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Samarium-Neodymium Direct Dating of Eluorite 
Mineralization 

The direct dating of many styles of hydrothermal mineralization has proved difEcult, 
limiting understanding of the geological processes that lead to crustal fluid flow and 
the formation of major ore deposits. The hydrothermal mineral fluorite (CaF,) 
displays large variations in rare earth element (REE) abundance and samarium/ 
neodymium ratios within a single vein. Samarium-neodymium dating of fluorite &om 
the classic granite-hosted tin deposits of southwest England demonstrates its use as a 
precise chronometer of mineralization. The concentrations of light rare earth elements 
(LREEs) in the fluorites are highly variable and suggest the coeval precipitation of an 
LREE-rich phase as the most likely cause of the extreme variation in samarium/ 
neodymium ratios. 

M ANY HYDROTHERMAL ORE DE- 

posits lack minerals that are suit- 
able for isotopic dating. The most 

readily applicable techniques, such as U-Pb 
dating of pitchblende and K-Ar dating of 
sericite, are compromised by susceptibility 
to continuous or episodic chemical and ther- 
mal disturbances associated with hydrother- 
mal activity along fracture systems. Further- 
more, isotopic techniques used to date ore 
deposition commonly utilize alteration 
products, gangue minerals, or fluids that 
may not be coeval with ore-forming miner- 
als. We need to be able to date mineraliza- 
tion directly and accurately in order to un- 
derstand fully the many different products of 
crustal fluid flow, such as Mississippi Valley 
Type (MVT) deposits (1). Similarly, be- 
cause it has not been possible to resolve the 
age of specific stages of ore deposition, most 
researchers have commonly concluded that 
granite-related hydrothermal mineralization 
is concurrent with or immediately follows 
magma emplacement ( < l o 6  years) (2, 3), 
whereas it has recently been demonstrated 
that mineralization can postdate the host 
granite by as much as 3 million to 25 million 
years (4-6). 

J. T. Chesley and A. N. Halliday, Department of Geo- 
logical Sciences, University of Michigan, Ann Arbor, MI 
48109. 
R. C. Scrivener, British Geological Survey, Exeter, EX4 
6BX, United Kingdom. 

Fluorites display highly variable rare earth 
element (REE) patterns, the causes of which 
are poorly understood (7-10). In this report, 
we demonstrate that the large range of 
Sm/Nd ratios in fluorite from southwest 
England permits the determination of high- 
precision Sm-Nd isochron ages. This tech- 
nique allows the accurate dating of a variety 
of ore deposits and thus the timing of major 
fluid movements in the crust that have hith- 
erto proved undatable with the use of other 
geochronological methods. 

The Cornish Sn deposits are a classical, 
although complex, example of granite-relat- 
ed hydrothermal mineralization (1 1-13). 
Mineralization is spatially related to the Cor- 
nubian batholith, a series of peralurninous 
biotite-muscovite granites, intruded into 
polydeformed sedimentary and volcanic 
rocks of Devonian and Carboniferous age, 
at 280 to 290 Ma (million years ago) (5) .  
The plutons are intruded by medium- to 
fine-grained granitic or aplitic dikes and, 
locally, by late-stage Li-rich or topaz-bear- 
ing granites. The final stage of magmatism, 
270 to 280 Ma (5 ) ,  is represented by a series 
of fine-grained, felsic dikes crosscutting the 
major plutons. 

Mineralization is expressed as multiple, 
steeply dipping veins that cut both the gran- 
ites and the country rocks and has been 
broadly classified into three main stages: (i) 
stage 1, early Sn- and W-bearing pegmatite 

deposits and Sn-bearing, greisen-bordered 
veins with fluid-inclusion homogenization 
temperatures (T,) of 300" to 500"C, (ii) 
stage 2, polymetallic (Cu, Pb, Zn, Sn) 
quartz veins with T, of 200" to 380°C, and 
(iii) stage 3, late polymetallic (Cu, Pb, Zn, 
Ag) sulfide veins, locally termed "cross- 
courses," with T, of 105" to 180°C (14-17). 
Stage 2 veins represent the major episode of 
Sn and Cu mineralization. The classic min- 
eralogical zoning and structures of these ore 
bodies, togethe; with their apparent spatial 
relationships with the granites, has led to the 
traditional view that this stage of mineral- 
ization was directly linked to plutonism. The 
fluid inclusions analyzed from stage 3 cross- - 
course mineralization are similar in compo- 
sition to Na-Ca-C1-rich deep sedimentary 
brines and are probably from a younger 
regional event, unrelated to the intrusion of 
the Cornubian batholith (16). 

Fluorite samples %nalyzed in this study 
were collected at the Wheal Jane and South 
Crofty mines in the vicinity of the 
Carnmenellis pluton (1 1, 18). Mineraliza- 
tion at the Wheal Jane Mine is hosted by 
Upper Devonian slate, and shale of the 
Mvlor Formation and biotite-muscovite 
granite are not exposed in the mine or 
recorded in drill core. At South Crofty, 
however, similar mineralization crosscuts 
both the granite and the Mylor Formation. 
Samples from the South Crofty Mine were 
collected only from granite-hosted veins be- 
cause of limited mine access. 

Sm and Nd concentrations for fluorites 
and spatially associated hydrothermal alter- 
ation products from the Wheal Jane and 
South Crofty mines vary over more than 
two orders of magnitude (Table 1). The 
147Sm/144Nd ratios range from 0.12 to 0.95 
and have a spread of as much as 0.12 to 0.37 
within a single hand specimen. In the fluo- 
rite from the South Crofty, stage 2, Sn- 
bearing polymetallic veins there i s  a clear 
relation between the intensity of the color, 
Sm and Nd concentrations, and Sm/Nd 
ratios (Table 1). 

Sm-Nd isotopic data for fluorites from the 
Sn-bearing polymetallic veins at South 
Crofty and Wheal Jane define precise iso- 
chrons (Fig. 1, A and B). Data for chloritic 
hydrothermal alteration products and cross- 
course fluorites   lot below these isochrons 
and have been excluded from the regres- 
sions. The data for South Crofty fluorites 
yield a slope corresponding to an age of 
259 ? 7 Ma (2u) and an intercept of 
0.51197 [initial E,, (deviation in parts per 
lo4 from coeval bulk earth) = -6.5 ? 0.21; 
the mean square of weighted deviates 
(MSWD) is 1.0 (Fig. 1B). The Wheal Jane 
fluorites define a slope corresponding to an 
age of 266 ? 3 Ma (213) and an intercept of 
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Fig. 1. Sm-Nd isochrons for the (A) Wheal Jane 
and (B) South Crofty mines. Fluorites from 
stage-2 veins are plotted as 2u mean error bars. 
Other symbols are as follows: filled diamonds, 
crosscourse fluorites; filled circle, mixed fluorite 
and chloritic alteration; open circle, chloritic al- 
teration; see text for explanation. 

0.51190 (initial E,, = -7.8 2 0.2); the 
MSWD is 1.5 (Fig. 1A). The absence of 
nonanalytical scatter in the data (indicated 
by the low MSWD) and the overlapping 
ages, despite the different initial E,, values 
and the large variation in REE abundance, 
are consistent with the idea that the initial 
isotopic compositions of the fluorites defin- 
ing each isochron were uniform. 

The Sm-Nd isochron ages obtained for 
the two mines overlap within error and are 

significantly younger than the Rb-Sr age 
(290 2 2 Ma) determined for the Carnme- 
nellis pluton (5 ) .  These data support the 
hypothesis that main-stage polymetallic 
mineralization at South Crofty and Wheal 
Jane postdates emplacement of the Carn- 
menellis pluton by at least 20 million years 
(4, 5, 15). This relation suggests that min- 
eralization may be genetically linked to later 
intrusive activity. 

The initial E,, values for the regressed 
isochrons from South Crofty and Wheal 
Jane are significantly different (-6.5 ? 0.2 
and -7.8 2 0.2, respectively). The fluorite 
samples analyzed from the South Crofty 
Mine are hosted completely within granite, 
whereas veins at the Wheal Jane Mine are 
hosted within the Upper Devonian Mylor 
Formation. Calculated E,, values for the 
Carnmenellis pluton at 260 Ma are -6.7 to 
- 7.5 and for the sedimentary rocks are - 10 
to - 12 (19). These data suggest that the 
REEs in the fluids at South Crofty were 
derived from the granite or a related source. 
The initial E,, values of the fluids at Wheal 
Jane may have been lowered as a result of 
incorporation of REE from the sedimentary 
rocks, but clearly most of the Nd was de- 
rived from the granite. The Sm-Nd data for 
the crosscourse fluorite mineralization and 
hydrothermal alteration products plot well 
below the isochron defined by stage 2 poly- 
metallic mineralization (Fig. 1, A and B). 
Because calculated E,, values do not inter- 
sect those of the granite at any time, the Nd 
in the crosscourse fluids was most likely 
derived from different sources. There is 
abundant evidence that the major polyme- 
tallic stage 2 veins have been hydrothermally 

Table 1. Sm-Nd isotopic analyses (25-27) for fluorites and alteration minerals from Cornwall, 
England. F, fluorite; Ch, chloritic alteration; W, white; C, clear; LG, light green; DG, dark green; 
P, purple; *, crosscourse. 

Sample Mineral Sm Nd l4'Srn/ 1 4 3 ~ d /  
(pprn) (pprn) ' & ~ d  '&Nd + 20  

LG-F 
C-F 
C-F 
LG-F 
W,C-F 
LG-F 
P-F 
F and Ch 
P-F 
P-F 

W-F 
W-F 
LG-F 
DG-F 
DG-F 
LG-F 
W-F 
Ch 

W e a l  Jane 
28.5 

5.79 

South Crofty 
0.654 

11.3 
19.7 

260 
288 

3.99 
2.45 
3.07 

0 . 1 I I I  1 ' 1 1  I 1 1 1 1  

La Nd Eu Dy Yb 
Cem Sm Gd Er Lu 

Fig. 2. Chondrite-normalized REE patterns for 
fluorite, determined by isotope dilution, from the 
(A) Wheal Jane and (B) South Crofty mines. The 
REE abundances frdm the Leedy chondrite (28) 
were used for normalization. 

altered during such later regional events (4, 
15). This rejuvenation evidently did not 
disturb the Sm-Nd systems in the stage 2 
fluorites; thus this approach can potentially 
be used in areas of complex alteration histo- 
ries. 

In order to understand the causes of the 
large variations in Sm/Nd ratios, it is neces- 
sary to study the spectrum of REE concen- 
trations in these samples. Chondrite-nor- 
malized REE diagrams for fluorite from 
both South Crofty and Wheal Jane reveal 
large fractionations in the light REE (Fig. 2, 
A and B). Fluorite with higher LREE con- 
centrations and lower ~m/%Jd ratios is para- 
genetically earlier than fluorite with lower 
LREE concentrations and higher Sm/Nd 
ratios. All samples have negative Ce anom- 
alies. Pronounced Ce anomalies reported for 
other minerals in igneous and metamorphic 
rocks have been attributed tosea- 
water alteration of the source or concurrent 
crystallization of LREE-rich phases, such as 
monazite, which accumulate 
Ce and La (20). The minor kinking in the 
patterns of the heavy rare earth elements 
(HREE) for the South Crofty samples is 
similar to those of other minerals found in 
fluid-rich environments (21). The observed 
Eu anomalies are both negative and positive 
and are not uniformly associated with either 
the LREE-rich or LREE-depleted patterns. 
Thermodynamic calculations suggest that at 
elevated temperatures ( > 250°C) Eu2+ 
should be dominant over Eu3+ (22) and 
may substitute more readily for Ca2+ than 
trivalent REEs. Leaching of Eu from feld- 
spars in the host rock during fluid circula- 
tion may also lead to positive Eu anomalies 
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and variable abundances. The HREE patterns 
are relatively flat, and, although the overall 
abundance changes, the patter&remain similar 
within an individual mine. However, in South 
Crofty the HREE are apparently concentrated 
in the later fluids, whereas at Wheal Tane the 
converse is true, the explanation of which is 
currently unclear. 

The variation in REE patterns cannot be 
attributable to a mixing of fluids from different 
sources in the vein systems because this would 
result in variable initial E,, values. I t  is also 
ditKcult to envisage why the HREEs should 
maintain such consistent patterns if mixing is 
responsible for changes in the LREEs. Leach- 
ing of uraninite or other HREE-rich minerals 
would not only fractionate the REEs but 
would also increase the relative abundance of 
all HREEs in the mineralizing fluid. Similarly, 
l e a c h  of LREE-enriched phases, such as 
monazite, could not produce the depletion in 
the LREEs observed in the paragenetically later 
fluorite. 

These relations lead us to conclude that 
the most likely mechanism for producing the 
observed change in the Sm-Nd composition 
of the fluid is the coeval precipitation of an 
unidentified LREE-enriched phase, analo- 
gous to monazite, in the hydrothermal sys- 
tem. The dramatic crossover in the REE 
element patterns is good evidence for the 
importance of such a process at South 
Crofty. The extent to which such a model 
can be extended to account for the Sm-Nd 
fractionation observed in many other kinds 
of fluorite-bearing mineralization (7, 9, 23, 
24) ,  such as MVT deposits, is uncertain. 

Regardless of the exact mechanism, REE 
fractionation in fluorites is commonly ob- 
served. The large range in Sm/Nd ratios, the 
low uncertainty in age, and resistance to late 
hydrothermal effects render the Sm-Nd dat- 
ing technique a powerful geochronometer 
even for relatively young mineralization. 
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A Calcium-Dependent Protein Kinase with a 
Regulatory Domain Similar to Calmodulin 

Calcium can function as a second messenger through stimulation of calcium-depen- 
dent protein kinases. A protein kinase that requires calcium but not calmodulin or 
phospholipids for activity has been purified from soybean. The kinase itself binds 
calcium with high ajiinity. A complementary DNA clone for this kinase has been 
identified; it encodes a protein with a predicted molecular mass of 57,175 daltons. This 
protein contains a catalytic domain similar to that of calrnodulin-dependent kinases 
and a calrnodulin-like region with four calcium binding domains (EF hands). The 
predicted structure of this kinase explains its direct regulation via calcium binding and 
establishes it as a prototype for a new family of calcium-regulated protein kinases. 

I N PLANTS, FREE CALCIUM (Ca2+) HAS Ca2+ have been shown to regulate stomata1 
been implicated as a second messenger closure (2). In animals, Ca2+ can regulate 
in diverse processes including cytoplas- signal transduction pathways by activating pro- 

mic streaming and signal transduction (1). tein kinases dependent on Ca2+ and calmodu- 
Increased concentrations of intracellular h (Ca2+ /calmodulin) (3). Calmodulin is pre- 

sent in plant cells (4) and some evidence that 
plant cells also contain Ca2+/calmodulin-de- 

J. F. Harper, M. R. Sussman, G. E. Schder, Department 
of Horticulture, University of Wisconsin, Madison, WI, pendent has presented (5)' 
53706. However. a Ca2+-detxndent serine-threonine 
C. Putnam-Evans, Biochemistry Department, University kinase has purified from soybean 
of Georgia, Athens, GA 30602. 
H.  Charbonneau, Department of Biochemistry, Univer- (Glycine max L. cv Wayne) that does not 
sity of Washington, Seattle, WA 98195. 
A. C. Harmon, Department of Botany, 220 Bartram 

require calmodulin. This Ca2+ -dependent pro- 
Hall, University of Florida, Gainesville, FL 32611-2009. tein b a s e  (CDPK) shows half-maximal s h -  

ulation at 2 plvl Ca2+ and the enzyme itself 
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?Present address: Department of Botany, Louisiana contains a high afKnity Ca2+ bindkg site or 
State University, Baton Rouge, LA 70803. sites (6, 7). 
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