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ISOTOPIC AGES OF URANIUM DEPOSITS IN THE TODILTO LIMESTONE, GRANTS DISTRICT, 

AND THEIR RELATIONSHIP TO THE AGES OF OTHER COLORADO PLATEAU DEPOSITS 

WILLIAM R. BERGLOF 
University of Maryland , Asian Division, Unit 5060, Box 0100, APO AP 96328-0 100 

Abstract-Urani um-lead isotopic data suggest an age of 150-155 Ma for urani nite ores from the Tod ilto 
Limestone Member of the Wanakah Formation in the Grants uranium district. The deposits apparentl y began 
to form re latively soon after deposition of the host rock, The precise age of the Todilto is uncertain, and the 
interval between sedimentation and mineralization, possibly 10 Ma or more, cannot be determined from isotopic 
data alone . Some Todilto isotopic ages are concordant or nearly concordant; others are discordant, usually 
showing the pattern of normal discordance that is common in low-temperature uranium minerals. Discordance 
most likely resulted from loss of radiogenic lead and migration of intermediate daughters in the '"U decay 
chain. Geologic and isotopic studies indicate that uran ium deposits of several different ages are present throughout 
the Colorado Plateau, and that primary mineralization developed early in the history of the Chinle and Morrison 
Formations and the brecc ia pipes of the Grand Canyon. Some younger ores formed by redistribution of uranium 
from older deposits. In terpretations of Todilto isotopic data are consistent with these concepts. In the Grants 
region, ore in the Todilto may have existed before the much larger deposits in the Morrison Formation began 
to form, but age data supporting this conclusion are not defin itive. 

INTRODUCTION 

Isotopic age studies of Colorado Plateau uranium deposits began 
during the early years of the "uranium boom." Despite the importance 
of reliable age data for concepts of ore genesis, initial results were not 
conclusive , owing in part to the discordant U-Pb ages obtained from 
most samples . However, it was suggested that several deposits in the 
Chinle and Morrison Formations are Late Cretaceous to early Tertiary 
in age , similar to the vein-type deposits of the Colorado Front Range. 
Subsequent studies have yiel ded qui te different conclusions, and in
dicate that mineralization throughout the Plateau occurred at various 
times, commonly soon after deposition of the host rocks . 

This article includes isotopic age data from uranium deposits in the 
Todilto Limestone Member of the Wanakah Formation in the Grants, 
New Mexico, uranium dist rict. The data were part of an unpublished 
dissertation (Berglof, 1970). Isotopic data from other Plateau deposits 
were also obtained and are reviewed. Several of the age determinations 
were reported previously (Davidson and Kerr, 1966, 1968; Nash and 
Kerr, 1966; Nash, 1968; Gomitz and Kerr, 1970), but not all of the 
related data have been published. The objectives of this article are 
therefore to report previous ly unpublished age data , especially from the 
Todilto , and to interpret the data in the light of numerous recent stud ies 
in the Colorado Plateau and other areas . 

PREVIOUS STUDIES 

Concepts of the genesis and age of sandstone-type uranium deposits 
have evolved significantly over the past 40 years (Adams, 1991 ). Stieff 
et al. (I 953) reported the fi rst isotopic ages for Colorado Plateau de
posits, and concluded that deposits in different host rocks are similar 
in age (Late Cretaceous or younger) , comparable to deposits in the 
Colorado Front Range. 

U-Pb age studies often report "apparent" ages, which are analytical 
results only, and may not clearly ind icate the most likely age of a 
sample. Discordant apparent ages are common in the Plateau, and 
generally exhibit a "normal" pattern in which ages based on three 
isotope ratios differ in the following sequence; 21"Pb/"'U age <""Pb/ 
' " U age<<""Pb/""'Pb age. When concordant ages are obtained (i. e., 
the three apparent ages agree), they are usually assumed to be close to 
the true age . There has been disagreement on the causes of discordance 
and thus on which of the apparent ages most nearly approaches the true 
age. Stieff et al. (1953) and Stieff and Stem ( 1956) proposed that old 
radiogenic lead was incorporated in Colorado Plateau uranium minerals 
when they were deposited, which would cause the apparent ages to be 
both normally discordant and also greater than the true age. 

Subsequent studies reached varying conclusions, Eckelmann and Kulp 
( 1957) agreed that Colorado Plateau and Front Range ores formed at 
about the same time , and that the Plateau ores are much younger than 
their host rocks. Miller and Kulp ( 1958) concluded that Plateau ores 
could have formed either in the past five Ma or during Laramide time. 
One problem in their study was that apparent ages of around 200 Ma 
from Chinle deposits seemed to be much greater than the age of the 
Chinle itself, then estimated to be about 150 Ma. 

Miller and Kulp ( 1963) proposed another interpretation, suggesting 
that concordant ages, especially those comparable to the age of the host 
rock, are approximately correct , and that discordance results from loss 
of radiogenic lead with preferential loss of ""'Pb related to migration 
of radioactive daughters in the 238U decay chain. Under th is interpre
tation , the ""Pb/"'U ratio provides a minimum age. Their suggestion 
was best documented for ores in the Chinle Formation in the Lisbon 
Valley dist rict, where they obtained essentially concordant age se
quences with ""Pb/2"U ages about equal to the age of the Chinle, which 
they now estimated to be close to 200 Ma. Their data was less definitive 
for other districts. The conclusions of Stieff et al. ( 1953) thus remained 
influential, appearing " to have influenced many plateau geologists more 
than all other geologic evidence combined" (Moench and Schlee, 1967, 
p. 105), while Mauger (1967 , p. 96) concluded that "classical field 
criteria remain as the best methods of age determination for these 
deposits ." 

Since I 978, K. R. Ludwig and several colleagues have reported 
detailed studies of uranium deposits, utilizing numerous isotopic anal
yses , for the Colorado Plateau and other areas. They have provided 
reliable age estimates for many deposits as well as explanations of the 
complex open-system behavior that produced the discordant ages ex
hibited by most analyzed samples. These studies will be referred to 
specifically later in this article. 

GEOLOGY OF TODILTO URANIUM DEPOSITS 

Economically important uranium deposits in the Grants region were 
first discovered in the Todi lto , which has accounted for about 2% of 
the total uranium production in New Mexico (Chenoweth, 1985; 
McLemore and Chenoweth, 1989). Fig . I shows the principal area of 
Todilto deposits near Grants. 

Uran inite is common in primary Todilto deposits, along with coffinite, 
fluorite, barite, hematite , and vanadium minerals such as paramontro
seite and hi.iggite. Where the deposits have been oxidized, they contain 
tyuyamunite, metatyuyamunite, uranophane and other secondary min
erals. 
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FIGURE I. Index map showing the principal area of uranium deposits in the 
Todilto Limestone Member of the Wanakah Formation near Grants, New Mexico 
(modified from Chenoweth, 1985), with sample locations. 

Mineable orebodies in the Todi lto arc generally localized along fo lds 
that are predominantly intraformational, ranging widely in size and 
geometry. The importance of these folds was recognized in early studies 
of the deposits, and different explanations of their origin have been 
advanced. Their age is critical fo r concepts of ore genesis, as the 
deposits can be no older than the fo lds which localize them. Some 
geologists have concluded that they formed by soft-sediment defor
mation during or shortly after deposition (Rawson, 1980; Green, 1982; 
Armstrong, 199 I) . Others have proposed that at least some of the folds 
formed or were modified in conjunction with tecton ic activity (Gabel
man, I 956 , I 970; Hilpert and Moench, 1960; Gabelman and Boyer, 
1988). 

Most geological studies of Todilto deposits have concluded that they 
are epigenetic (i.e., not strictly syngenetic) based on the discontinuous 
nature of the deposits and the intraformational folds that typically lo
calize them, and on crosscutting relationships. When examined in detail , 
primary ore often cuts across bedding, and occasionally occurs along 
fractures. Sample C-5, analyzed in this study, is from a fracture-con
trolled orebody in the Section 25 shaft (sec. 25, T13N, RIOW ). This 
orebody was localized by subvertical fractures up to one meter in vertical 
extent, with one to three main fractures distributed within a zone about 
one meter across and more than 30 m long . Primary ore occasionally 
extends below the Todilto into the Entrada Sandstone, and may include 
abundant uraninite . Sample C-4 is from one such deposit at the Zia 
mine in Section 15. Tl2N, R9W. Primary ore may also extend into 
overlying strata of the Beclabito Member of the Wanakah Formation. 

Further descriptions of Todil to deposits are available in numerous 
studies, including Gabelman ( 1956, 1970), Hilpert and Moench ( 1960), 
Granger ( 1963a), McLaugh lin ( 1963), Moench and Schlee ( 1967), Kel
ley et al. ( 1968). Hilpert (1969), Rawson ( 1980), Green ( 1982), Mclemore 
(1983), Gabelman and Boyer (1988), and Mclemore and Chenoweth 
( 1989). 

ANALYTICAL PROCEDURES 

Details of the analytical procedures used in this study are from Berglof 
( 1970) , from which the isotopic data are taken. Lead and uranium 
concentrations. and lead isotopic composition. were determined by mass 

BERGLOF 

spectrometry using isotope dilution techniques. To correct for initial or 
common lead (lead inc luded in the minerals when they formed and not 
produced by radioactive decay). the isotope ""Pb was used as an index . 
This procedure is appropriate when the analyzed materials contain litt le 
thorium, from which ""Pb forms by radioactive decay. The in itial lead 
composition used was that of Miller and Kulp ( 1963), with the following 
ratios : ,,.,Pbi""Pb = 18.6; ' 07 Pbi""Pb = 15.8 ; ""'Pb/""Pb=39.1. Espe
cially for most Todilto samples, the initial lead content is so low that 
the choice of its composition has little effect on the calculated ages. 

Apparent ages were calculated using the decay constants recom
mended by the JUGS (Steiger and Jager, 1977) . Ages that were pre
viously published have been recalculated . As a result. some arc slightly 
different from those included in Davidson and Kerr ( 1966, 1968), Nash 
and Kerr ( 1966), Nash ( 1968 ), Gornitz and Kerr ( 1970), and Mcl emore 
( 1983). The ages reported in these earlier publications were calculated 
using the tables of Stieff et al. ( I 959) which are based on different 
decay constants. 

The samples for isotopic study were small chips taken from the 
highest grade portion of a hand sample, providing a total of about 5-
8 milligrams of uranium. This procedure is now known to be not 
necessarily optimal ; small-scale, open-system behavior affec ting U/Pb 
ages is common and can occur on scales greater than the size of these 
samples. Larger whole-rock samples may more nearly approximate a 
c losed system (Ludwig et al.. 1981, I 987). All analyzed samples were 
uraninitc, except for an ore-grade sample (C-9) cons isting of uraninitc 
d isseminated in limestone and coffinite from the Jackpi lc and Woodrow 
deposits (samples C-12 and C-20). 

RESULTS 

Analytical data and apparent ages for Todilto ores and others dis
cussed in th is study are in Table I. The apparent ages are analytical 
results based on the measured isotope ratios. Isotopic age data for the 
Todi lto from Miller and Kulp ( 1963) are included in this table. It should 
be noted that the F-33 mine data are described in their paper as being 
fro m the "Section 33" mine . Unfortunately, there is a Section 33 mine 
in the Ambros ia Lake district. creating the impression that the analyzed 
samples were from that mine. For many years sample K- I 94b appeared 
to provide the only available U-Pb age for Ambrosia Lake, and was 
therefore mentioned in several studies (Melvin. 1976; Lee and Brookins , 
1978; Brookins . 1980; Squyres, 1980; Ludw ig et al. , 1984). 

Miller and Kulp used the expression "Ambrosia Lake," but did not 
include ages from the Morrison Formation. They showed the ' 01Pb/2" U 
age for the Section 33 sample on a histogram (p. 622) as being from 
the Todilto . Bassett et al. ( 1963) similarly referred to the F-33 mine as 
the Section 33 mine, and mentioned the age of 78 Ma for this deposit 
(''.,Pbi"'U age) determined by Miller and Kulp . Ludwig et al. (1984) 
reported isotopic data for many Ambrosia Lake samples . and thus this 
misunderstanding is no longer of concern. 

Todilto deposits 

Isotopic data for the Todilto are in Table I , and sample descriptions 
in Table 2. Samples C-2, C-2b, C-3, C-5 and C-7 yield concordant or 
nearly concordant apparent ages . The highest ""Pbi'''U apparent ages 
are about the same as the ages for the concordant samples. whi le the 
21"'Pbi'"U ages are mostly lower. This pattern is not consistent with the 
presence of old radiogcnic lead, for reasons summarized by Miller and 
Kulp ( 1963), Ludwig ( 1978) and Ludwig et al. (1 984) . It is best ex
plained by open-system behavior involving migration of radiogenic Pb 
and intermediate radioactive daughters in the ' "U decay chain, as has 
been cited for numerous deposits in the western United States (Miller 
and Ku lp, 1963; Ludwig , 1978, 1979; Ludwig et al.. 198 1. 1984) and 
in Europe (e.g . , Turpin and Leroy. 1987; Holliger ct al. , I 989; Respaut 
et al.. I 991 ). Concordant ages are usually assumed to approximate true 
ages. However, because of the inherent errors associated with the de
termination of Pb-U isotope ratios, significant loss of lead could occur 
before discordance would be analytically resolvable . Multiply replicated 
concordant ages are therefore desirable before they can be accepted 
with reasonable confidence; it must al so be possible to explain the likely 
causes of discordant age relationships in related samples. 
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TABLE I. U and Pb concentrations, isotope ratios and apparent ages. Isotope ratios include radiogenic Pb only. Assigned errors are an estimate of analytical 
accuracy at the 95% confidence level. Data for K-179 and K-194 are from Miller (1960) and Miller and Kulp (1963). 

Sal11)le Comnon 
206Pb!238U 207Pb!235u 207Pb!206Pb 

206Pb!238u 207Pb/235u 207Pb!206Pb 
NlJTlber Mine u (%) Pb (%) Pb (ppm) age (Ma) age (Ma) age (Ma) 

Todi l to and Entrada, Grants district 

C-1 Barbara J #2 45.0 0.76 11. 1 0.0183 
C-2 Barbara J #3 50.6 1. 10 0.77 0.0238 
C-2b Barbara J #3 51. B 1.07 0.21 0.0230 
C-3 Section 25 44.2 0.91 0.91 0.0228 
C-3b Section 25 (leach #1) 
C-3c Section 25 (leach #2) 
c-5 Section 25 shaft 35.1 0. 72 0.65 0.0227 
C-4 Zia (in Entrada) 16.5 0.30 0.42 0.0203 
C-6 F-33 51.0 0.95 0.95 0.0204 
C-7 Hanosh 34.9 0.72 0.43 0.0226 
C-8 Faith 33.3 0.54 0.49 0.0176 
C-8b Faith 32.2 0.51 0.10 0.0172 
C-9 Barbara J #2 0.79 0.012 <0.01 0.0163 

K-179b Haystack Butte 13.0 0.47 4.4 0.0400 
K-179c Haystack Butte 
K-194a F-33 
K-194b F-33 0.0121 

Morrison Formation, Laguna district 

C-12 Jackpi le 20.0 0.23 2.8 0.0126 
C-20 l.loodro11 54.3 0.68 13.0 0.0136 

Chinle Formation, Lisbon Valley and Kane Creek, Utah 

C-13 Tex11ood 73.0 1.28 1.8 0.0189 
C-16 North Alice 66.1 1.84 19.8 0.0306 
C-17 South Almar 70.9 1.87 35.5 0.0286 
C-11 Climax Sehl. Sec. 32 30.4 0.98 146 0.0308 
C-19 Climax Sehl. Sec. 32 67.4 1.74 48.4 0.0277 

Kane Creek, Utah 

C-14 Honey Bee No. 55.3 0.56 85 0.00964 

Grand Canyon district, Ar;zona 

C-21 Orphan 55.6 1. 09 45.9 0.0208 

Migration of radiogenic lead and '"U daughters results in the presence 
of less radiogenic lead in a sample than there would be if it had evolved 
in a closed system, lowering the apparent U-Pb ages. The "'U daughters 
""Ra and '"Rn have longer half-lives than the corresponding isotopes 
for these elements in the 235U chain, and arc thus more likely to migrate 
from the site of their formation before decaying to ""'Pb. This decreases 
the '""Pb/'" U age compared to the ""Pb/"'U age, and raises the ""Pb/ 
""'Pb age. The ""Pb/2 " U ratio is least disturbed, and should provide a 
minimum age of formation. 

Based on these arguments, it is likely that the U-Pb ages for the 
Barbara J #3 samples are close to the true age. Two analyses of samples 
from the same specimen differ by a few Ma, although both are con
cordant. The U-Pb ages of 152 Ma for sample C-2 are the same as the 
highest ""Pb/'''U age for the remaining samples (except for sample C-
9, a low-grade sample). The "11Pb/2 ''U age should be a minimum, but 
it seems unlikely that the actual age of the samples is much higher than 
155 Ma, based on the concordant analyses . It is concluded that the best 
estimate of the true age of the uraninite samples is in the range of l50~ 
155 Ma. Sample C-5, from a fracture-controlled orebody, is similar in 
apparent ages to the other essentially concordant samples, and thus is 
unusual only in its form of occurrence. Sample K-194b of Miller and 
Kulp ( 1963) is interpreted as showing the most pronounced effects of 
Pb and '"U daughter migration among the normally discordant Todilto 
ages. 

Fig. 2 is a concordia plot of the Todilto and Entrada U-Pb ages. The 
scatter below concordia is consistent with variable loss of radiogenic 
Pb and radioactive daughters of'"U; the data points approach concordia 
(and the two concordant ages) with increasing ""'Pb/'"U apparent age. 

Sample C-4 is from the Zia mine, where uraninite occurred in the 
upper part of the Entrada Sandstone . The apparent ages are in the same 
range as those for the Todilto, and thus the uraninite does not appear 

0.140 0.0556 117 ± 2 133 ± 5 435 ± 55 
0.161 0.0492 152 ± 3 152 ± 4 156 ± 35 
0.155 0.0490 147 ± 3 146 ± 4 148 ± 35 
0.157 0.0499 145 ± 3 148 ± 4 190 ± 35 

0.0483 115 ± 35 
0.0470 50 ± 35 

0.157 0.0502 145 ± 3 148 ± 4 204 ± 35 
0.143 0.0513 130 ± 3 136 ± 4 254 ± 35 
0.154 0.0548 130 ± 3 145 ± 4 404 ± 45 
0.160 0.0513 144 ± 3 151 ± 4 254 ± 35 
0.161 0.0662 112 ± 2 152 ± 4 810 ± 55 
0.161 0.0682 110 ± 2 152 ± 3 870 ± 55 
0.173 0.0771 104 ± 2 162 ± 5 1120 ± 50 

0.184 0.0334 253 ± 5 171 ± 5 -840 
0.0487 130 ± 20 
0.0574 510 ± 35 

0.109 0.0663 78 ± 5 105 ± 6 810 ± 30 

0.0953 0.0550 81 ± 2 93 ± 3 412 ± 35 
0.0917 0.0490 87 ± 2 89 ± 3 148 ± 35 

0. 140 0.0539 121 ± 3 133 ± 4 367 ± 35 
0.213 0.0506 194 ± 4 196 ± 4 220 ± 35 
0.212 0.0539 182 ± 4 195 ± 5 367 ± 35 
0.218 0.0513 196 ± 5 200 ± 5 254 ± 35 
0.195 0.0511 176 ± 4 181 ± 5 245 ± 35 

0.0671 0.0506 62 ± 3 66 ± 3 220 ± 35 

0.147 0.0514 133 ± 3 139 ± 4 259 ± 35 

TABLE 2. Locations and descriptions of Todilto and Entrada samples. 

Sarfl)le Mine and 
nurber location Description 

C·1 Barbara J #2 Uraninite from fractured and recrystallized 
Sec. 30, T13N, R9U limestone, with paramontroseite, calcite, 

and traces of secondary minerals. 

C-2 Barbara J #3 Uraninite with sut:metallic Luster replacing 
Sec. 30, T13N, R9U fine-grained limestone, with minor hematite 

and barite. No visible secondary minerals. 

C·2b Barbara J #3 Second chip from sa~le C-2. 
Sec. 30, T13N, R9\I 

C-3 Section 25 Massive uraninite replacing limestone. No 
Sec. 25, T13N, R10W visible secondary minerals. From open pit. 

C-5 Section 25 shaft Uraninite replacing brecciated limestone in 
Sec. 25, T13N, R10W fracture zone, with hematite and coarse 

calcite. No visible secondary minerals. 

C-4 Zia Uraninite coating sand grains in Entrada 
Sec . 15, T12N, R9U Sandstone, irrrnediately below Todi lto, with 

pyrite and calcite. From open pit. 

C-6 F-33 Uraninite replacing partially recrystallized 
Sec. 33/34, T12N, R9\J limestone, with traces of secondary minerals. 

C-7 Hanosh Uraninite replacing fine-grained thin-bedded 

C·B 

C·Bb 

C-9 

Sec. 26, T13N, R10W folded and brecciated limestone, with coarse 
calcite and traces of secondary minerals. 

Faith 
Sec. 29, T13N, 

Faith 
Sec. 29, T13N, 

Barbara J #2 
Sec. 30, T13N, 

R9\I 

R9\I 

R9\I 

Uraninite replacing deformed silty limestone 
along bedding, with hematite and calcite. 

Second chip from sa~le C-8 . 

Minor uraninite disseminated along bedding 
planes in fine-grained silty limestone. 
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FIGURE 2. Concordia plot of Todilto and Entrada age data. The line (concordia) 
is the locus of concordant ' ""Pbi"'U and "'Pb1n1u ages . 

to have been derived from the overly ing Todilto by recent redistri bution 
of uranium, as suggested by Kelley et al. (1968). As reviewed later, 
redistributed ore is important in the Ambrosia Lake district. Relatively 
recent redistribution of uranium also occurred in Todilto deposits 
(Mclemore and Chenoweth, I 989), but litt le age data is available for 
the yel low U" + minerals that typically formed. Brook ins (198 1b) ob
tained U-Pb apparent ages of 3-7 Ma for uranophane from the Flat Top 
mine in the Todilto (sec . 30, TI 3N , R9W) . 

Interpretation of discordant age data 

One type of evidence supporting the migration of "'U daughters is 
the existe nce of anomalously low 207Pbl"'"Pb ratios . Decay of modern 
uranium in a closed system produces a "''Pb/'06Pb ratio of 0.046. Lower 
ratios , if observed in analyzed samples , yield negati ve or "future" '°'Pb/ 
'""Pb ages . Stieff and Stern ( I 956) argued against "'Rn migration as a 
cause of discordance because of the lack of known abnormal concen
trations of ' ""Pb. Since then many such occurrences have in fact been 
noted on the basis of their 21"Pb/""'Pb ra tios . 

Cobb and Kulp (1961 ) observed 2"'Pb/206Pb ratios of 0.030, 0.035 
and 0 .040 in black shale from Sweden, att ributing them to excess 21"'Pb 
originati ng in nearby urani um-rich kolm lenses . In three samples of 
pitchblende and secondary black uranium oxide from the Limouzat, 
France deposit, Durand (1963) obtai ned 21"Pbl'""Pb ratios ranging from 
0.0437 to 0.0216, equ ivalent to ages of about - 130 to -2300 Ma. 
Ludwig ( 1978) reported the remarkably low ratio of 0.0 12, with a 
- 5850 Ma age , from the Shirley Basin , Wyoming, together with other 
less extreme low ratios. Subsequently, negative ages have been observed 
in such geologically diverse locations as the Gas Hi lls and Crooks Gap, 
Wyoming; the Midnitc mine, near Spokane , Washington; and the Ja
biluka and Ranger deposits, Australia (Ludwig, I 979; Ludwig et al. , 
I 981, 1987). These resu lts reflect mobility of '""Pb or ' '"U daughters 
such as "'Rn . The ' ""Pb may be incorporated by various materials, 
including pyrite. 

For the Todilto, Miller and Kulp ( 1963) reported a ""Pbl'""Pb ratio 
of 0.0334 for sample K- l 79b, from Haystack Butte, equivalent to a 
- 840 Ma age . Uranium deposits at Haystack Butte were oxidized and 
contained abundant secondary minerals. Since sample K- l 79b was a 
microsamplc obta ined by drilling a pol ished section, it is likely that it 
included excess ""'Pb resulting from small-scale migration of Pb or a 
'"U daughter; the latter can occur on a scale of IO cm (Ludwig et al. , 
198 1). A macrosample, K-179c, from the same area yielded a ' 0 ' Pb/ 
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'°"Pb rat io of 0.0487 , for an apparent age of I 30 Ma. The larger sample 
size may have minimized the effects of open-system behavior. The U
Pb ages for sample K- l 79b arc anomalous ly high, suggesting the pres
ence of excess radiogenic lead , especially ""'Pb. High U-Pb ages can 
resu lt from loss of uranium, but this should not affec t the '°'Pbl""'Pb 
ratio, and thus some process involving the Pb isotopes is requi red. 

Extremely high ""Pb/'06Pb apparent ages (much greater than the host
rock age) also imply extensive migration of '"U daughters . Samples 
C-8, C-8b and C-9 have ages of 8 I 0, 870 and I I 20 Ma, respec tively; 
the age fo r sample K- I 94b of Miller and Kulp ( 1963) is 8 IO Ma. These 
are deficient in 21"'Pb as compared to the concordant and nearly con
cordant samples. Because the ages for sample C-8 were strongly di s
cordant , a second sample from the same spec imen (C-8b) was analyzed , 
wi th similar resu lts . 

Miller and Kulp ( 1963) obtained high 2111Pb/ 21"'Pb ages from Cameron , 
Arizona, where the deposits occurred at shallow depth and were prob
ably extensively altered . Similarly high and widely varying ratios have 
been observed at numerous other locat ions (Ludwig, 1978, I 979; Lud
wig et al., I 98 I, 1987), many of which also yield the negat ive ages 
discussed previously. The presence of anomalously low and high '"'Pb/ 
''"'Pb rat ios in the same deposits provides especially good evidence of 
complex open-system behavior. 

Leaching experiments also document the potential for loss of ""'Pb . 
Experiments were performed on samples C-3b and C-3c, which were 
new portions of sample C-3. In one experiment , a 260 mg uraninite 
fragmen t was leached of sol uble lead in warm 0.5N HCI for several 
hours . In a second, 210 mg of crushed uraninite were leached for 
I 'h hours in cold 0.5N HC I. The isotopic composition of the lead 
removed in sol ution in each experiment was determined by mass spec
trometry, yielding radiogenic ""Pb/ 21"'Pb ratios of 0.0483 and 0.0470, 
respectively, equivalent to ages of 11 5 Ma and 50 Ma. The results show 
that ""'Pb is preferentially soluble under laboratory conditions in these 
uraninite samples, and presumably would also be in nature . Many 
sim ilar experiments have been reported. For example, Ludwig (1978, 
1979) reported a wide varie ty of experiments showing differential sol
ubi lity of Pb isotopes. 

Discordant Todil to ages correlate fa irly well with the appearance and 
source of the samples (see Table 2). Sample C-2 , which yields a con
cordant age , is from one of the deepest mines in the district, has an 
especiall y massive appearance, and shows no associated secondary 
minerals . It ranks highest in sui tability for isotopic dating accordi ng to 
the sample-rating criteria of Ludwig ( 1979) . Samples C-3 and C-5 
contain no vis ible secondary minerals , but are from an open pit and a 
shallow underground mine . Samples C-1 , C-6 and C-7 incl ude traces 
of secondary minerals. Sample C-4 is a uraninite-bearing sandstone 
from an open pit mine . Sample C-6, and sample K- I 94b of Miller and 
Kulp , are from the F-33 deposit , an underground mine that cont ained 
secondary minerals in solution channels. The Haystack Butte ores were 
extensively oxidized. There is no obvious correlation for samples C-8 
and C-8b. Sample C-9 contained much less U and Pb than the other 
samples, and shou ld have been more easily affected by open-system 
behavior. The small size of analyzed samples may have increased the 
probability that discordant ages would be observed . Taken as a group, 
the samples ill ustrate the difficulty of selecting material that has ex
perienced minimal open-system behavior. 

Age of the Todilto Limestone Member 
Stratigraphic relationships and nomenclature for the Todilto and other 

Jurass ic rocks have been revised, and the Todilto is now considered to 
be part of the Wanakah Formation (Condon and Peterson, 1986; Condon 
and Huffman, 1988) . Imlay ( 1952) correlated the Todilto with the Upper 
Jurassic Oxfordian Stage. However, recent fossil evidence indicates 
that it is Callovian or possibly older (Schaeffer and Patterson, 1984; 
Lucas et a l. , 1985; Lucas and Kietzke, 1986). The age of the Callovian
Oxfordian boundary, wh ich also marks the di vision between the Middle 
and Upper Jurassic, is therefore of interest as the Todilto shou ld be 
slightly older. Unfortunately, it has been di fficul t to establish accurate 
dates within the Jurassic , owing to the scarci ty of reliable isotopic ages 
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(Kent and Gradstein, 1985; Fischer and Gygi, 1989) , which is espec ially 
true for pre-Oxfordian stages (Westermann , 1984). 

Fi sche r and Gygi ( 1989) suggest ages of 146- 149 Ma for g lauconite 
from an ammonite-bearing Oxfo rdian succession in Switzerland, im
plyi ng an age c lose to 150 Ma for the Callovian-Oxfordian boundary 
(not stated in thei r paper). They review the controversy over the use 
of glauconite in measuring geolog ic time, which contributes to the 
problems with the Jurassic. Other recent es timates of the age of the 
Callovian-Oxfordian boundary are 152 Ma (Haq et al., 1987; Snelling, 
1987; Cowie and Bassett, 1989), 154 Ma (Odin and Odin, 1990) , 157 
Ma (Harland et al., 1990), 16 1 Ma (Pessagno and Blome, 1990), 162 
Ma (Westermann, 1984). and 163 Ma (Palmer, 1983; Kent and Grad
stein , 1985). 

It therefore does not seem possible to select a reliable age for the 
Callovian-Oxfordian boundary from among the many different recent 
esti mates . If the age of the Todilto ores is 150- 155 Ma, they cou ld 
have formed virtually syngenetically, or more than 10 Ma after sedi
mentation, depending on which Callovian-Oxfordian date is chosen. 
The origin of Todilto deposits , and the source of their uranium , is 
beyond the scope of this article. However, as pointed out by Lucas 
(1986), mineral ization 10 Ma or more after deposition would present 
problems for the hypothesis of sabkha origin (Rawson , 1980), in which 
ore formation soon after sedimentation is favored . 

Relationships between Todilto and Morrison deposits 
The Todilto in the Grants district is not far below the Morrison 

Formation , which contains enormous uranium deposits . Because of the 
proximity of the deposits in different host rocks it is possible that there 
is so me relationship between them (Lucas , 1986), but no compelling 
evidence of a connection has been reported. Moench and Schlee ( 1967) 
and Hilpert ( 1969) concluded , mostly on geological evidence, that ores 
in the Todilto formed before Morrison deposition. Granger (1968) ten
tatively dismissed the possibili ty that Morrison ores are related to de
posits in other roc ks . 

As discussed above and in the following section, the ages of the 
Todilto and Morrison are not precisely known . Considering the avai lable 
data, primary ore in each unit could be virtually syngcnetic, or could 
have formed several Ma or more after sedimentation, depending on the 
estimated age of the host formatio n. If the 130 Ma min imum age for 
Ambrosia Lake ore is close to its true age, these deposits should have 
formed well afte r those in the Todilto . However, this is a minimum, 
and recent es timates of the age of the Jurassic-Cretaceous boundary 
(which may be within the Morrison) range up to 145 .6 Ma, which is 
not much less than the suggested age of Todilto ores . The combined 
age data fo r the deposits and the host rocks are therefore not definitive . 

Deposits in the Morrison Formation 

Grants uranium region 

For many years the Grants region in northwestern New Mexico pro
duced more uran ium than any o ther district in the world, mostly from 
depos its in the Morrison Formation at Ambrosia Lake and Laguna 
(McLemore and Chenoweth , 1989). Isotopic data for coffinite from the 
Jac kpile and Woodrow deposits near Laguna arc reported here; the ages 
were published previously (Nash and Kerr, 1966; Nash, 1968) . They 
do not provide a de finitive estimate of the age of the deposits, although 
the "11 Pb/2''U data suggest a minimum age of deposition. 

Granger et al. ( 1961 ) established the concept that both primary and 
red istributed ores are present at Ambrosia Lake. Subsequent studies 
have re iterated this concept, and many have concluded , mostly on 
geological criteria, that primary ore formed soon after deposition of the 
Morrison (e .g . , Moench and Schlee, I 967; Granger, 1968; Squyres, 
1972 , 1980; Adams et al. , 1978; Turner-Peterson , 1985; Turner-Peter
son et al. , 1986) . 

In a detailed study of the Ambrosia Lake and Smith Lake districts , 
Ludwig et al. ( 1984) concluded that the primary ores have a minimum 
age of about 130 Ma. Rb-Sr ages of clays and chlorite suggest a min
imum age of 139 Ma for both the ores and the host rock (Lee and 
Brook ins, 1978, 1980; Brookins, 1980) . Granger (1963b) earlier pro-
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posed a minimum age of 100 Ma based on total U-Pb ratios, and 
an tic ipated that isotopic ages would be discordant owing to the apparent 
migration of 220Ra . Redistributed ore formed in the late Tertiary, or 
more recently, as indicated by U-Pb and fission-track dati ng (Ludwig 
et a l. , 1984; Rosenberg and Hooper, 1982); deposits in the Church 
Rock area are as young as Pleistocene (Ludwig et al.. 1982). Urano
phane from an Ambrosia Lake locality yields U-Pb ages of about 8 Ma 
(Brookins, 1981a). 

As is true for the Todilto , it is difficult to estimate the age of the 
Morri son. The Jurassic-Cretaceous boundary in New Mexico may be 
within the Morrison (Lucas, 1989), and thus the age of that boundary 
is of interest. Recent suggestions range from 131 Ma (Haq et al., 1987) 
to 145 .6 Ma (Harland et al., 1990); Palmer et al. ( 1983), Westermann 
( 1984), Kent and Gradstein ( 1985), Snelli ng ( 1987) , Cowie and Bassett 
( 1989), and Odin and Odin ( 1990) provided in termediate es timates . 
Based on the minimum ages derived from U-Pb and Rb-Sr dating , and 
depending on which estimate of the age of this boundary is chosen, 
primary ore at Ambrosia Lake could be virtually syngenetic or could 
have formed several million years or more after Morrison deposition. 

Other Colorado Plateau deposits in the Morrison 

Deposits in the Morrison Formation in other Plateau di stricts may 
vary in age. Northrop and Goldhaber ( 1990) suggested that ores in the 
Henry basin, Utah, approach the age of the host beds . One of the 
deposits has an estimated minimum age of 115 Ma, and may be sli ght ly 
younger than the primary ore at Ambrosia Lake (Wanty et al.. 1990; 
K. R. Ludwig, personal comm. 1992). Geologic relat ionships support 
early Tertiary mineral ization in the Uravan mineral be lt (Shawe et al. , 
1991 ). but isotopic data from this dis trict suggest minimum ages of 
> I 00 Ma (K. R. Ludwig, personal comm. 1992). Sanford (1982) points 
out that some apparent ages from the Morrison are simi lar to ones 
obtained from the Chinlc (such as sample C- 13, this study), and suggests 
a possible relationship. However, as discussed in the follow ing section, 
these mostly discordant younger Ch inle ages may reflect open-system 
behavior. 

Deposits at Lisbon Valley and Kane Creek, Utah 
Five isotopic ages from deposits in the Chinle Formation near Moab , 

Utah, are reported here , most of which have not previously been pub
lished . Three are from the Lisbon Valley distric t; two are from the 
Climax School Section #32 deposit , a stratabound deposit in the Chinle 
at Kane Creek, Utah. Miller and Kulp ( 1963) included seven ages from 
Lisbon Valley, with a simi lar range as those reported here . Ages fo r 
samp les C-1 I and C- 16 are near ly concordant, with ""Pbl'"U ages 
around 200 Ma, approaching the age of the Chinle. Under the inter
pretation suggested for Todilto ores, the essentially concordant ages 
should approximate the true age of the samples, whereas lower dis
cordant U-Pb values refl ect loss of lead and migration of "'U daughters. 
However, Shawe et al. ( 199 1) suggest that Chin le ores yielding lower 
U- Pb dates may indeed be younger. Morrison and Parry ( 1988) indicated 
tha t deposits associated with a collapse structure at Temple Mountain, 
Utah . may be as young as 13 Ma , based on K-Ar dating of alunite in 
altered zones. 

Stieff et al. ( 1953) reported U-Pb ages for uran inite from the Shin
arump Conglomerate that were much less than the age of the Chinle . 
However, Stieff (1958) referred to unpublished U-Pb ages of 149-206 
Ma for Lisbon Valley ores, similar to those reported here, suggesting 
that the earliest studies might have yielded different conclusions if more 
samples had been available . 

An age of 200 Ma for Lisbon Valley deposits is also tentatively 
suggested by two concordant ages reported by Cunningham and Ludwig 
(1980) . These results were obtained from an unlikely source- samples 
resembling Lisbon Valley ores that were apparently discarded on a 
distant mine dump. 

At Kane Creek, vein-type uranium deposi ts occur along faults cutt ing 
the Cutler Formation (Davidson and Kerr, 1968). Sample C- 14, from 
one of these deposits, and a sample analyzed by Miller and Kulp ( 1963), 
yield much younger U-Pb ages than the nearby stratabound ores . The 
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geologically different stratabound and vein-type deposits may therefore 
also be different in age, as the limited isotopic data suggest. Reynolds 
et al. (1985) believed that small uranium deposits in the Cutler For
mation at Lisbon Valley formed by Cretaceous or Tertiary redistribution 
of uranium from the Chinle into the Cutler. It is possible that s imilar 
redistribution occurred at Kane Creek, but no compelling evidence 
supporting this concept has been noted (Davidson and Kerr, 1966) . 

Grand Canyon breccia pipe deposits 

Many mineralized breccia pipes arc known in the Grand Canyon 
reg ion (Wenrich, 1985). Isotopic data from one sample from the Orphan 
deposit is reported here. Little can be concluded from this analys is , 
a lthough the ""Pb!'"U age of 139 Ma may provide a minimum age. 
Recent studies by Ludwig and Simmons ( 1988 , I 991) indicate that 
many pipes were mineralized at around 200 Ma. and that the ores are 
thus similar in age to the stratabound deposits in the Lisbon Valley 
district. Some deposits may be as old as 260 Ma. 

Study of the breccia pipe ores strongly supports the concept that 
open-system processes can affect uranium ores, as was stressed for the 
Todilto deposits. Ludwig and Simmons (1991) pointed out that the 
breccia pipe data show evidence for nearly all possible violat ions of 
the ideal conditions for U-Pb dating. Neverthe less, they have obtained 
estimates of the age of several deposits through the analysis of li terally 
hundreds of total samples. 

SUMMARY AND CONCLUSIONS 

Primary uranium ore in the Todilto Limestone Member of the Wana
kah Formation in the Grants uranium region has an estimated age of 
150-155 M a and apparently began to form relatively soon after dep
osition of the host rocks. Because of uncertainty in the isotopic ages 
and in the age of the Todilto, the interval between sedimentat ion and 
m ineralization cannot be specified from isotopic data alone. Primary 
ore deposition could have been virtually syngenetic , or 10 Ma or more 
later, still relatively soon after sedimentation. The latter possibility 
would create problems for concepts of ore genesis that suggest pene
syngenetic mineralization. 

There were several periods of uran ium mineralization in the Colorado 
Plateau. Similar to the Todilto, the oldest deposits in the Chinle and 
Morrison Formations , and the breccia pipes of the Grand Canyon, 
formed relatively early in the history of their host rocks. Some deposits 
in the Chinle and Morrison that yield significantly younger U-Pb ap
parent ages may have formed during later periods of primary miner
al ization. Others formed by redistribution of uranium from older deposits. 

Because Plateau ores vary widely in age, nearby deposits in host 
rocks of different age may have formed at different times. For e xample, 
uraninite ores in the Todilto may have existed before the much larger 
nearby deposits in the Morrison Formation began to form, although the 
available age data for these deposits and their host rocks arc not defin
itive . 

Apparent U-Pb ages obtained from Todilto and other Colorado Pla
teau samples , and from many other low-temperature uranium deposits 
throughout the world, are usually discordant. At this time, after hun
dreds of isotopic analyses have been reported, it seems clear that com
plex open-system behavior, even in massive high-grade ores, is much 
more common than was anticipated when isotopic studies of these 
deposits began. The method used in this study of analyzing small high
grade samples is not necessarily opt imal; open-system behavior can 
occur on scales larger than these samples, and their size may have 
contributed to the observed discordant ages. The predominant causes 
of the common pattern of normal discordance appear to be loss of 
radiogenic lead and migration of radioactive daughters from the '"U 
decay chain. Under this interpretation. the ""Pb/"'U ratio should provide 
a minimum age . When discordant data from a sufficient number of 
samples are available it may be possible to obtain reliable age estimates. 
Data from one or two samples are usually insufficient to yield usefu l 
conclusions . 
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