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Abstract. Basalts in the Southern Rocky Mountains province have been analyzed to determine 
if any of them are primitive. Alkali plagioclase xenocrysts armored with calcic plagioclase 
seem to be the best petrographic indicator of contamination. The next best indicator of 
contamination is quartz xenocrysts armored with clinopyroxene. On the rocks and the region 
studied, KeO apparently is the only major element with promise of separating primitive 
basalt from contaminated basalt inasmuch as it constitutes more than 1% in all the obviously 
contaminated basalts. K20: lead ( >  4 ppm) and thorium ( >  2 ppm) contents and g b / S r  
( >  0.035) are the most indicative of the trace elements studied. Using these criteria, three 
basalt samples are primitive (although one contains 1.7 % K20) and are similar in trace- 
element contents to Hawaiian and Eastern Honshu, Japan, primitive basalts. 
Contamination causes lead isotope ratios, 2~176 and 2~ to become less radiogenic, 
but  it has little or no effect on s7Sr/S~Sr. We interpret the effect on lead isotopes to be due to 
assimilation either of lower crustal granitic rocks, which contain 5--10 times as much lead 
as basalt and which have been low in U/Pb and Th/Pb since Precambrian times, or of upper 
crustal Precambrian or Paleozoic rocks, which have lost much of their radiogenic lead because 
of heating prior to assimilation. The lack of definite effects on strontium isotopes may be 
due to the lesser strontium contents of granitic crustal rocks relative to basaltic rocks coupled 
with tack of a large radiogenic enrichment in the crustal rocks. 
Lead isotope ratios were found to be less radiogenic in plagioclase separates from an obviously 
contaminated basalt than in the primitive basalts. The feldspar separate that  is rich in sodic 
plagioclase xenocrysts was found to be similar to the whole-rock composition for ""6pb/2~ 
and ~"sPb/"~ whereas a more dense fraction probably enriched in more calcic plagioclase 
phenocrysts is more similar to the primitive basalts in lead isotope ratios. 
The primitive basalts have: 26~Pb/2~ ~ 18.09--18.34, 2~176 ~ 15.5, e~176 

37.6--37.9, sTSr/aeSr ~ 0.704--0.705. In  the primitive basalts from the Southern Rocky 
Mountains the values of ~66pb/2Oapb are similar to values reported by others for Hawaiian 
and eastern tIonshu basalts and abyssal basalts, whereas 2~176 tends to be equal to or 
a little less radiogenic than those from tim oceanic localities, svSr/S6Sr appears to be equal to 
or a little greater than those of the oceanic localities. These 2~176 and 2~176 ratios 
are distinctly less radiogenic and s7Sr/S6Sr values are about equal to those reported by others 
for volcanic islands on oceanic ridges and rises. 
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Introduction 

Li t t l e  a t t en t i on  has been pa id  to the  vo lumet r ica l ly  minor  bu t  widespread  
Cenozoic basa! ts  of the  R o c k y  Mounta in  provinces,  p r o b a b l y  because of the  
poss ib i l i ty  of crusta l  contamina t ion .  Yet  under s t and ing  of these basa l t s  is 
necessary  to  help answer  such genetic quest ions as whe ther  the  source of basa l t  
m a g m a  is the  same for the  cont inents  as for the  ocean basins.  Therefore,  we have  
a t t e m p t e d  to f ind basal ts  in the  R o c k y  Mounta ins  t h a t  are u n c o n t a m i n a t e d  b y  
silicie crust  and  to de te rmine  the  effects of con tamina t ion  on e lement  concent ra t ion  
and  isotopic composi t ion.  
The cri ter ia  used to dis t inguish u n c o n t a m i n a t e d  (primit ive)  basa l t s  from thei r  
con t amina t ed  companions  are  the  presence of xenocrysts ,  a compar ison  of ma jo r  
and  t race  e lement  concentra t ions  wi th  those in Hawa i i an  and  abyssa l  basal ts ,  
and  the  presence of the  radiogenic  t racers  lead and  s t ron t ium.  W e  regard  a n y  
basa l t  t h a t  contains  quar tz  xenocrys ts  to be con tamina ted .  Quar tz  of ten pers is ts  
because i t  reacts  wi th  the  basa l t  m a g m a  to form an a rmor  of e l inopyroxene.  The 
presence of sodic plagioclase (armored  from the  mel t  b y  a r im of ealcic plagioelase)  
also suggests  con tamina t ion ,  b u t  i t  is no t  conclusively ind ica t ed  because of t he  
poss ib i l i ty  of cognate c rys ta l l iza t ion  from a basa l t  m a g m a  under  high pressure  
(COHEN, ITO, and  KENNEDY, 1967). I n  crusta l  con tamina t ion  of a basal t ,  cer ta in  
ma jo r  and  t race  e lements  t h a t  are enriched in rocks of grani t ic  composi t ion  m a y  
increase in abundance .  I n  this  paper  we are concerned p r imar i ly  wi th  contents  
of KeO, S i Q ,  U, Th, Pb ,  Rb,  and  Sr and  with  the  ra t ios  of t race  e lements  pe r t i nen t  
to the  radiogenic  t r a c e r s - - U / P b ,  Th/U,  and Rb/Sr .  W e  realize t h a t  crus ta l  con- 
t amina t i on  m a y  well paral le l  d i f ferent ia t ion  t rends ;  however,  if these e lementa l  
contents  and  re l evan t  e lement  ra t ios  of cont inenta l  basal ts  are s imilar  to those 
of basa l t s  on oceanic is lands or of abyssa l  basal ts  (deep ocean tholeii tes),  t hen  the  
cont inenta l  basa l t  is a good candida te  to  be as p r imi t ive  as are the  oceanic basal ts .  
As the  ident i f ica t ion  of p r imi t ive  basa l t s  relies upon  the  absence of cr i ter ia  of 
con tamina t ion ,  c rus ta l ly  con tamina ted  basa l t s  m a y  be ident i f ied  with  much 
grea ter  ce r t a in ty  t h a n  m a y  the i r  u n c o n t a m i n a t e d  parents .  W e  therefore  prefer  
to use the  less definite t e rm "pr imi t ive  basa l t s"  r a the r  t h a n  " u n c o n t a m i n a t e d  
basa l t s "  for those for which we can f ind no cri ter ia  of con tamina t ion .  
Emphas i zed  here are two suites of basal ts ,  each suite p re sumab iy  represent ing  
ou tpour ings  f rom a res t r i c ted  source area  over  a shor t  per iod  of t ime :  Hinsda le  
fo rma t ion  of Pl iocene age (LreMAN and  M]~INE~T, 1968) f rom the  San J u a n  
volcanic  area  in southern  Colorado, and  basal ts  of the  Servi l le ta  F o r m a t i o n  of 
MONTGOMERY (1953), l a tes t  Pliocene in age (OZlMA et al., 1967), f rom nor the rn  
NewMexico  wi th  chemis t ry  and  p e t r o g r a p h y  from AOKr (1967). Subsequent  field 
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work has shown t h a t  the two con tamina ted  samples of the Servi l leta  F o r m a t i o n  
m a y  be re la ted  to Hinsdale  basalt .  We have  kept  this possibil i ty in mind  when 

we formed our conclusions. Some miscellaneous samples f rom Colorado and  New 

Mexico are also included to provide  regional informat ion.  Most impor t an t  among  

these is the con tamina ted-p r imi t ive  pair  f rom the Jemez  Mountains,  NewMexico.  

Visual es t imates  of mineral  abundances  in the basalts are g iven in Appendix  A. 

Most samples are near  the  boundary  of tholeii tes and olivine tholefites or alkali  

basalt .  Plagioclase is p redominan t ly  in the range Ans0_~0 bu t  some xenoerysts  

have  cores down to An20 (66L20). The  rocks are all as fresh as could be obta ined  
f rom surface samples. Some samples have  ohvine with  only slight a l te ra t ion  to 

iddingsite (65L120, A54-14, J54-4  and 54P152),  bu t  others grade toward  

and m a y  be mos t ly  iddingsi te  (66L26 and 65L32).  The iddingsite m a y  be a 

deuter ic  effect. 

Analyt ical  Techniques 
Mineral Identi/ication. The phases were identified by conventional petrographic examination 
of one thin section per sample except for the Servilleta Formation for which Aoxi (1967) also 
gives petrographic description. 
Major Elements. Whole-rock chemical analyses were obtained by rapid rock colorimetric 
methods ( S ~ n ~ o  and BR~X~OCK, 1956) or by standard gravimetric methods (PECK, 1964). 
The analysts are given in Appendix B. 
Minor Elements. Lead, uranium, and thorium contents are determined by stable isotope 
dilution. The isotopic compositions are determined by mass spectrometry. Cubes of basalt 
from the insides of the samples are taken by diamond sawing. Lead contamination from this 
step is negligible. The cubes are cleaned ultrasonically in distilled water, dried in an oven, 
and pulverized in a Diamond steel mortar. Contamination from this step was estimated by 
pulverizing optical quartz. The lead added in the process is < 0.05 ppm (this figure includes 
the lead content of the quartz). As a basalt is a softer material than quartz, the lead contamina- 
tion of basalt is expected to be less than the quartz value; therefore, at the concentration levels 
encountered, less than 2.5 % of the determined lead should come from the mechanical phases 
of the analysis. Contamination of the other relevant elements is negligible. 
The Pb, U, and Th concentrations are measured by isotope dilution using a combined spike 
of the enriched isotopes 2~ 2asU, 23~ on a portion of sample split through pure alumininm 
splitters (Servilleta basalts) or poured from a bottle to minimize possible contamination steps. 
A repeat analysis on 6L26 showed Pb, U, and Th to be heterogeneously distributed probably 
due to non-ideal sample splitting; however, the important values of 23su/2~ and 232Th/2asu 
remain unchanged. To obtain better reproducibility, the Servilleta basalt samples and a 
reanalysis of 66L20 were split as stated. The trace elements are purified by HF-HC10~ dissolu- 
tion followed by a Ba(NO3)2 coprecipitation of lead from concentrated nitric acid followed by 
a dithizone solution extraction (TATslr~OTO, 1966a); the nitric acid supernate contains the 
uranium and thorium which are purified together on a nitrate anion resin column (TATsUMoTo, 
1966a). The isotopic composition of the spiked samples are determined on mass spectrometers 
by techniques described by DOE, TATSIFMOTO, DELEVAUX, and PETEI~IVlAX (1967) for lead, 
and by RosI~oLT, DOE, and TATSUMOTO (1966) for uranium and thorium. The analytical 
uncertainties of concentrations, except for sample splitting, is 3 %. The purification of lead for 
isotopic composition is done by the volatilization method of Masuda as modified by TAw- 
SVMOTO (1966a) for 5L120, 6L20, 6L26, 6561304, and 6561501, and by the HF-HC10~ dissolu- 
tion method of Triton as modified by TATSV~rOTO (1966a) for Ba(NQ)e coprecipitation and 
the additional steps given by DoE, TATSUMOTO, DELEVAUX, and PETERMAN (1967) for sample 
6561302. As the contaminated basalts could be internally isotopically heterogeneous, the 
HF-HC10~ dissolution on 6561302 was made to check whether the volatilization extractions 
gave lead representative of the whole rock. We conclude that it does from the isotopic identity 
of 6561302 with 6561501. The plagioclases were analyzed by conventional HF-HC1Ot dis- 
solution, ion column, and dithizone extraction methods. The same mass spectrometers are 
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used for isotopic composition and concentration measurements. The standard deviations, 
expressed as percent of a ratio, are: 0.29 for 2~176 0.37 for 2~ and 0.47 for 
~0spb/204pb. 
Strontium for isotopic composition is purified by conventional I-IF-H2SO 4 and chloride cation 
resin techniques modified from ALDRICH and DAVlS and analyzed as reported by PETERMAIV, 
DO~, and Ba~TEL (1967). All values of STSr/sGSr are precise to i 0.0006 at twice the standard 
deviation. Rb and Sr concentrations are de~ermined by X-ray fluorescence calibrated with 
basalts analyzed by isotope dilution. The uncertainty in the concentrations is about 15%; 
however, the values of gb/Sr have an uncertainty of only about 3% at twice the standard 
deviation because many absorption and enhancement effects are compensating for these two 
elements. 

Fig. 1. Photomicrograph (50 • of a contaminated basalt showing a large sodie plagiodase 
xenocryst (on the right) and wormy reaction rim and a large dumbbell-shaped quartz xenocryst 
with clinopyroxene armor (in lower center) 

Xenocrysts 
To determine whether a basal t  is contaminated,  first the basalts are classified 
by  the presence or absence of xenocrys t s - -quar tz  and sodie plagioelase (Appen- 
dix A). The possibility tha t  these plagioclases are high-pressure phenocrysts  is 
judged by  isotopic methods in the isotope section. Sodic plagioclase armored 
by calcic plagioclase (Fig. 1) appears in all our identifiably contaminated basalts. 
Quartz armored by  clinopyroxene also appears in most  identif iably contaminated  
samples (66L20, 6561501, and A54-14) and clots of elinopyroxene which 
probably  represent quartz completely reacted with magma appears in one sample 
(6561302). There are no xenocrysts  in two samples (65L120 and 6561304) and 
only one xenocryst  was found in a third (J54-4). These last three are our candi- 
dates for primitive basalts (i .e.--essentially uncontaminated) .  

10" 
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C o n c e n t r a t i o n  D a t a  

General. The concentrations of major elements are given in Appendix B and 
those of the relevant minor elements are given in Table 1. We consider that  
contamination can be established most reliably with petrographic criteria; 
however, if all the xenoerysts should be assimilated, then element concentrations 
and ratios are one of the two remaining criteria that  can be used to establish 
contamination although they might also have just indicated that  these basalts 
are differentiated relative to oceanic basalts. Also the existence of one xenocryst 
does not necessarily mean that  the mineralogy or chemistry of the basalt has been 
seriously altered. 

2.5 o + " 
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1 . 0 ~  

0.5 

I I I I I I I I ~ I .-- 
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Fig. 2. Lead, uranium, and thorium contents plotted against K~O content of primitive and 
obviously contaminated basalts of the Southern Rocky Mountains (U-circles, Th-crosses, 
Pb-dots). Trends are shown as solid lines; vertical bars show the breaking points for trace 
elements between primitive basalts and obviously contaminated basalts. Abyssal basalt 
values (TATsUMOTO, 1966h) are shown by cross-hatched areas and a Hawaiian tholeiite and 
alkali basalt are shown as squares (TATSUMOTO, 1966a) 

Major Elements. The only major element that shows a correlation with the 
presence or absence of xenocrysts is K20 (Fig. 2). Primitive basalts usually contain 
less than 1% K~O; however, one of our candidates for a primitive basalt (65L I20) 
has a K20 content of 1.7%, a value greater than that of five demonstrably 
contaminated basalts. This basalt appears to belong to a more alkalic series 
than the others; potassium determinations on younger xenocrystdree basalts 
from the same volcano show a systematic decrease with time. Surprisingly, SiO~ 
does not appear to be as reliable an indicator of contamination (and perhaps 
differentiation) as K~O. The xenocryst-free sample of the Hinsdale basalts 
(65L120) contains at least as much Si02 51.3%, as do some Hinsdale basalts 
classified as slightly contaminated on the basis of sparse alkali plagioclase xeno- 
trysts, 51.6 and 50.5% (66L26 and Ds29B). Surprisingly, Na20 also does not 
show reliable effects with contamination. On the basis of the data available in 
this study, no other major element appears as reliable as K20 in giving a trend 
paralleling contamination. 
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Table 1. Selected trace element concentrations in basalts /rom the Southern Rocky Mountains 

Sample Classification Concentration~s 

Weight (ppm) 

Pb U Th Rb Sr l~b/Sr 

Atomic 

28s U 2a2Th 
2o4pb 2ss U 

Hinsdale /ormations basalts /rom the La Jara Reservoir region, Colorado 

66L20 very 8.04 2.14 6.15 58.1 570 0.100 
contaminated 8.01 2.09 6.34 

66L26 slightly 5.4 0.76 2.96 20.7 501 0.0314 
contaminated 4.66 0.65 2.46 

65L120 primitive 3.40 1.11 1.85 23.2 861 0.0203 

16.8 3.0 

8.9 4.0 
8.8 3.9 

20.6 1.7 

Servilleta /ormation o/ MO~TGO~rnRY (1953), basalts /tom the 

6561501 contaminated 5.39 0.63 2.08 23.9 

6561302 contaminated 5.11 0.64 2.12 25.5 

6561304 primitive 1.90 0.203 0.627 3.0 
4.3 a 

Taos area, New Mexico 

591 0.040 7.25 3.4 

579 0.044 7.78 3.4 

372 0.008 6.71 3.2 
390 a 0.011 a 

Miscellaneous basalts /tom the Southern Rocky Mountains 

San Juan volcanic area, Colorado 

Jarosa Mesa slightly 
(Ds29-B) b contaminated 7.9 0.88 3.50 36.1 808 0.0477 7.1 5.3 

Race Creek contaminated 11.1 1.67 5.85 41.9 777 0.0539 9.5 4.7 
(65L32) 

Jemez Mountains, New Mexico 

Cerro Pelon contaminated 
(A54-14) b 6.5 0.96 3.27 26.2 560 0.0468 9.2 3.5 

Borrego Mesa c primitive 2.2 0.45 1.40 2.4 481 0.0050 12.9 3.2 
(J54-4) 

Eagle County, Colorado 

Dotsero Crater contami- 
(54P152) nated (?) 10.9 1.25 3.95 54.4 677 0.0804 7.3 3.3 

a By isotope dilution. 
b From Don (1967). 
e Lead, uranium, and thorium from Do~ (1967). 

The  K 2 0  con t en t s  of t h e  p r i m i t i v e  Cenozoic  basa l t s  of t h e  S o u t h e r n  R o c k y  

M o u n t a i n s  ( 0 . 5 - - 1 . 7 % )  are  g r ea t e r  t h a n  those  f o u n d  in  abyssa l  basa l t s  [0.06 to  

0 .45% ; ENGEL and  ENGEL (1964a,  b) a n d  GAST (1965)], b u t  t w o  are  w i t h i n  t h e  

r ange  f o u n d  for  tho le i i t e s  a n d  o l iv ine  tho le i i t e s  of  ocean ic  i s lands  such  as H a w a i i  

[0 .07- -0 .8  % ; MACDONALD a n d  KATSVRA (1964)]. T h e  t h i r d  p r i m i t i v e  basa l t  f r o m  
t h e  S o u t h e r n  R o c k y  M o u n t a i n s  (1.7% K 2 0  ) is g r ea t e r  e v e n  t h a n  t h a t  of a lka l i  

basa l t s  of t he  H a w a i i a n  I s l ands  [__< 1.3% K 2 0  ; MACDONALD a n d  KATSURA 
(1964)]. I n  t h e  s u b s e q u e n t  discussion,  o t h e r  t r ace  e l e m e n t  a n d  i so top ic  p a r a m e t e r s  

will  be c o m p a r e d  aga ins t  K 2 0  c o n t e n t  as a c o n t a m i n a t i o n  i n d e x  e v e n  t h o u g h  
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the concentration may also reflect differentiation. This sort of comparison is done 
because of the difficulty of otherwise quantifying xenocryst abundance plus 
xenocryst assimilation. 
Minor Elements. Pb, U, and Th contents (Table i) arc plotted against K20 in 
Fig. 2 in the manner described by TATSUMOTO (1966b). All the xenocryst-rich 
basalts have Pb contents greater than 4 ppm. Th greater than 2 ppm, and U 
greater than 0.62 ppm. These elements seem to be very useful in recognizing 
basalts that are little contaminated or differentiated. Because of the low contents 
of K20 (0.54%), Pb (2.2 ppm), Th (1.40 ppm) and U (0.45 ppm) in sample J54-4 
from the Jemez Mountains, we consider it with the primitive basalts inspite of 
the presence of sparse sodic plagioclase xenocrysts. The lead content in particular 
apparently is very sensitive to contamination. In the Hinsdale basalts, for example, 
the primitive basalt (65L120) contains 3.4 ppm Pb whereas the contaminated 
basalts with similar contents of SiO 2 (66L26, 5L32, and Ds29-B) contain 5, 8 and 
I l ppm Pb respectively. We do not know the size of the region or variety of rock 
types these trace element indices may apply, but our samples cover a north-south 
distance of approximately 300 miles. 
The second test of the primitive basalt candidates is a comparison of their Pb, 
U, and Th contents with those of basalts from oceanic localities. The lead contents 
of the Southern Rocky Mountains basalts that seem to be least contaminated 
(1.9--3.4 ppm) are greater than those of abyssal basalts (0.49--1.3 ppm; TAT- 
SlYlUOTO, 1966b), but are similar to those of basalts from oceanic islands such as 
tholeiites (1.2--3.9 ppm), a high alumina basalt (4.3 ppm), and alkali basalts 
(1.3--3.35 ppm), as determined by TATSUMOTO (1966a, b). Therefore the candidates 
for primitive basalts of the Southern Rocky Mountains appear to be as primitive 
as are, for example, the volcanics of the Hawaiian Islands. There is no suggestion 
in this concentration data that the primitive basalts of the Southern l~ocky 
Mountains are significantly contaminated with silicic crust. 
There does not appear to be any smooth concentration trend for Sr concentrations 
in basalts from the Southern i%oeky Mountains with increased contamination 
although Rb tends to follow K and to be greater in the xenocryst-bearing basalts. 
The strontium content for the l-Iinsdale basalts is less in the xenocryst-bearing 
rocks than in the primitive basalt. This is the trend expected for contamination 
with rocks of the upper crust. On the other hand, the Sr content of the Servilleta 
basalts (MONTGOMERY, 1953) is greater in the xenocryst-bearing basalts, a trend 
difficult to explain except by lateral or vertical differences in strontium contents 
in the source rocks. The value of Rb/Sr in all the xenoeryst-bearing basalts is 
greater than 0.035. The very low value of the ratio found for three samples in this 
paper is an indicator of primitive hasalts. Neither Th/U nor uasU/2~ shows 
reliable shifts with contamination. 

Discussion of Lead Isotopes 

In  each set of primitive and contaminated basalts (Table 2), the contaminated 
basalt contains less radiogenic lead (smaller ratios) than does the companion 
primitive basalt. The conclusion is that  crustal contamination generally results 
in lead isotope ratios that  are less radiogenic by 2 4% in 2~176 and roughly 
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Table 2. Lead and strontium isotope ratios/or basalta /rom the Southern Rocky Mountains 

Location ~nd Classification Lead S Stront ium a 
Sample No. 87Sr/S6Sr 

206pb/204pb 207pb/20~pb 2ospb/2O~pb 

Hinsdale formation, basalts from the  La J a r s  Reservoir region, Colorado 

66L20 very 17.893 15.52 37.29 0.7051 
contaminated 

66L109, plagio- 17.983 15.60 37.63 0.7050 
clase (light) 

66L109, plagio- 18.267 15.58 37.9I 0.7051 
clase (medium) 

66L26 slightly 17.958 15.56 37.64 0.7050 
contaminated 

65L120 primitive 18.331 15.55 37.67 0.7039 

ServiUeta /ormation o/ MONTGOMERY (1953), basalts ]rom the Taos area, New Mexico 

6561501 contaminated 17.386 15.52 37.23 0.7043 

6561302 contaminated 17.369 15.47 37.19 0.7044 

6561304 primitive 18.086 15.51 37.55 0.7050 

Miscellaneous basalta /rom the Southern Rocky Mountains 

San Juan volcanic area, Colorado 

Jarosa Mesa b slightly 18.377 15.62 38.26 
(Ds29-B) contaminated 

~ace  Creek contaminated 18.835 15.56 37.98 
(65L32) 

Jemez Mountains, New Mexico 

Cerro 1)elon c contaminated 17.78 ]5.50 37.60 
(A54-14) 

Borrego Mesa c primitive 18.34 15.46 37.86 
(J54-4) 

Eagle County, Colorado 

Dotsero Crater contami- 17.93 15.63 38.63 
(54t)152) ha ted  (M) 

0.7044 

0.7047 

0.7055 a 

a All lead ratios are normalized to values obtained on t an ta lum lot 1 fi lament materials in 
the manner  described by  DOE (1967); all s t ront ium data  are normalized to a value of 0.7080 
for sTSr/S6Sr of the  M.LT. Eimer and  Amend SrCO 8 reference sample. 
b From Do]~ (1967). 
c Lead isotope ratios from Do~ (1967). 
d From I-~EDGE and WALTHALL (1963). 

1% i n  2~176 T h i s  c o n c l u s i o n  is t h e  s a m e  as  t h a t  r e a c h e d  p r e v i o u s l y  i n  less 

wel l  c o n t r o l l e d  s t u d i e s  (DOE, 1968),  b u t  t h e  c o n c l u s i o n  b a s e d  o n  t i g h t  geo log i c  

c o n t r o l  is m o r e  r i g o r o u s  i n a s m u c h  as  t w o  s a m p l e s  of c o n t a m i n a t e d  H i n d s a l e  

b a s a l t  f r o m  e l s e w h e r e  i n  t h e  S a n  J u a n  v o l c a n i c  a r e a  h a v e  t h e  m o s t  r a d i o g e n i c  

l e a d  i s o t o p e  r a t i o s  of a n y  of t h e  s a m p l e s  f r o m  t h e  r eg ion .  
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That  the upper crust is radiogenic in its present-day lead isotopic composition 
is generally accepted (for example, see CHOW and PATTEI~SO~, 1962; PATTEt~SON 
and TATSUMOTO, 1964; DOE, 1967); therefore, contamination by upper crustal 
granitic rock that  results in nonradiogenic lead seems unlikely. Some radiogenic 
lead may be lost from the granite before it is incorporated into the basalt magma 
(DOE, 1967), and as a result the assimilated rock may be nonradiogenie. An 
alternative possibility is that the assimilated material is Precambrian silicic 
granulite from the lower crust. Such silieie material is apparently permitted by 
the studies of DEN TEX (1965) and RI~GwooD and GIaEEN (1966). An attractive 
hypothesis is that the lower crust may contain nonradiogenie lead at least under 
some regions (PATTERSO~ and TATSU~[OTO, 1964; DOE, 1968; ZARTMAN, 1968) 
because of depletion of uranium and thorium relative to lead in Preeambrian 
times due to granulite or eclogite facies metamorphism. 
In  addition sodie plagioelase was separated from the xenocryst-bearing Hinsdale 
basalt (66L109) which is a re-collection of basalt from the 66L20 locality. The 
lead in the low-density xenoeryst-rich fraction of plagioclase has isotopic ratios 
similar to those in the whole rock, whereas the medium-density fraction, perhaps 
rich in phenoerysts, has a 2~ close to that  of the primitive basalts. The 
2~176 value of the medium-density fraction is slightly more radiogenic than 
other samples from the I-Iinsdale basalt suite (Table 2). These isotopic differences 
between plagioclase and whole rock are definitive evidence that  all the plagioelase 
cannot be phenocrysts of one unaltered melt. Lead isotope differences can develop 
only by mixing of leads of different isotopic compositions or by generating lead 
through decay of uranium and thorium to lead in systems containing different 
values of U/Pb and Th/Pb over long periods of time such as hundreds of millions 
of years. The medium-density plagioclase must therefore be foreign to the con- 
taminated magma that  later crystallized around it. The best interpretation seems 
to be that  this plagioelase fraction probably contains much phenocrystie plagioelase 
that  crystallized from the melt prior to the contamination. 
Surprisingly, the medium-density plagioelase did not exchange lead with the 
melt to come into isotopic equilibrium. Perhaps the explanation of why this did 
not occur lies in the study of O'N~IL and TAYLO~ (1967) on cation and oxygen 
isotope exchange in feldspars. They found that  it was necessary for the feldspar 
to undergo recrystallization (solution and redeposition) to obtain cation exchange. 
As the ealcie plagioclase was in equilibrium with the melt, no recrystallization is 
expected. The similarity of the lead isotope ratios between the sodic plagioclase 
and the melt is probably a coincidence, inasmuch as preservation of sodic plagio- 
clase that  has undergone solution and redeposition to obtain cation exchange in 
a basalt melt under shallow conditions is unlikely. Probably the cMeie armor 
on sodic plagioelase prevented reerystallization or, equally likely, in water-poor 
basalt perhaps no fluid phase was present to facilitate recrystallization. 
The isotopic compositions of the basalts from the Southern Rocky Mountains 
are compared with those of oceanic basalts in Fig. 3. If we take lead content as 
a rough index of contamination, then the primitive basalts from the Southern 
Rocky Mountains are similar both in lead content and in the values of 2~176 to 
those of primary basalt types (tholeiites, alkali basalts, and high alumina basalts of 
Hawaii and eastern Honshu, Japan) although the values of e~176 are distinctly 
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Fig. 3. Lead content plotted 
against e~176 at the bot- 
tom and  2~176 at  the  top. 
Labeled  areas are da ta  f rom 
TATSU~OTO (1966a, b) f rom 
oceanic areas as labeled, and  
are shown for comparison.  Dash-  
ed lines are d rawn to fi t  the  
da ta  as well as possible for the  
tba'ee sets of da ta  ob ta ined  
f rom areas where uncontamina-  
t ed  and  con tamina ted  basal ts  
m a y  be re la ted  (A ,  A - -  Ser- 
vil leta fo rmat ion  of MOnT- 
GOMERY (1963), basalts ,  @, 
�9 - -  Hinsdale  format ion,  ba- 
salts, and  . . ,  [] - -  basal ts  f rom 
the  J e m e z  Mountains) .  Closed 
symbols  are pr imit ive  basal t ,  
open are contaminated .  Older 
samples  of con tamina ted  basal ts  
from the  t t insdale  Fo rma t ion  
elsewhere in t he  San J u a n  
Mounta ins  are shown by  X.  The 
basal t  f rom Dotsero Crater  is 
shown by  �9 
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lower in the basalts from the Rocky southern Mountains. This ratio difference 
may not be significant inasmuch as the primitive basalts of both the Southern 
Rocky Mountains and Hawaii are less radiogenic than would be expected from 
closed-system models of lead evolution for the accumulation of radiogenic lead 
since the earth began (2~176 ~ 38.4), and both range in values of 2~176 
The lead content of the basalts appears to vary proportionally with the isotopic 
composition (Fig. 3). We see that a projection back to a lead content of abyssal 
basalts results in comparable lead isotope ratios for those observed in the primitive 
basalts and also with those of the abyssal basalts. Thus the observed lead isotope 
ratios in the primitive basalts appear to give us a reasonable approximation of 
what the lead isotopic composition was in the magma at its source. In addition, 
this isotopic composition for lead in the source of primitive basalts from the 
Southern Rocky Mountains is not drastically different from that in either the 
source of abyssal basalts or in Hawaiian or eastern Honshu basalts. The important 
feature is that there is no reason to suspect that our primitive basalts have been 
more altered by crustal contamination than those of the Hawaiian Islands, for 
e x a m p l e .  
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Discussion of Strontium Isotope Data 

The value of sTSr/S6Sr for the primitive Hinsdale basalt sample is similar to 
that  of most basalts from the ocean basins (sTSr/S6Sr ~ 0.704). The primitive 
basalt from the Servflleta formation of MONTGOMERY (1953) has a value of 
sTSr/S6Sr of 0.705, which is somewhat greater than that  of most basalts from the 
ocean basins. Commonly the mantle under the continents is assumed to be similar 
in sTSr/S~Sr to that  under the ocean basins, however the data of HEDGE (1966) on 
the primitive basalts of the Snake River Plain (sTSr/S6Sr ~ 0.705) may be inter- 
preted to indicate that  mantle under the continents is more radiogenic in some 
regions than that  under the ocean basins (Do~, 1968). 

The contaminated samples of Hinsdale basalt are more radiogenic than is the 
primitive sample. This trend is similar to that  found by H~OG~ (1966) for the 
contaminated samples from the Craters of the Moon relative to the primitive 
basalt from Shoshone Falls on the Snake t~iver Plain. This trend is the effect 
expected from Precambrian crustal contamination inasmuch as all the abundant 
Precambrian metamorphosed rocks in the Rocky Mountains are very radiogenic 
(GILETTI, 1966; MOOt~BATH, HURLEY, and FAmBAmN, 1967), but the effect is 
so small that  it could well be due to lateral or vertical variations in the source. 
The contaminated basalt of the Servilleta basalt are slightly less radiogenic 
(approximately 0.1%) than their primitive companion (Table 2). This effect 
cannot be due to contamination since a mass balance calculation would require 
almost 100% of the strontium to come from contamination. The effects from 
crustal contamination seem to be small, and therefore any lateral or vertical 
variation in the source of the Hinsdale basalt or Servflleta basalt might obscure 
any contamination effect. 

Lead shows more obvious isotope effects from contamination than does strontium, 
probably because of mass balance considerations. Lead content in upper crustal 
rocks is 5--10 times that  in uncontaminated basalts, whereas the strontium 
content in the upper crust is perhaps about half that  of our primitive basalts. 
Therefore assimilation of 10% of crustal material will change the lead isotopic 
composition to about halfway between the primitive and the contaminating 
materials, whereas the strontium would change only about 5% of the isotopic 
difference between these materials. As strontium in basalts apparently is buffered 
against crustal contamination, we prefer to interpret the small observed strontium 
isotope variations as due mainly to slight lateral or vertical variations in the 
source. 

Strontium in both densities of plagioclases of sample 66L109 (Table 1) is 
isotopieally similar to that  of the whole rock in contrast to the variation in lead 
isotopic composition. This might be explained by differential cation exchange of 
lead and strontium; however, this sort of exchange seems unlikely in view of the 
cation exchange study of O'NEIL and TAYLOR (1967). The isotopic similarity is 
more likely a coincidence, because a sTSr/S6Sr of 0.705 is a reasonable value for 
a Precambrian plagioelase. Any mass balance consideration of accounting for 
the ratio differences between lead and strontium isotopes from mixing of xeno- 
trysts with phenoerysts favors the xenocrysts as having a greater effect on the 
lead isotopes inasmuch as upper crustal plagioclase coexisting with K-feldspar 
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Appendix B. Whole-Rock chemical analyses 

Hinsdale forma- Servilleta forma- Other ages Basalts in Basalt of 
tion, basalt tion of MO~T- of Basalt in Jemez Mrs. Dotsero 

GOMERY (1953), Hinsdale for- Crater 
basalt marion 

SiO~ 51.3 51.6 56.8 48.57 51.55 51.51 50.5 51.7 49.02 52.79 47.6 
A1203 17.1 14.4 14.3 16.88 17.53 17.47 16.6 17.3 16.12 16.96 16.0 
Fe208 2.9 4.5 3.0 2.90 3.93 3.68 4.3 5.8 3.94 1.97 4.5 
FeO 6.1 6.9 4.9 8.43 5.07 5.72 5.5 4.0 6.94 6.81 6.7 
MgO 6.6 6.3 5.6 7.63 5.76 5.76 5.8 4.0 7.51 5.62 7.3 
Ca0 7.6 8.0 6.6 9.02 7.64 7.74 8.5 7.4 10.17 8.50 8.8 
Na20 4.21 3.1 3.5 2.81 3.63 3.41 3.4 3.4 3.12 3.54 3.3 
K20 1.7 1.3 2.4 0.56 1.67 1.67 2.1 2.2 0.54 1.56 2.8 
H~0-  0.10 0.36 0.47 0.29 0.52 0.22 0.21 0.88 0.23 0.08 0.12 
t t20+ 0.25 0.54 0.43 0.85 0.8t 0.66 0.34 0.72 0.20 0.37 0.47 
TiO 2 1.6 1.8 1.3 1.50 1.61 1.49 1.7 1.4 1.59 1.22 1.6 
Pc05 0.45 0.41 0.39 0.20 0.31 0.32 0.79 0.51 0.37 0.36 0.54 
MnO 0.14 0.07 0.12 0.16 0.14 0.09 0.11 0.14 0.17 0.14 0.13 
CO S ~0 .05  ~0 .05  0.21 - -  - -  ~0 .05  0.09 0.01 0.02 ~0 .05  

Sum 100 99 100 99.80100.17 99.74 100 100 

Na~0 4.22c 3.06 c 3.58 c 3.42 3.55 
K20 1.71 c 1.36 c 2.50 c 2.02 2.35 

99.93 99.94 100 

a Rapid rock analyses by  PAUL ELMOHE, H. S?SITH, GILLISOlV CHLOE, J. GLEI~N, LOWELL 
ARTIS, S. D. BOTTS, U. S. Geological Survey, Washington,  D. C. 
b K. AOKI, analyst ;  AOKI (1967). 
c Determined by  flame photometer  by  VIOLET MERRITT, U. S. Geological Survey, Denver, 
Colorado. 
d Standard rock analysis by  J.  L. THEOBALD. Borrego Mesa, west side of lower flow, th i rd  
uni t  from bottom. Description by  RoY BAILEY, V. S. Geological Survey, Washington, D. C. 
e S tandard  rock analysis by  L. N. TARI~ANT. Basal t  overflows dacite nor th  of Cerro Pelon, 
Baslarde. Description by  Roy Bailey, U. S. Geological Survey, Washington,  D. C. 
f Rapid rock analysis by  PAUL EL~iOlCE, H. SSIITI~, J.  KELSEu GILLISON CHLOE, LOWELL 
AI~TIS, and  J.  GLENN, U. S. Geological Survey, Washington,  D. C. 

certainly contains more lead than does basalt, whereas the strontium content of 

upper crustal granitic plagioclases is less than that in basalts. 

Conclusions 
1. B a s a l t s  m a y  b e  f o u n d  i n  t h e  S o u t h e r n  R o c k y  M o u n t a i n s  t h a t  a r e  as  u n -  

c o n t a m i n a t e d  b y  si l icic c o n t i n e n t a l  c r u s t  as  a rc  b a s a l t s  f r o m  ocean i c  i s l ands .  

2. C o n t a m i n a t i o n  of b a s a l t  b y  o ld  sil icic c r u s t  i n  t h e  S o u t h e r n  R o c k y  M o u n t a i n s  

results in making the lead in basalt less radiogenic than its primitive parent. 
Strontium isotopic composition is little affected by such contamination in the 

Southern Rocky Mountains. 

3. Plagioclase does not completely exchange its lead with the surrounding 
basalt melt. 
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