill-stem tests in oil
wells.

Wells producing potable water from the Entrada Sandstone generally are completed near theI
outcrop along the southern basin margin. Reported well iyields from six wells completed in the
Entrada Sandstone range from 3 to 200 gallons per minute. The average well yield is 40 gallons
per minute and the median is about 5 gallons per minute. I

In other areas of the basin the Entrada Sandstone L~oduces oil and (or) highly mineralized
water. Water that is recovered with oil often is reinjected ihto the unit. The Entrada also is used for
disposal of oil-field brines produced from other units.
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NATURAL BOUNDARIES OF THE GROUND-WATER-FLOW SYSTEM

A ground-water-flow boundary is any physical feature or mechanism that alters the
movement of water in the ground-water-flow system, or is a sink or source of water to the system.
The San Juan Basin, as defined for this investigation, is a virtually self-contained ground-water-
flow system whose boundaries generally are clearly defined. These boundaries may be internal or
limiting geologic features, surface or subsurface sources or sinks, or contrasts in the properties of
the pore-filling liquids.

Geologic Boundaries

Faults, dikes, changes in hydraulic properties, and geometry of the hydrostratigraphic units
are examples of geologic boundaries. Boundaries may define the limits of the flow system but,
more generally, are internal to the system and cause redirections of ground-water movement
within the basin.

Faults (fig. 7) may act as a flow barrier by partly or completely offsetting aquifers and
confining units. The Nacimiento Fault along the Nacimiento Uplift, which has a vertical
displacement of several thousand feet, places Precambrian granite against the younger
sedimentary rocks in the basin, thereby forming a part of the eastern boundary of the ground-
water-flow system. Although faulting is common in the Puerco Fault Zone, located in the
southeastern part of the study area, most of the faults lack sufficient displacement to completely
offset hydrostratigraphic units over a significant distance.

Faulting also can cause nearby fractures in friable rocks, leading to a local increase in
permeability and porosity. For example, a well completed in a fracture zone near a fault might
have an atypically large yield, or a fracture zone may connect aquifers across a confining unit or
with land surface to form springs. The Puerco Fault Zone has probable examples of all these
phenomena. Therefore, the net effect of faulting on ground-water movement is sometimes
difficult to predict.

Dikes also may have unpredictable effects on the movement of ground water. Numerous
dikes are in the basin but most are relatively narrow (2 feet or less) and extend only short
distances (a few hundred feet). Most of these dikes are associated with volcanic necks in the Rio
Puerco Valley (fig. 11) and Mount Taylor area (fig. 29). These generally have vesicular chill
boundaries with the host rock and are highly fractured. Selenite (gypsum) crystals occur at land
surface in association with many of these, indicating that the dike is a point of ground-water
discharge. In other cases, one or more springs may be associated with the dikes. At depth, these
dikes may be a barrier to horizontal ground-water flow but, because of their limited extent,
probably are not significant on a regional scale.

Other dikes in the northeastern part of the study area may have a much greater influence on
regional ground-water flow. This set of associated dikes (other lesser dikes are present that
resemble those in the Rio Puerco Valley) is several feet across and extends as much as 30 miles in
a nearly straight north-south direction. These dikes are dense and form erosion-resistant spines
supporting north-south ridges. They do not seem to be associated with surface manifestations of
ground water, but one dike, near Dulce, produces a seep of oil.
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An aquifer system's internal geometry and the hydraulic contrasts between aquifers and
confining units also govern ground-water flow. Hydrogeologic sections, such as that shown in
figure 6 (from Stone and others, 1983), illustrate the complex flow patterns that can result from
thinning and pinch-outs of units and contrasts in hydraulic conductivity. The geometry of the
major hydrostratigraphic units in the basin has previously been discussed.

Outcrop Area Boundaries

Various boundary types exist within the outcrop area of an aquifer. These include aquifer
interaction with surface-water bodies and (or) associated alluvial deposits, recharge infiltrating
from precipitation, and evapotranspiration. Surface-water interaction at the outcrop may be either
a source of water to the aquifer or a discharge from it, depending on the relative difference in
hydraulic head.

Surface-Water Boundaries

Surface-water bodies such as streams, lakes, and reservoirs directly influence an aquifer in
its outcrop area. Streams and reservoirs may either gain water from or lose water to the aquifer.
Generally in the higher altitude parts of the basin streams lose water to aquifers and in the lower
altitude parts the streams and valley alluvium gain water. In either gaining or losing situations the
quantities of water relative to surface flow usually are too small to detect locally.

Most tributaries to the San Juan River that originate at high altitude (more than 7,500 feet
above sea level) have perennial flow. These streams and their tributaries lose water to aquifers in
their higher reaches, especially in areas including and northeast of the Hogback Monocline. Other
areas where stream-channel recharge might be expected are along the Nutria and Defiance
Monoclines and along the northern flank of the Zuni Uplift (fig. 4).

Stream and river reaches that probably gain water from the ground-water system include the
lower reaches of the San Juan River and its southern tributaries (Chaco River and Cation Largo)
and parts of the Puerco River, Rio Puerco, and Rio San Jose (fig. 11). Also, although ground water
may discharge to the surface in these drainage systems they might not actually contribute to
surface-water flow; in many instances the ground-water discharge is entirely consumed by
evapotranspiration before it can migrate through valley-fill alluvium to reach the stream channel.

Recharge from Precipitation

Recharge from precipitation is a boundary type that contributes water to the aquifer system.
This distributed recharge on the area of aquifer outcrop is the residual from total precipitation
after losses to evapotranspiration and surface runoff. Direct ground-water recharge from
precipitation was estimated using the approach documented in Hearne and Dewey (1988) and
Waltemeyer and Kernodle (1992). The technique uses multiple regression analyses to establish
relations between precipitation and selected basin characteristics to predict runoff. An initial
assumption is that all net recharge is due exclusively to winter precipitation. Estimated
sublimation and evaporation are then subtracted from the difference between total precipitation
and total runoff to obtain an estimate of direct recharge on the aquifer outcrop.
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Regression equations were developed for three altitude-precipitation regimes in the study
area. The first regime includes basins where the irea-wei~hted mean basin altitude is greater than
7,500 feet above sea level. Data from nine fnstrumeqted drainage basins in the San Juan
Mountains (fig. 30) were used in the regression ainalysis to determine the rainfall-runoff relation
for this regime. Mean winter precipitation and drainage area were found to describe mean winter
runoff with a standard error of estimate of 13 percent. The second regime includes basins where
area-weighted mean basin altitude is less than 7,500 feet qbove sea level and area-weighted mean
winter precipitation is less than 12 inches. The third regi'ie includes basins where area-weighted
mean basin altitude is less than 7,500 feet above sea level and area-weighted mean winter
precipitation is greater than 12 inches. Rainfall-runoff relations for the latter two regimes were
developed using the basins that Hearne and Dewey (1988, p. 32, 37) used in their rainfall-runoff
relations for the Taos Plateau (mean winter precipitation !less than 12 inches) and the Sangre de
Cristo Mountains (mean winter precipitation greater tilan 12 inches). Basin area and area-
weighted mean winter precipitation were recalculated from the values used by Hearne and Dewey
(1988). The study area then was divided into 320 drainage basins and mean winter discharge was
computed for each using the equation appropriate for, each basin's altitude and amount of
precipitation. The areas in the San Juan Basin for which tje following equations were developed
are shown in figure 31.

For basins having an area-weighted mean basin altitude greater than 7,500 feet above sea
level (derived for the San Juan Mountains region), the following equation was derived to define
winter runoff:

QS = 0.10632 x AREA(0 868) x pRClP(O.977) C)

where QS is mean winter runoff, in cubic feet per second;

AREA is drainage basin area, in square miles; and

PRECIP is area-weighted mean winter precipitation for the period 1931-60, in inches.
I

For basins having an area-weighted mean basin altitude less than 7,500 feet and an area-weighted
mean winter precipitation less than 12 inches (derived for the Taos Plateau region), the regression
equation was found to be: I

QS = 0.00002188 x AREA 1 "05) x PRECIP(4"03). (2)
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For basins having an area-weighted mean basin altitude less than 7,500 feet and an area-weighted
mean winter precipitation more than 12 inches (derived for the Sangre de Cristo Mountains
region), the regression equation was found to be:

QS = 0.00008318 x AREA(0"972) x PRECIP(3-57) . (3)

Sublimation and evaporation were then estimated using the equation:

QET = 5200500 x AREA x ALT<-l"89) (4)

where QET is the estimated evaporation and sublimation, in cubic feet per second; and

ALT is the area-weighted mean basin altitude, in feet above sea level.

Finally, estimated direct recharge was computed as the residual of total precipitation minus
runoff, sublimation, and evaporation.

Some ranges of estimated direct recharge for the drainage basins are shown in figure 32. The
several large areas of virtually no recharge shown in figure 32 coincide with most of the high-
altitude areas of the basin. These are areas where the sublimation, evaporation, and runoff
components of the surface-water budget are large and the recharge, which is computed as the
residual, has the greatest error potential. The estimated rate ranges from 0 to 0.15 inch per year
and the area-weighted average for the basin is 0.10 inch per year. A calculated recharge rate of
0.1 inch per year for a drainage basin east of Grants, New Mexico, was reported by the U.S.
Department of the Interior (1986, p. 2-53). The combined recharge rate for the entire basin is
equivalent to a steady flow of about 150 cubic feet per second.

In the computations, the mechanism of the direct recharge is not restrained. The recharge
could be uniformly distributed throughout the drainage basin, concentrated more on the recharge-
receptive outcrop areas, or could be channel loss from streams as they cross outcrops. For
simulation purposes, however, the recharge was assumed to be restricted to and distributed over
the area of outcrop of the aquifers.

The current climate in the basin probably has little influence on the long-term rates of
recharge to or discharge from the aquifers in the basin. Preliminary age estimates for water in the
Morrison Formation near the center of the basin place the age of the water at about 1.5 million
years (Kernodle and Phillip, 1988). Also in the Morrison on the western side of the basin, carbon-
14 age dating indicates that water has moved only a short distance (generally less than 20 miles)
from the outcrop during the approximately 40,000 years that are dateable by the technique. The
water is old enough throughout most of the aquifers in the basin to have been affected by pluvial
climatic periods during the Pleistocene Epoch.
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Studies have found direct evidence of recharge surges during the Pleistocene (Phillips and
others, 1986) or have inferred the surges on the basis of geologic and geomorphic evidence
(Watson and Wright, 1963). Phillips and others (1986), using carbon-14 age dating and oxygen-
deuterium ratios, found evidence of cooler temperatures and greater effective precipitation for a
period prior to 20,000 years before the present and again about 17,000 years before the present.
Citing other studies of freshwater ostracoda, Phillips and others (1986) noted another pluvial
period about 9,000 years before the present.

Watson and Wright (1963) described landslide development on the east flank of the Chuska
Mountains in New Mexico. They attributed the three block glide events that they found to periods
of high ground-water levels in the Chuska Sandstone. The higher water levels were postulated to
correlate with pluvial periods during the Pleistocene. Periods of high water levels in the Chuska
Sandstone are significant because the driving head to the underlying aquifers is thereby increased.

Although much of the water in the aquifers in the basin has been shown to be old and added
to the ground-water system during wet climatic cycles, pressure changes in an artesian aquifer
propagate much faster than the actual movement of a volume of water. Pressure changes can be
shown to adjust quickly to changes in discharge (Dam and others, 1990a), and it is likely that the
predevelopment (early 20th century) potentiometric heads reflected current or recent historical
climatic conditions, whereas the actual flow paths of water in the aquifers reflect paleorecharge
conditions.

Although much of the water now in the ground-water system entered in recharge surges, it is
important to note that the system is being recharged under current conditions. Peeters (1983) used
carbon-14 and tritium methods to date water in the Ojo Alamo Sandstone. She found that waters
of a modem carbon-14 age also had post-atomic age elevated tritium, indicating active modem
recharge.

Evapotranspiration

Evapotranspiration acts as a boundary in the ground-water system where water in the zone
of saturation is affected by surface processes. This generally happens in areas of ground-water
discharge, primarily in the valleys of the gaining streams described previously.
Evapotranspiration of ground water is assumed to be zero in areas of great depth to water. As the
depth to ground water below land surface decreases, the rate of evapotranspiration of ground
water increases (Emery, 1970) until the rate reaches at least the potential annual evaporation
(fig. 10). Because this process generally is limited to alluvial-fill stream valleys, however, the
contribution of ground water, compared to surface water from the stream, usually cannot be
quantitatively determined.

Evapotranspiration is a major component of the overall water budget of the basin. Winter
evaporation and sublimation were calculated (eq. 4) to account for 3.4 of the total 6.0 inches of
winter precipitation. Basinwide, summer evaporation and transpiration consume virtually all of
the remaining 6.3 inches of annual precipitation. Most of this consumptive loss in the basin, in
both winter and summer, is by evaporation or sublimation following precipitation and, therefore,
is not an element in the ground-water system.
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Subcrop Boundaries
L! I

A subcrop boundary is a special case of both an internal geometric boundary and an
outcrop-area boundary. Areas where this specific boundary type occurs in the San Juan Basin are
upturned and eroded aquifers in the Defiance Monocline ýfig. 4) that subcrop beneath the Chuska
Sandstone and Deza Formation (of Wright, 1954). This boundary type will be illustrated later in
the section on internal geometric boundaries. As discussed earlier, the elevated hydraulic head in
these overlying units drives water into the underlying regional aquifers.

Iil-Ws~m ndGsWaterIntrfces

Oil and gas are valuable natural resources in the basin, and both are found in abundance in
the aquifers described in this report. Several post-Triassi* units in the basin produce oil and gas:
the Twowells and Paguate Tongues of the Dakota Sandstone, units in the Mesaverde Group, the
Pictured Cliffs Sandstone, and coals in the Fruitland Forniation.

'I I

"Oil and water don't mix" is not totally true in a gtound-water system, but the presence of
oil or gas in a part of the system does indicate a very stagnant area of ground-water flow. There
are two mechanisms of oil entrapment, stratigraphic or structural traps, and an additional
mechanism of gas entrapment. The producing oil, gas, and water wells completed in the Gallup
Sandstone and transgressive Tocito Sandstone Lentil (4g. 5) are mapped in figure 33, which
shows surface expressions of both types of trap. Northeast of the pinch-out of the main body of
the Gallup Sandstone (which produces potable water vi~wally everywhere), the isolated Tocito
Sandstone Lentil encapsulated in the Mancos Shale forms stratigraphic traps for oil. The shape of
the lenses is clearly outlined by the distribution of producing oil wells. Two clusters of wells
producing oil from structural traps are shown (fig. 33) in the southeastern part of the basin. These
traps are structural domes where the oil, being ighter tn water, rose to displace water and fill
the dome.

In both types of traps the presence of oil precluds the flow of freshwater. However, the
stratigraphic taps usually are encapsulated in confining units that are very restrictive to any form
of fluid flow and the structural traps usually are small lin area. A stratigraphic trap is areally
restricted to one unit or horizon, whereas a structural trap presents conditions that are favorable
for oil or gas production from any suitable unit in the snatigraphic section.

I:
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Gas may be dissolved in water (the third mechanism). In addition, gas will adsorb and
absorb on coal, particularly along cleats and microfractures (Fassett, 1989). Gas occurrence of
this nature is characteristic of coal beds in the Fruitlang Formation, described earlier. In this
instance, the presence of gas does not necessarily preclude the movement of water, but other
evidence, primarily water-quality data (Dam aad other4, 1990b; Kernodle and others, 1990),
suggests that water in the Fruitland Formation and underlying Pictured Cliffs Sandstone is
dissimilar to water in overlying and underlying units (Th~rn and others, 1990a, b) and may be at
least partially hydraulically isolated from them.

Density Contrasts
I

Fluid density contrasts, if great enough, can be a barrier to ground-water flow. Density is a
function of the quantity of dissolved chemicals in the water and, to a much lesser degree, of the
temperature of the water. The highest reported density of Water from post-Triassic aquifers in the
basin is 1.20 grams per cubic centimeter at 20 degrees Cqlsius (Dwight's ENERGYDATA, Inc.,
BRIN data base, Oklahoma City, Oklahoma). This water is from a well completed in the Morrison
Formation near the confluence of the La Plata River with Ithe San Juan River (fig. 11), northwest
of Farmington, New Mexico. The reported dissolved-solids content of the water was 286,900
milligrams per liter, more than eight times that of sea watir (Chow, 1964). All other nearby wells
completed in the Morrison Formation, the nearest of whici is about 3 miles away, have a reported
density of 1.06 grams per cubic centimeter or less, indicating that the anomaly is very localized
within the Morrison Formation. I

The next highest reported density of water from pdst-Triassic aquifers is 1.069 grams per
cubic centimeter at 20 degrees Celsius (91,500 milligraxis per liter dissolved solids) for water
from the Dakota Sandstone, within 9 miles of the Morrison well cited above. The density of water
in the Dakota Sandstone also rapidly decreases away fror this well; each aquifer seems to have
its own relatively stagnant zone in the Farmington area.

I 

!

If the local density gradient is high enough, water of this density will affect the movement of
water within the ground-water-flow system (Davies, 1? 89). It is doubtful that geochemical
differences in host-rock and water interactions oyer the siort distance observed here created the
sharp density gradients that exist today in the same general area for several different aquifers.
Therefore, it is reasonable to assume that conditions of long-term flow stagnation led to the
observed density anomalies. I

DESCRIPTION OF TH1• MODEL

The ground-water-flow model completed for this investigation simulated steady-state or
predevelopment conditions. Transient simulatiqps were, not attempted because of the virtual
absence of historical ground-water discharge data. Most urban public-supply systems and mining
operations that use or used ground-water supplies were able to provide good withdrawal records.
However, the vast majority of ground-water 4ischarges in the basin are from free-flowing,
unmetered wells that are often completed in several aquifers. No records exist for changes in
discharge from these wells over time. Frenzel (1982) encquntered the same lack of ground-water
withdrawal data and also limited his model of the basin to I steady-state simulation. Investigators
constructing ground-water-flow models of other basins in New Mexico have encountered similar
problems and chose to adjust simulated withdrawils until a transient calibration of
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potentiometric-head changes was obtained. Examples of these models are documented by
O'Brien and Stone (1983), Hearne (1985), and Hearne and Dewey (1988). A summary of the
various approaches to modeling, including a choice of parameters to alter during calibration, was
compiled for basins in the Rio Grande Rift by Kernodle (1992).

The model of Kernodle and Philip (1988) was a precursor to this effort. That model was
used to determine flow paths and times of travel for steady-state flow conditions in the Morrison
Formation and Dakota and Gallup Sandstones. This information was then used by Dam (1995) to
select appropriate analytical methodologies for isotope age dating of formation water. Travel
times determined from the model agree very well with the isotopic age determinations of Dam,
and computed potentiometric heads agree well with the results of Frenzel (1982) and of this
model

I~~~~low~~m Comtai -~mo Codto•an umttr Prurgn=

The computer code used to complete the ground-water-flow model of the San Juan Basin is
the modular, three-dimensional, finite-difference code documented by McDonald and Harbaugh
(1988). The equation that describes three-dimensional flow (frescott, 1975; McDonald and
Harbaugh, 1988) may be written as:

4aKah)+a(, A'y+ 4aa-W = S (5)

where Kxx, Ky, and K. are values of hydraulic conductivity along the x, y, and z

coordinate axes (LA);

h is the potentiometric head (L);

W is a volumetric flux per unit volume and represents sources and (or) sinks of water (1/t);

S. is the specific storage of the porous material (I/L); and

t is time (t).

Because the simulation is of steady-state conditions, potentiometric head and storage do not
change with time and the right side of equation 5 is equal to zero.

Analytical solutions of equation 5 are possible for only the simplest of hydraulic problems.
One approach to obtaining solutions for the typical flow problem is the finite-difference numerical
method whereby the area of the aquifer being analyzed is divided into a regular network of
horizontal and vertical orthorhombic cells. A set of flow equations is written to describe flow into
and out of each cell, then the equations are solved simultaneously by one of several algorithms.
The numerical algorithm used in this investigation is the Strongly Implicit Procedure (SIP)
documented in McDonald and Harbaugh (1988, chap. 12). The finite-difference numerical
method is based on a number of assumed conditions for the flow system; (1) all hydraulic
properties of the simulated hydrostratigraphic unit are uniform (homogeneous) within each cell;
(2) any anisotropy of hydraulic conductivity is aligned with the principal axes of the finite-
difference grid, and (3) the properties of the fluid are uniform in space and constant with time.
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A planimetric view of the finite-difference model grid that was used to discretize
components of the properties of the simulated aquifers is shown in figure 34. The grid has 100
rows of cells, each 3,000 meters in spacing, and 100 columns of cells, each 3,070 meters in
spacing. The entire grid is rotated 46 degrees counterclob-wise to conform to a general overall
shoreline axis of orientation that prevailed during the transgressions and regressions of the
Cretaceous seas. I

The planimetric view in figure 34 shows the grid in la Universal Transverse Mercator (zone
12) map projection. The initial orthorhombic grid was prdjected to this map coordinate system to
match the map coordinate rotation and distortion of the sphtial data used in the construction of the
model. Although the amount of distortion would be relatively minor over a small area it becomes
significant (hundreds of feet) for grids that span areas as large as the San Juan Basin. Figure 35 is
an oblique areal view of the study area and finite-difference grid as they would appear from a
vantage point about 30 miles above the Earth's surface. The figure illustrates the need to form the
grid to match the map projection that is used to portray the Earth's surface.

The finite-difference grid is stacked 12 layers deep to represent the major aquifers and
confining units in the basin. Figure 36 is a diagram that correlates the previously described
hydrostratigraphic units with the finite-difference layers employed in the model. Not all units
were explicitly simulated; an entry of "VK' in the diagram indicates that the unit was implicitly
simulated using a computed vertical harmonic leakance between finite-difference layers.,I

A geographic information system (GIS) was used to store, manipulate, analyze, and extract
the spatial hydrogeologic data that were used to construct Ohe ground-water-flow model of the San
Juan Basin. (The GIS also was used to prepare the map figures in this report.) An introductory
explanation of the techniques and procedures of using c GIS in support of the ground-water-
flow model may be found in Kernodle and Philip (1988). For readers who would like additional
information on the functionality of a GIS, Robinove (1986 authored a concise presentation on the
'"rinciples of logic and the use of digital geographic on systems."

R~ IntiaL on of B ndari
i'!

Distributed recharge from precipitation, stream-aquifer interaction, changes in hydraulic
properties, aquifer geometry, and subcrop boundaries were simulated in the steady-state ground-
water-flow model of the San Juan Basin. Evapotranspiration, minor faults, dikes, oil-water/gas-
water interfaces, and density contrasts were not simulated. Evapotranspiration in areas of aquifer
outcrop was incorporated into the computed net rate of 'recharge and therefore was simulated
indirectly. Evapotramspiration in areas of ground-water distharge, coincident with alluvial valleys
of major streams, was assumed to be represented by the stream boundary. Minor faults and dikes
were not considered to be a significant influence on ground-water flow. Oil and gas were not
thought to greatly influence ground-water flow because their occurrence largely is limited to
disconnected stratigraphic traps encapsulated in major confining units. Finally, density contrasts
were not simulated because the areal extent of high-density water is small, its occurrence
coincides with areas of hydraulic stagnation, and the computational resources needed to simulate
this boundary condition for only a minor part of 1he aquifiT system could not be justified for this
investigation.
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Figure 34.--Finite-difference model grid and locations of hydrogeologic sections shown in
figures 37 and 38.
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Figure 35.--Perspective view of the finite-difference model grid.
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HYDROSTRATIGRAPHIC UNIT LAYER
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Figure 36.--Correlation of geologic units and model layers.
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Distributed Recharge from Precipitation

Distibuted recharge from precipitation was simulated as a flux of water introduced to the
model cells containing an outcrop of the unit represented by the cell's layer. By using GIS, the
model grid was overlaid on a digital map of the aquifer outcrop so that the area of outcrop of each
aquifer within each cell could be determined. That infprmation layer was then overlaid on a
digital map depicting the rate of recharge so that the rates for each area of outcrop within each
model cell could be determined. The net flux to the Otquifer for each model cell was then
computed as the sum of outcrop areas multiplied by the recharge rate for that area. The entire
process was repeated for the outcrop of each of the 12 units represented in the model.

I I
Stream-Aquifer Interaction

The interaction between surface-water bodies and the ground-water system was simulated
as a head-dependent flux boundary with limitations placed on the maximum possible surface-
water loss (McDonald and Harbaugh, 1988, chap. 6). The flow rate to or from the aquifer is a
function of the hydraulic-head difference between the aquifer and the surface-water body, the area
(or length times width) of the surface-water body, and the hydraulic conductivity and thickness of
the streambed material:

QRIV=(HRIV -h)KLW M (6)

,1

where QRIV is the flux to or from the surfaci-water b dy (L3/t);

HRIV is the representative altitude of fie stream surface (L);

h is the model-computed ground-water head (L);

K is the hydraulic conductivity of the streambed material (Lit);
L is the total stream length in a model cell ýL);

W is the representative width of streams within a model cell (L); andIi
M is the thickness of streambed material (Lt.

The part of the equation that remains constant for each model cell (K L W / M) is referred to
as the streambed conductance. Streambed conduFtance wps computed for each cell that contained
both aquifer outcrop and a stream segment. The stream network used in the model simulation is
the one shown in figure 11. The main stems of the San Juan River, Chaco River, Rio Puerco, and
Rio San Jose were assigned a width of 200 feet. AUl other, segments were assigned a width of 100
feet. Some of the larger surface-water features (lakes, reservoirs, and the San Juan River
downstream from Navajo Reservoir) were represented al polygon features, eliminating the need
to estimate channel width. The bed thickness for all streams was arbitrarily assumed to be 1 foot
and the hydraulic conductivity of the bed material was asiumed to be 20 feet per day.

In a process similar to the one described for rechargh, a series of overlays was performed to
arrive at a total stream area for the outcrop of each hydrosratigraphic unit within each model cell.
This area was then multiplied by the hydrau ic conductivity to determine the streambed
conductance for each cell
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The stream-surface altitude (HRIV) was obtained by using the GIS to extract altitude data
from a continuous-surface representation of topography for vertices along the lines that define the
streams. The altitude data were obtained from 1:250,000-scale digital elevation models that have
a vertical accuracy of 30 meters (U.S. Geological Survey, 1987). The altitudes of the vertices
were then averaged for the outcrop of each hydrostratigraphic unit within a model cell to obtain a
mean channel altitude. The term (HRIV - h) in equation 6 was then limited to a maximum value
of 10 feet to place an upper limit on the loss of water from the stream to the aquifer. No limit was
placed on ground-water discharge rates to the streams.

Internal Geometric Boundaries

As stated earlier, the structure-contour maps (figs. 13, 15, 17-25, 28) are derived from
computer-generated and human-edited continuous-surface representations of the tops of the major
hydrostratigraphic units. The maps were then assimilated into the GIS, published as structure-
contour maps in the Hydrologic Investigations Atlas 720 series, and became the data base used in
this model to define top and bottom altitudes and aquifer (or confining unit) thicknesses.

Other derivative products from the data bases used to produce the hydrologic atlases are
possible, including the layer-definition hydrogeologic sections shown in figures 37 and 38. These
sections were constructed directly from the digital data layers of the altitudes of land surface and
the tops of the hydrostratigraphic units. The sections have been corrected to include the earth's
curvature and are vertically exaggerated by a factor of 20. Although these sections represent
model layers, they also quantitatively reveal the complex geologic structure of the San Juan Basin
from many new vantages not easily obtained without the use of GIS technology.

As stated earlier, these digital data layers were used to define the internal geometry of the 12
hydrostratigraphic units simulated by the model. To do this, an interpolated spot value for the
structure altitude of each unit was obtained for the centroid of each model cell.

Subcrop Boundaries

Several regional aquifers are truncated and overlain by the Chuska Sandstone, Deza
Formation, and landslide deposits in the vicinity of the Defiance Monocline. The model
representation of these hydrostratigraphic units overlain by the Chuska Sandstone is shown in
figure 37C, D, and E. The regional aquifers are under hydraulic stress from these overlying units.
The rate of downward movement of ground water into the Cretaceous units is governed by the
differential hydraulic head, the vertical hydraulic conductivity of the units through which the
water must pass, and the thickness of those units. A general-head boundary (McDonald and
Harbaugh, 1988, chap. 11) is appropriate for simulation of this hydraulic condition. The equation
describing flow to or from this numerical boundary type is identical to the equation for a stream-
aquifer boundary (eq. 6) previously described. The difference between the two numerical
boundary types is that there is no limit to the amount of water that an aquifer can gain from a
general-head boundary.

The location of the general-head boundary used to simulate the downward movement of
water from the Chuska Sandstone, Deza Formation, and landslide deposits into the regional
aquifers is shown in figure 39. The position and width of the boundary (about one-quarter mile)
are intended to be about the same as those of the subcropping aquifers. The boundary simulated a
source of water to the Point Lookout, Gallup, and Dakota Sandstones, Morrison Formation, and
Entrada Sandstone.
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Figure 37.--West to east sections showing the vertical layers used in the model--Concluded.

The eroded surface on which the Chuska Sandstone and Deza Formation rest slopes from
about 8,000 feet on the southwest flank to about 7,000 feet on the northeast flank of the Chuska
Moun.tains. The water table in the Chuska Sandstone was assumned to be midway between land
surface and this sloping plane. The travel distance (equivalent to M in eq. 6) used to compute the
hydraulic conductance was the water-table altixdde minus die altitude of the sloping plane. The
vertical hydraulic conductivity was simulated as 0.005 foot per day.

In addition to the hydraulic properties required to define boundary conditions and aquifer
geometry, aquifer anisotropy and horizontal and vertical hydraulic conductivity are required to
numerically describe steady-state ground-water flow. The hydros'atigraphic units that were
simulated by the ground-water-flow model usually correlated with a single, well-defined geologic
unit (fig. 36; fig. 5), making assignment of hydraulic properties relatively simple. For most units a
single, areally uniform value for horizontal and anoher for vertical hydraulic conductivity
produced satisfactory simulation results. These values are shown in figure 40. The transmissivity
distribution of each unit was obtained by multiplying the unit's horizontal hydraulic conductivity
by the thickness of the unit at each model cell. Thicknesses were computed by using the GIS to
manipulate the informadon given earlier regarding thickness and structural altitude of the tops of
the hydrostratigraphic units.
The aquifer system was assumed to be anisotropic with the preferred direction of flow being
northwest to southeast The initial assumption was that all units are anisotropic. Final simulations
portrayed only the transgressive, regressive units (post-Dakota Sandstone) as anisotoic. The
basis for this, discussed earlier, was that the depositional environment of a series of shoreline
transgressions and regressions would deposit sands that have a higher permeability in a direction
parallel to the shoreline. However, the anisotropy probably is megascopic in origin and scale
rather than due to grain orientation. That is, a series of intermeshed bars of sand combine to form
a continuous aquifer. The longest unobstructed flow path within each bar is parallel to the
shoreline; hence, on a large scale, the preferred direction of flow is in that direction.
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Figure 39.--Location of the general-head boundary used to simulate the downward movement
of water from the Chuska Sandstone, Deza Formation, and landslide deposits
into the regional aquifers.
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Figure 40.--Simulated horizontal and vertical hydraulic conductivities.
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C. Simulated vertical hydraulic conductivities for the
combined Ojo Namo Sandstone. Kirtland Shale,
and Fruitland Formation.

D. Simulated horizontal and vertical hydraulic
conductivities for the Pictured Cliffs Sandstone.

E. Simulated horizontal and vertical hydraulic conductivities
for the Lewis Shale.

F. Simulated horizontal and vertical hydraulic conductivities
for the Cliff House Sandstone.

Figure 40.--Simulated horizontal and vertical hydraulic conductivities--Continued.
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G. Simulated horizontal and vertical hydraulic
conductivities for the Menefee Shale.

H. Simulated horizontal and vertical hydraulic
conductivities for the Point Lookout Sandstone.

I. Simulated horizontal and vertical hydraulic
conductivities for the Gallup Sandstone
and Mancos Shale.

Simulated horizontal and vertical hydraulic
conductivities for the Dakota Sandstone.

Figure 40.--Simulated horizontal and vertical hydraulic conductivities--Continued.
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K. Simulated horizontal and vertical hydraulic conductivities
for the Morrison Formation.

Figure 40.--Simulated horizontal and vertical hydraulic conductivities--Concluded.

Most units could be described in simple hydrologic terms; however, the units represented by
model layers 3, 8, and 9 were more complex, requiring zoned values of hydraulic conductivity
and different values of upward and downward vertical hydraulic conductivity. The units
represented by layer 3 are the Ojo Alamo Sandstone, Kirtland Shale, and Fruitland Formation.
This combination of units in one layer was formed because information was insufficient to
separate the Kirtland and Fruitland into individual hydrostratigraphic units, the Ojo Alamo was
thin enough to present serious problems defining tops and bottoms that did not conflict with
adjacent units, and the Ojo Alamo pinched out in the subsurface. The solution was to combine the
units. The upward vertical hydraulic conductivity is greater than the downward (fig. 40C) to
reflect the higher permeability of the Farmington Sandstone Member of the Kirtland Shale and of
the Ojo Alamo Sandstone. The horizontal hydraulic conductivity (fig. 41) was computed as the
thickness-weighted mean of the conductivities of the Ojo Alamo and Kirtland-Fruitland subunits.
In this computation the values of hydraulic conductivity of the Ojo Alamo and Kirtland-Fruitland
subunits were assumed to be 1 and 0.01 foot per day, respectively.

The units represented by layer 8 are the main body and Hosta Tongue of the Point Lookout
Sandstone and the Crevasse Canyon Formation (primarily the Dalton Sandstone Member). The
main body of the Point Lookout Sandstone is persistent and fairly uniform throughout the basin,
but the Hosta Tongue and Dalton Sandstone occur only in the south and southwestern part of the
basin. At the southern margin of the basin the three units are stacked upon each other with only
minor separation by thin tongues of the Mancos Shale and Cleary Coal Member of the Crevasse
Canyon. The diagonal line separating conductivity zones in figure 40H is the approximate
northeastern limit of the Hosta Tongue and Dalton Sandstone.

The units represented by layer 9 are the main body of the Gallup Sandstone and a thin,
arbitrary interval in the middle of the Mancos Shale. The diagonal line in figure 401 (also see
fig. 33) represents the northeastern limit of the main body of the Gallup Sandstone. Northeast of
this line model layer 9 represents a thin interval of the Mancos Shale with appropriately low
horizontal and vertical hydraulic conductivities.
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Figure 41.--Simulated horizontal hydraulic conductivity for the combined Ojo Alamo Sandstone,

Kirtland Shale, and Fruitland Formation,
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The top and bottom of the Entrada Sandstone were not determined because of insufficient
control data. Therefore the unit was simulated as being uniformly transmissive (fig. 42). Because
the Entrada Sandstone is the basal unit in the simulation there is no downward vertical hydraulic
conductivity.

The degree of vertical hydraulic connection between hydrostratigraphic units is a function
of the vertical hydraulic conductivity and the thicknesses of the units. Because the conductances
(hydraulic conductivity divided by thickness) are in series, the net vertical leakance between units
is the harmonic mean of the conductances of the two adjacent units. The model (McDonald and
Harbaugh, 1988, chap. 5, p. 11-12) multiplies cell area by vertical leakance to obtain vertical
conductance. The equation to determine the vertical leakance between two units (units a and b) is:

VCONT =
Ma12  Mb! 2  (7)

VKa VKbva b

where VCONT is the vertical leakance (l/t);

Ma, Mb are the thicknesses of units a and b (L); and

VKa, VKb are the vertical hydraulic conductivities of units a and b (L/t).

By examination of equation 7 one can determine that a low-conductivity unit will have the
dominant term in the denominator. In instances where a low hydraulic-conductivity unit is not
explicitly simulated (indicated by VK in fig. 36), a third term in the denominator, (Mc / VKc),
usually is vastly dominant over the other two.

MODEL CALIBRATION AND SENSITIVITY ANALYSIS

The steady-state ground-water-flow model of the San Juan Basin did not undergo the typical
lengthy process of calibration; the boundary conditions, including internal geometry, were defined
and representative values for hydraulic properties were selected on the basis of known aquifer
tests and previous reports. The initial model configuration produced generally acceptable results
but some refinements, discussed below, were necessary.

The most likely reason that the model needed very little refinement to achieve acceptable
calibration is that the dominant controls on the steady-state ground-water-flow system in the San
Juan Basin are the boundary conditions, variations in hydraulic properties resulting from different
depositional environments, and internal geometry of the aquifer-system components, all
described earlier. Because a GIS was used to describe these aquifer-system properties and
construct input data for the model, minute details could be portrayed with great accuracy. The
accurate portrayal of the boundaries led, in turn, to a quickly calibrated model of the flow system.
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Calibration of the steady-state ground-water-flow model of the San Juan Basin consisted of
matching as closely as possible computed and measured potentiometric heads for a few key wells
in the central part of the basin. The selected wells each were completed in a single
hydrostratigraphic unit and had measured potentiometric heads that approximated
predevelopment conditions. Calibration of the model around the perimeter of the basin was
unnecessary because water-level altitudes are closely controlled by recharge and surface-water
boundaries. Because the altitudes of the surface-water boundaries were obtained from digital
elevation models having a vertical accuracy of 30 meters, computed water-level altitudes in and
near the outcrops were not expected to exceed this accuracy. Because the vertical error in land-
surface altitude supposedly is not systematic, however, the actual error between computed and
measured potentiometric heads in the central part of the basin was expected to be less than 100
feet. For the final steady-state model the average error for control wells completed in the Cliff
House and Point Lookout Sandstones and the Morrison Formation was about 50 feet.

Precnditoned HyIauicHed Distibuio

The hydraulic head used to begin the steady-state simulations was set equal to the altitude at
land surface for all model layers. During the first steady-state simulation computed potentiometric
heads decayed in the outcrop areas to the level of equilibrium determined by local recharge and
surface-water boundaries. In the central part of the basin the potentiometric heads decayed to a
level that reflected the hydraulic properties of the aquifers and a distance-weighted average of the
potentiometric heads in the outcrop areas. Once a steady-state solution was obtained the heads
from that solution were used as initial heads for other simulations, with the exception that land-
surface altitude again was used as initial heads for the top model layer.

Model Refinements and Sensitivity to ah9psjj in jrMiiIjvtPd
Aouifer Pronerties

Although some improvements and refinements were made to the model, most changes led to
undesired or no significant change. The most positive change was the inclusion of a general-head
boundary to represent the hydrologic effects of the Chuska Mountains on underlying aquifers in
the regional system; the initial simulation excluded this source of recharge to the regional system.
Another change that greatly improved the simulation was reducing the rate of direct recharge to
the Lewis Shale and Menefee Formation to one-tenth the rate for the other units, and limiting
recharge to only the Ojo Alamo Sandstone subunit of the combined Ojo Alamo Sandstone,
Kirtland Shale, and Fruitland Formation hydrostratigraphic unit. This last change represented the
high rate of runoff from the near-barren shales and was necessary to prevent the low hydraulic
conductivity of these shale units from causing excessive mounding of water in their outcrop areas.

The model was much less sensitive to either of the two previous changes than to changes in
hydraulic conductivity and anisotropy. Doubling or halving these properties in the simulations
resulted in approximately a 50-foot change in computed hydraulic head in the center of the basin.
Changes generally were less elsewhere, especially in the near-outcrop areas.

The model was even less sensitive to changes in simulated vertical conductance (vertical
leakance). This probably is due to the relatively low vertical gradients that exist across great
thicknesses of units having low hydraulic conductivity. The low vertical gradients support the
observation that the primary controls on steady-state potentiometric heads are in the outcrop areas
of the aquifers.
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The change having the least effect was the simulation of the interaction of the Dakota
Sandstone with the San Juan River across the Mancos Shiale. A general-head boundary was used
to test the effect of simulating leakage from the Dakota Sandstone upward across the Mancos
Shale and discharging to the surface-water system of the San Juan River and valley alluvium. No
change was noted in computed heads in the Dakota Sandstone. The quantity of water leaking
upward across the Mancos Shale is insufficient to affectpotentiometric heads in the underlying
Dakota Sandstone.

DISCUSSION OF SIMULATION ANALYSESI
The most clearly defined conclusion resulting froo the simulations was that steady-state

hydraulic heads in the San Juan Basin are firmly contiolled by boundary conditions and the
internal geometry of the hydrostratigraphic units. The primary boundary types that exert the most
control are stream-aquifer interaction, rechargefrom dirtct precipitation, and recharge to some
units of the regional system by leakage through the Chuska Sandstone.

I

Wide-ranging variations in the values of simulated 1hydraulic properties resulted in modest
changes in computed hydraulic head, especially near tte aquifer outcrop areas. The greatest
variations in computed head were in the central part iof the basin, away from the outcrop
boundaries. Finally, the general pattern of head distribution never really changed throughout the
analysis of the effects of changes in simulated hydraulic ,roperties. The computed heads for the
major water-yielding hydrostratigraphic units are shown in figures 43-53. A hydraulic-head map
is not shown for the Lewis Shale because it could not be e'xpected to yield water to a well, nor are
heads plotted for the areas of outcrop (except for the S Jose and Menefee Formations), where
local topography often dominates ground-water levels. I

Although the computed steady-state hydraulic heads compare reasonably well with early
measured heads in the major aquifers (Gallup, Dakota, And Morrison) in the central part of the
basin, data are insufficient for comparison in the younger pnits except in the aquifer outcrop areas
where water levels are strongly controlled by topographiý altitude. Away from the outcrop areas
most hydraulic-head measurements in the basin reflect poit-development conditions.

Vertical hydraulic-head gradients under steady-state conditions near the center of the basin
often were unexpectedly low despite low values of vertical hydraulic conductivity and thick
intervening intervals of confining units between the primly aquifers. This is largely attributable
to the dominance of outcrop boundary conditions on the potentiometric-head distribution and the
similarity of boundary conditions for stratigraphically adjacent units. The vertical flow directions
between selected adjacent hydrostratigraphic units are shown in figure 54.

The Dakota Sandstone, Morrison Formation, and Entrada Sandstone exhibit similar
hydraulic heads. From the Dakota Sandstone upjvard the differences in computed hydraulic head
between units are greater because of the prqsence of thick shale sequences. The distinct
differences in hydraulic head between the Gallup and Dakota Sandstones and the Point Lookout
and Gallup Sandstones are due to the very large isolatihg thicknesses of the upper and lower
Mancos Shale and the thinning and pinch-out of thei Gallup Sandstone in the subsurface.
Likewise, there are significant head differences across the Ojo Alamo Sandstone, Kirtland Shale
and Fruitland Formation, and the Lewis Shale and Menef~e Formation.
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Figure 43.--Computed steady-state head in the San Jose Formation.
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Figure 45.--Computed steady-state head in the combined Ojo Alamo Sandstone, Kirtland Shale,
and Fruitland Formation.
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Figure 46.--Computed steady-state head in tie Pictured Cliffs Sandstone.
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Figure 47.--Computed steady-state head in the Cliff House Sandstone.
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Figure 49.--Computed steady-state head in the Point Lookout Sandstone.
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Figure 50.--Computed steady-state he d in the Gallup Sandstone.
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Figure 51.--Computed steady-state head in the Dakota Sandstone.
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Figure 52.--Computed steady-state head in the Morrison Formation.
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Figure 53.--Computed steady-state head in the Entrada Sandstone.
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A. Vertical flow directions between the San Jose
and the Animas and Nacimiento Formations.

Vertical flow directions between the Animas and
Nacimiento Formations and the combined
Ojo Alamo, Kirtland Shale, and Fruitland
Formation.
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Figure 54.--Vertical flow directions between selected adjacent hydrostratigraphic units in the
San Juan Basin.
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C. Vertical flow directions between the combined Ojo Alamo,
Kirtland Shale, and Fruitland Formation and the
Pictured Cliffs Sandstone.

D. Vertical flow directions between the Pictured Cliffs
Sandstone and the Cliff House Sandstone.

E. Vertical flow directions between the Cliff House
Sandstone and the Point Lookout Sandstone.

F. Vertical flow directions between the Point Lookout
Sandstone and the Gallup Sandstone.

Figure 54.--Vertical flow directions between selected adjacent hydrostratigraphic units in the
San Juan Basin--Continued. 105



G. Vertical flow directions between the Gallup Sandstone
and the Dakota Sandstone.

H. Vertical flow directions between the Dakota Sandstonernd the Morrison Formation.

I. Vertical flow directions between the Morison Formation
and the Entrada Sandstone.

Figure 54.-- Vertical flow directions between selected adja ent hydrostratigraphic units in the
San Juan Basin--Concluded.
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The computed mass balance for water in the ground-water-flow system indicates that the
aquifers in the regional system gain 135 cubic feet per second from streambed infiltration,
56 cubic feet per second from direct precipitation, and 4 cubic feet per second from downward
leakage from the Chuska Sandstone. The 56 cubic feet per second computed recharge from direct
precipitation is roughly one-third of the estimate presented earlier. Because the method used to
develop the previous estimate did not differentiate between distributed recharge and local stream
losses, however, comparing that estimate with the total computed gain from both streams and
direct recharge, about 191 cubic feet per second, is more appropriate.

The total steady-state outflow from the aquifer system is computed to be 195 cubic feet per
second, which basinwide is equivalent to 0.14 inch per year or about 1 percent of the average
annual precipitation in the basin. All of this is simulated as being discharged to the surface-water
system, primarily to the lower reaches of the San Juan and Puerco Rivers and the Rio Puerco.
Under steady-state conditions inflow equals outflow. However, when the aquifer system is
stressed by withdrawal of water this equilibrium is disrupted: recharge to the system increases and
natural discharge from it decreases. Because of the probability of induced recharge to the system
in response to ground-water withdrawals, the ground-water system should not be thought of as
limited to its computed equilibrium flux of 195 cubic feet per second.

SUMMARY AND CONCLUSIONS

As part of the RASA program a three-dimensional steady-state ground-water-flow model
was constructed for the San Juan structural basin in parts of New Mexico, Colorado, Arizona, and
Utah. The model encompassed an area of about 19,380 square miles and simulated steady-state
ground-water flow in 12 hydrostratigraphic units representing all major sources of ground water
from aquifers of Jurassic and younger age.

The geohydrology of 10 of the 12 hydrostratigraphic units previously was described in a
series of Hydrologic Investigations Atlases (U.S. Geological Survey HA-720 series). Information
presented in the atlases and in this report was processed and stored in digital GIS data bases. The
same data bases that were used to prepare the atlases were used to supply geohydrologic data to
the ground-water-flow model. The digital data supplied from the GIS included tops and bottoms
of units; land-surface altitude; areas of outcrop; locations, widths, altitudes, and vertical hydraulic
conductivities of streams and streambeds; and areal distribution and rate of distributed recharge.
Additionally, the GIS was used to construct model-input arrays of horizontal hydraulic
conductivity and vertical hydraulic conductance.

Stream-aquifer interaction, direct recharge from precipitation, and downward leakage from
the Chuska Sandstone were the external boundary conditions that were simulated. Streambed
leakage contributed 135 cubic feet per second to the aquifer system, direct recharge contributed
56 cubic feet per second, and downward leakage from the Chuska Sandstone contributed 4 cubic
feet per second. A computed discharge of 195 cubic feet per second to the lower reaches of the
major streams and rivers in the basin balanced the steady-state water budget of the ground-water-
flow system. The total steady-state outflow from the aquifer system is computed to be 195 cubic
feet per second, which basinwide is equivalent to 0.14 inch per year or about 1 percent of the
average annual precipitation in the basin.

Outcrop boundary conditions were found to most strongly control hydraulic heads and head
distributions in the San Juan Basin. Less significant in the simulations were the simulated
horizontal hydraulic-conductivity values, and least significant were the simulated horizontal
anisotropy and vertical hydraulic-conductivity values.
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