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ABSTRACT: We have analyzed trace elements in two types of hydrothermal F ccipita cs using the Los 
Alamos Nuclear Microprobe. Chlorites and epidotes in basalt were analyzed from the jamail Ophiolite 
of Oman. Sulfide and sulfate minerals were analyzed from samples of active chimney walls from 21°N. 
East Pacific Rise. These samples are ideal for our study because of the extensive background information 
available on processes and component characteristics. Initial results indicate significant differences in mobile 
trace elements between chlorites associated with and those distinctly separate from major stockwork flow 

. zqnes. consistent with greater water-rock reaction within stockworks. Trace element concentrations across 
chimney walls also exhibit distinctive patterns which can be correlated with mineral/chemical zonation and 
possibly also with variations in elemental source. 

1 INTRODUCTION 

Minor and trace elements have long been 
recognized as important indicators of geologic 
processes. Their variations and relationships 
help to  differentiate between systems with similar 
major element compositional characteristics. In 
hydrothermal systems, the rock composition may 
be significantly changed for soluble elements, while 
ot'Srs remain rtlativtly immobile. The diversity 
of trace- and minor-element characteristics can 
thus be a powerful indicator of the nature of a 
hydrothermal process. including acidity, oxidation 
level, salinity, ligand availability, and changes with 
time. 

Continually improving analytical techniques and 
tools, such as plasma spectroscopy, electron 
microprobe, neutron activation analysis, and mass 
spectroscopy, have enhanced the accuracy and 
sensitivity of tests involving all components of 
geologic samples (liquids or solids and have made 

elements on the macro to  mega scales. However, 
detailed analysis on a microscale of many minor- 
and most trace-element concentrations in rocks or 
other solid materids remains difficult or impossible. 
Most highly sensitive analyticn techniques require 
relatively Iar e quantities of mechanically separated 
materials. If owever, minerals are often intimately 
mixed and individual grains compositionally zoned 
or heterogeneous. Therefore, it has been 
difficult t o  investigate the real controls on trace- 
element compositions: that is, individual mineral 
or mineral zone compositions on a microscopic 

.scale. However, nuclear and ion microprobes are 
beginning t o  provide the tools to  gather such 

it possible to  investigate spatia I distribution of 

information (Benjamin et a/.. 1985: Veizer et a/.,  
1987). We report here on initial application 
of the Los Alamos National Laboratory nuclear 
microprobe using proton induced X-ray emission 
(PIXE) to  seafloor hydrothermal products. 

2 Seafloor Hydrothermal Products 

Mid-ocean ridge massive sulfide deposits and 
associated hydrothermal alteration of basalt result 
from a set of geologic processes that are dynamic 
and particularly well constrained with respect to  
geologic environment, solution com posi tions. initial 
basalt composition, and chemical characteristics 
of alteration and sulfide products. However, 
processes controlling minor and trace element 
mobility, sources, and global fluxes are poorly 
constrained. 

A t  sites where high-temperature fluids (up 
to  a t  least 400OC) vent through the seafloor 
and mix with seawater, mineralogically complex 
deposits of metal- sulfide, sulfate, silicate, and 
oxide minerals are precipitated within and on the 
seafloor Haymon, 1983; Haymon and Kastner, 
1981: Jranklin et a/.. 1981). Analyses of 
hydrothermal solution compositions and deposit 
samples provide an important reference point 
for Considering mass and heat flux in seafloor 
hydrothermal systems and elemental cycling for 
major and some minor elements in the oceans 
(Edmond et a/.. 1979). However, the cornpositions 
of the discharging fluids and mineral precipitates 
vary from site to  site on the seafloor and may vary 
with time (Campbell et a/., 1988). From these 
data, we have proposed models and constraints 
for reaction pathways and examined them using 
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theoretical computer calcuiatlons (Haymon. 1983. 
Janeckv and Sevfried. 1984: Janeckv and Shanks. 

understood. and the relative importance of 
processes within the hydrothermal system a t  depth 
compared to processes associated with discharge 
of hydrothermal solutions into seawater is not well 
defined. Among the various approaches which 
can provide significant new insight, we have been 
exploring detailed determination of minor and trace 
element concentrations in products of hydrothermal 
venting and alteration. 

Samples were selected for analysis using 
the nuclear microprobe from previously studied 
collections from active hydrothermal fields on the 
East Pacific Rise and similar fossil deposits in 
northern Oman (the 95-Myr-old Bayda and Lasail 
deposits of the Samail ophiolite). We selected 
sulfide samples to allow detailed identification 
of the elemental patterns and reaction relations 
identified in sulfide chimney walls. We chose 
chlorites and epidotes from major high-temperature 
fbw zones and basalt away from such zones for 
study to  provide constraints on the variability 
within and among alteration products. Ground 
mass and minor veins minerals were dec ted  
for these analyses so that inter- and intra-grain 
variability could be examined. The trace-element 
data are being integrated with previously collected 
chemical, mineralogical, thermal, and geological 
data from the selected study areas to  refine 
models for chemical reaction pathways in seafloor 
hydrothermal systems. 

b 1988) The observed variability i s  st i l l  poorly 
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Fig.1 Variations in selected trace element 
compositions (ppm element) in sulfide minerals 
and exterior anhydrite from a transect across a 
'black smoker' chimney from exterior (seawater) 
to  interior (hydrothermal fluid). Mineralogy and 
major element compositional trends in this sample 
of a thin chimney wall have been discussed in 
Haymon (1983). 

2.1 th in  chimney wall 

Elemental patterns from the sulfide chimney wall 
(Figure 1) reveal distinctive patterns which can be 
interpreted in terms of seawater and hydrothermal 
solution sources, and chemical character. High 
strontium in the exterior sample is due to  
intermixing with abundant anhydrite precipitated 
from conductively heated seawater. Niobium, 
molybdenum, silver. cadmium, tin, and lead show 
similar patterns to  strontium, indicating that 
seawater may also be a significant source of such 
metals in chimneys. In contrast, the strong 
depletion in cobalt in exterior samples implies a 
hydrothermal source. Zirconium appears to  exhibit 
aspects of both types of patterns. Selenium is 
apparently homogeneously distributed in the sulfide 
phases, but depleted in the exterior sulfate. Most 
other elements detected also have .generally flat 
trends across the chimney wall. Further analyses 
are in progress t o  investigate any fine structure, 
the extent of variability, and better constrain the 
mineralogical controls. 

2.2 Basalt alteration mineral analyses 

Chlorites from individual thin sections were found 
to  be relatively homogeneous in trace element 
composition as illustrated in Figure 2. Such 
homogeneity even exists between groundmass 

and minor vein chlorites which have significantly 
diffcrent optical and major element composition 
characteristics Table 1). The most striking result 

arsenic in all regional alteration (non-stockwork) 
samples and i ts  absence in the high-temperature 
stockwork wall-rocks (Figure 2). Cobalt is also 
depleted in stockwork chlorites relative to  regional 
alteration, while zinc and copper have the opposite 
character (Table 2). Uncertainties in these analyses 
can be attributed to  two major factors, counting 
statistics in the PlXE analysis and uncertainty in 
the electron probe analysis used to  normalize the 
PIX€ results to  absolute concentrations. Counting 
statistics uncertainties (2 u) ran e from <IO% to  

as a function of concentration. Electron probe 
uncertainties are only significant a t  the highest 
concentrations, but are always ~ 1 0 % .  

Copper, zinc, and possibly other elements may 
have regular variations particularly with respect 
to  depth in the%rtockwork chlorites, but we have 
insufficient data'to confirm such trends. Many 
of the;other elements detected in these samples, 
such as zirconium, are apparently only locally 
redistributed by hydrothermal alteration. Further 
work is necessary to  determine the extent of 
variability within and among adjacent chlorite 
grains in addition to  regional variations. 

found in the c 6 lorite analyses is the presence of 

50% for the elements reported in t able 1. generally 
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Fig.2 PlXE spectra collected from chlorites, 
exhibiting composttional differences between 
alteration associated with stockwork formation (S.- 
1. 5-2) and regional bulk alteration (R-1, R-2). 
These spectra were filtered to decrease intensity 
below iron. Primary peaks for selected elements 
have been tabeled. Strong peaks of arsenic a t  
ten to  twelve KeV in regional bulk alteration 
samples is the most striking difference between 
spectra. Samples S-1 and S-2 are from thin 
section BB+ll-15, while R-1 and R-2 are vein and 

roundmass chlorites from OM 307. respectively. 
toncentrations determined from these spectra are 
reported in Table 1. 

3 Preliminary Conclusions 

Analysis of chimney minerals and zones illustrates 
the relative influence of both hydrothermal solution 
and ambient seawater in providing trace elements 
to the massive sulfide deposits. The potential for 
significantly concentrating trace elements slightly 
soluble in oxidizing seawater during the mixing 
and sulfide precipitation processes, as compared 
to the hydrothermal source potential, needs to be 
investigated further. 

Distinctive chlorite trace element suites in major 
hydrothermal 
flow zones, as contrasted to other chlorites that 
have been analyzed,. provide significant constraints 
on solution characteristics involved in separate, but 
possibly related. hydrothermal alteration processes. 
Initial results also su4gut that within a flow zone, 
distinguishable variatms may occur along the flow 
path: These latter features need to-be confirmed 
and further characterized. 'The crystallographic 
environment of trace elements in the chlorites 
remains uncertain. Are they contained in regular 
lattice positions and thus amenable to  modeling 
as dilute solid salution species? Or, do they form 
included microscopic phases? Further analyses to  
define distribution of trace elements within and 
between grains is necessary to  begin to answer 

' such questions and will significantly influence 
modeling of the data collected thus far. The 
unique results to  date are allowing us to  examine 

Table 1. Compositions of representative chlortte 
and epidote analyzed using electron rntcroprobe 
(weight 0 0  oxide) and proton microprobe (pprn 
element). 

1 2 3 4 5  

S i02  
Ti02 
A 1 2 0 3  
FeO 

H20. 

26.65 
0.03 

19.83 
29.63 
0.64 

10.47 
0.37 

12.37 

25.78 
0.10 

23.28 
23.31 
0.16 

13.49 
0.14 

13.73 

27.71 
0.07 

24.43 
22.74 
0.17 

13.98 
0.18 

10.70 

28.60 
0.12 

21.03 
20.30 
0.23 

17.48 
0.26 

11.98 

37.84 
0.33 

20.55 
16.36 
0.09 
0.12 

22.15 
2.56 

25 
55 

749 
20 
4 

224 
23 
18 
97 
21 

227 

80 
14 

i b  72 
73 

280 
55 93 

17 

CNP 
c u  
Zn 
Ca 
Ge -. 
As 3 160 198 
Sr 4 8 8 118 1569 
Y - 15 4 59 - 43 31 2 38 Zr - 

1- Chlorite analysis 4.1 in BBt11-15 
2- Vein chlorite anal sis 1.2 in OM 307 
3- Chlorjte analysis 1.1 in OM 307 
4- Ch!orite analysis 1.1 .in OM 311c 
5- Epidote analysts 1.1 tn OM 311c - n t detected * d)ctermined by difference 

the detailed behavior of trace elements in these 
hydrothermal systems for the first time, and should 
lead to better understanding of hydrothermal and 
related processes in a wide variety of geologic 
environments. 

REFERENCES 

Benjamin, T.M., Rogers, P.S.Z.. Duffy, C.J.. 
Conner, J.F., Maggiore, C.J., and Tesmer. J.R. 
1985. Development and Application of the 
Lot Alamoi Nuclear Microprobe: Hardware, 
Software, and Calibration. Microbeam Analysis: 

Campbell, A.C., Bowers, T.S., Measures, C.I.. 
Falkner, K.K.. Khadem, M. and Edmond. J.M. 
1988. ,A time-series of vent fluid compositions 
from 21°N, EPR 1979,1981, and 1985) and the 
Cuaymas Basin, G ulf of California (1982. 1985). 
J. Geophys. Res. 93: 4537-4550. 

Edmond. J.M., Measures, C., McDufF, R.E.. Chan. 
L.H.,.CoIlier, R., Grant, B., Gordon, L.I. and 
Corliss, J.B. 1979, Ridge crest hydrothermal 
activity and the balances of the major and minor 
elements in the ocean: the Galapagos data. 
Earth Planet. Sci. Lett. 46: 1-18. 

Franklin. J.M., Lydon, J.W.. and Sangster. 
D.F. 1981. volcanic-associated massive sulfide 

235-239. 

Microscopic distribution o f  trace elements.. . 
Janecky.. . 2 3 



b 

acocs.:s Econ Geoi. 75th Ann1.J Vol.. 485- 
627 

hydrothermal black smoker chimneys. Nature 

Haymon. R.M. and Kastner. M. 1981. Hot 
spring deposits on the East Paclfic Rise a t  
21°N: preliminary description of mineralogy and 
genesis. Earth Planet. Sci. Lett. 53: 363-381. 

Janecky. D.R. and Seyfried, W.E..Jr. 1984. 
Formation of massive sulfide deposits on oceanic 
ridge crests: Incremental reactlon models for 
mixing between hydrothermal solutions and 

4 Havmon, R.M. 1983. The growth history of 

301: 695-698. 

.- 

seawater. Geochim. Cosmochim. Acta 48: 
2723-2738. 

Janecky. D.R. and Shanks, W.C., 
I l l  1988. Computational modeling of chemical 
and sulfur isotopic reaction processes in seafloor 
hydrothermal systems: Chimnevs. mounds, and 
subjacent alteration zones. Can. Mineral. 26: 

Veizer. J. Hinton. R. W., Clayton, R. N., and 
,Ltrman, A. 1987. Chemical diagenesis of 
carbonates in thin-sections; ion microprobe as a 
trace element tool. Chemical Geology 64: 225- 
237. 

805-825. 

nicroscopic d i s t r i b u t i o n  o f  trace elements.. . 
Janecky.. . 



LEGIBILITY NOTICE 

A major purpose of the Technical Infor- 
mation Center is to provide the broadest 
possible dissemination of information con- 
tained in DOE’S Research and Develop- 
ment Reports to business, industry, the 
academic community, and federal, state, 
and local governments. Non-DOE originated 
information is also disseminated by the 
Technical Information Center to support 
ongoing DOE programs. 

Although large portions of this report 
are not reproducible, it is being made avaii- 
able only in paper copy form to facilitate 
the availability of those parts of the docu- 
ment which are legible. Copies may be 
obtained from the National Technical Infor- 
mation Service. Authorized recipients may 
obtain a copy directly from the Department 
of Energy’s Technical Information Center. 


