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INTRODUCTION

The main objectives of this contract were twofold. The first was to
develop and set up a fission track annealing/dating laboratory in the
Department of Geological Sciences at Southern Methodist University, and to
apply the results of data obtained in this 1laboratory to a variety of
geological problems associated with geothermal systems (both regional and
local) and to a lesser extent sedimentary basins. A second objective was to
develop a model for the thermal effects of lateral fluid flow in geothermal
systems and to combine the results from the fission track studies with the
results from the analytical model, The combined results could be used to
constrain the flow conditions using both measured temperature data and
annealing data from apatite and zircon.

A total of seven publications have resulted from work supported
completely or predominantly by this contract. Four of these papers have been
published and three are in press at the present time., The titles are listed
in Table 1. 1In addition, five talks were given at meetings for which abstract
volumes were published and several additional talks were given at meetings for
which no abstracts were published. Finally, contract funds were used to
support all or part of the research for five M.S. or Ph.D. theses. All of the
publications, abstracts, theses, and disserﬁations which have resulted from
this contract are shown in Table 1. Included as part of this final report are
coples of three published papers and one in press paper which document a major
part of the research associated with this contract. As the results of the
contract have been covered extensively in the 1literature only the briefest
summary is given in this part of the report.

1




Table 1. Research publications from contract.

PUBLICATIONS
Blackwell, D.D., A transient model of the geothermal system of the Long Valley
caldera, California, pp. 659-707, Proceedings of Workshop XIX, Active Tectonic

and Magmatic Processes Beneath Long Valley Caldera, Eastern California, U.S.

Geol. Surv. Open File Report 84-939, 1984,

Blackwell, D.D., a transient model of the geothermal system of the Long Valley
Caldera, -California, J. Geophys. Res., 90, 11229-11241, 1985.

Harrison, T.M., P. Morgan, and D.D. Blackwell Constraints on the age of heating
at the Fenton Hill site, Valles" Caldera, New Mexico, accepted for publication,
J. Geophys. Res., 1985,

Kelley, S.A., and D.D. Blackwell Fission-track geochronology of the Meager Creek
geothermal system, British Columbia, Geothermal Resources Council Trans., §,
129-132, 1984,

Kelley, '‘S.A., and I.J. Duncan, Tectonic history of Northern Rio Grande Rift
derived from apatite fission track geochronology, pp. 67-73, New Mexico
Geological Soclety Guidebook, 35th Field Conf., Rio Grande Rift: Northern New

Mexico, 1984. »

Kelley, S.A., and I.J. Duncan, Late Cretaceous to Middle Tertiary Tectonic history
of the northern Rio Grande Rift, Jour. Geophys. Res., in press, 1985.

Ziagos, J.P., and D.D. Blackwell, A model for the ‘transient temperature effects on
horizontal fluid flow in geothermal systems, J. Vol. and Geoth. Res., in
press, 1985. ’

o | ABSTRACTS

Blackwell, D.D., S.A. Kelley, and M. Reese, Fission track evidence on the late

Cenozoic deformation of the Ruby Mountains Nevada, Geol. Soc. Amer. Abs. with
Programs, L4i46, 1984,

Blackwell, D.D., M Reese, and S. A. Kelley, Evolution of Basin and Range structure

in the Ruby Mountains and vieinity, Nevada, (abstract) in Papers presented to

the Conference on Heat and Detachment in Crustal Extension on Continents and

Planets, Lunar and Planetary Institute, in press, 1985.

Kelley, S.A., I.J. Duncan, and D.D. Blackwell, History of uplift of the Rio Grande
Rift, Trans. Am. Geophys. Union, 63, 1117, 1982.

Kelley, S.A., I.J. Duncan, and D.D., Blackwell, Use of fission-track annealing
systematics in constraining the thermal evolution of sedimentary basins,
A.A.P.G. Bull., 67, 494, 1983.

Kelley, S.A., I.d. Duncan, and D.D. Blackwell, Use of fisslon track data as con-
straints on the tectonic evolution of the Rio Grande Rift, Geol. Soc. Amer.

Abs. with Prog., 15, 320, 1983.

THESES AND DISSERTATIONS

Becker, D.J., Modeling of the hydrothermal system, Mineral Mountains vicinity,
Utah, M.S. Thesis, Southern Methodist University, Dallas, TX 137pp, 1985.

Bussey, S.D., Primary dispersion of Rb, Sr, and Ba around the Middle Mountain
Molybdenum prospect, Chaffee County, M.S. Thesis, Southern Methodist
University, Dallas, TX, 80pp, 1982. o :

Kelley, S.A., Fission-track annealing systematics in apatite with geological
applications, Ph.D. Dissertation, Southern Methodist University, Dallas, TX,
210pp, 1984, '

Sweetkind, D.S., Thermal histories of the Nelson batholith, southern British
Columbia and the Idaho batholith, Idaho, M.S. Thesis, in preperation, Southern
Methodist University, Dallas, Texas, 1985. = -

Ziagos, J.D., Theoretical and empirical terrestrial heat flow studies, Ph.D.
Dissertation, Southern Methodist University, Dallas, TX, 1H2pp, 1983. :
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RESEARCH SUMMARY

Fission Track Studies A fission track laboratory has been set up and is

in operation at Southern Methodist University; Several hundred détes have
been obtained on apatite and zircon grains (and a few sphenes) from various
geologic settinng As part of a separately funded but associated study,
extensive annealing measurements have been carried out on apatite in order to
better understand the systematics of annealing in geologic situations (Kelley,
1984; Kelley and Duncan, 1985b).

One of the initial objectives of the contract was to specifically apply
some of the apatite results to the northwest United States, particularly the
Cascade Range, however, rocks from the Cascade Range (in Oregon at least) have
proved in general to have extremely small amounts of apatite and not be
satisfactory for these kinds of studies. Separations were attempted fdr a
deep hole near Mt. Hood and for surface samples in the Cascades. Samples were
collected and apatites and zircons seperated from granites in a geothermal
system in the Northern Cascade Range, i.e. the Meager Mountain geothermal
system frpm southern British Columbia. Zircons and apatites were studied from
this geothermal system in order to evaluatev the thermal history. These
results were discussed by Kelley and Blackwell (1984; see Appendix B). 1In
addition, a few samples were studied from the geothermal system in Lakeview,
Oregon in the Basin and Range province of south central Oregon. The results
of this study .are being prepared for publication.

Because of the lack of apatites in volcanic rocks in the Cascade Range, -
major emphasis was directed towards the tectonic history of the Rio Grande
Rift, a major regional geothermal feature in New Mexico and the evolution of
Basin and Range structure, specifically the Ruby Mo;ntains of central Nevada.

Both of these areas are active rift zones and represent dynamic areas of
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crustal deformation, volcanism, and fluid circulation. Apatite and zircon
results have been used to constrain the thermal and uplift history of the Rio
Grande rift (Kelley and Duncan, 1984, 1985a, Appendix C). Apatite and zircon
studies have been very useful in illuminating the recent tectonic history of
the Ruby Mountain structural block of the Basin and Range province in Nevada,
Blackwell et al. (1984, 1985).

A final application of the fission track annealing results was to
sedimentary rocks. Samples were obtained from wells in the Piceance Basin in
Colorado. Three holes have been drilled there (MWX-1,2,3) under DOE contract
to Sandia National Laboratories in order to study tight gas sands in the Mesa
Verde formation. These holes have served as test sites for the evaluation and
development of many different types of techniques and therefore represent an
excellent place to study the apatite annealing teehnique;

Apatite fission-track ages were determined for 14 core samples of
Mesaverde sandstone from the MWX-1 drill hole and for 3 core éamples from the
MWX-2 drill hole. Zircon fission-track dates were obtained for 3 cores from
MWX-1 and for 1 core from MWX-2. In addition the fission-track length
distributions in apatite samples were measured utilizing the methods of Lal et
al. (1968). The track length measurement bias was removed using the relations
outlines by Laslett et al. (1982). |

The apatite fission-track ages are plotted as a function of depth in
Figure 1. A regression line through all the data except the 24.3 Ma age at
4306 £t (1312.5 m) yields an apparent cooling rate of 177 m/Ma. These ages
seem to record the cooling of the Mesaverde section during the erosion of the
Colorado River, beginning approximately 9 Ma ago. The épparent cooling rate
derived from the fission-track ages is comparable to the erosion rate of 167

m/Ma determined from the amount of erosion that has occurred since the
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Figure d“ Plot of apatite fission-track age versus depth. The circles

represent samples from MWX-1, and the triangles are samples from MWX-2.
The arror bars represent two standard deviations.
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emplacement of the 9 Ma old basalt flow that caps the on either side of the
Colorado River valley near the drill holes (Bostic, 1983).

The track length distributions measured in 4 of the apatite samples from
the MWX drill holes are shown in Figure 2, The 4306 ft (1312.5 m) sample has
a bimodal distribution, which is characteristic of a sample that has been
partially reset by a heating event that took place after the apatite was
deposited in the sandstones of the Mesaverde Formation. The remaining samples
have unimodal distributions, which are indicative of a slow cooling history
(Gleadow et al., 1983).

The zircon fission-track ages from the MWX drill holes range in age from
77.0 to 132.7 Ma, and show no systematic trend with depth. These ages are
average ages for each sample; the zircons are from different source areas,
which leads to widely scattered ages; The zircon ages reflect the cooling
ages of the source areas, and have apparently not been affected by heating
subsequent to their deposition in the Mesaverde Formation.

The apatite fission-track ages from the MWX drill holes record the
cooling of the Mesaverde section during the downcutting of the Colorado
River, Approximately 9 Ma ago, the sampled section was buried under an
additional 1500 ﬁ of sediments, and was aﬁ temperatures that were high enough
to completely reset the fission tracks in apatite (around 130-150 C; see
Hammerschmidt et al., 1984), The section at about 1300 m (present-day depth)
was slightly cooler, because at about 1300 m (present-day depth) was slightly
cooler, because the 4306 ft (1312.5 m) sample was not completely reset during
burial, but was in the zone of partial stability for apatite; The sampled
interval was never at temperatures of 200+25 C for a long enough period of
time to affect the zircon fission-track ages; These obhservations are con-

sistant with the results from the vitrinite reflectance study (Bostick, 1983).
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Figure 2. Fission track length distributions for apatite from core samples at
4306 ft (1312.5 m), 4933 ft (1503.6 m) 6251 ft (1905.3 m), and 8115 ft
(2473.5 m). The solid lines represent the actual measurements; the dashed
lines represent the theoretical histograms corrected for track length

bias.
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Fluid Flow in Geothermal Systems A final part of this contract was to study

fluid flow in geothermal systems. Initially it was planned to combine the
apatite dating with the fluid flow models to better constrain the temporal
behavior of geothermal systems. This objective was accomplished. However,
from matching temperature-depth curves; it appears that the ages of fluid flow
indicated by overturned temberature—depth curves are on a different timescale
than the apatite dating gives; This result is useful because the combination
of the two approaches allows insights into different timescales of behavior in
geothermal systems.  Generally overturned temperature-depth curves give ages
on the order of tens of thousands of years, whereas the apatite results are
more useful for dating changes on a scale of hundreds of thousands to millions
of years.

One of the surprising results from the application of the flow model
developed by Ziagos and Blackwell (1985) to two geothermal systems is the
rapidity with which thermal conditions change. An outstanding case 1s the
Long Valley caldera in California. The results are documented in the appended
paper. Consideration of the flow model indicates profound changes in the flow
system in the long Valley caldera over._ the past few hundred years, perhaps in
conjunction with emplacement of intrusive rocks and extrusive rocks along the
western margin of the caldera associated with the Inyo Domes/Mono Craters
chain of volcanism. Transient overflow conditions have also been noted for
the Valles caldera (Harrison et al;, 1985). These results represent important
demonstrations of the timescale of temperature changes in geothermal systems

are powerful tools to use in the exploration of such systems;




REFERENCES CITED

Blackwell, D.D., A transient model of the geothermal system of the Long Valley
caldera, California, pp. 659-707, Proceedings of Workshop XIX, Active
Tectonic and Magmatic Processes Beneath Long Valley Caldera, Eastern
California, U. .S. Geol. Surv. Open File Report 84-939, 1984,

Blackwell, D.D., a transient model of the geothermal system of the Long Valley
caldera, California, J. Geophys. Res., 90, 11229-11241, 1985.

Bostick, N.H., Vitrinite reflectance and temperature gradient models applied
at a site in Piceance Basin, Colorado, AAPG Bull., 67, 427, 11983.

Gleadow, A.J.W., I.R. Duddy, and J.F. Lovering, Fission track analysis: A new
tool for "the evaluation of thermal histories and hydrocarbon potential,
Australian Pet. Explor. J., 23, 93-102, 1983.

Hammerschmidt K., G.A. Wagner, “and M. ‘Wagner, Radiometric dating of research
- drill core Urach III: A contribution to its geothermal history, J.
Geophys., 54, 97- 105, 1984,

Harrison, T. M., P. Morgan, and D. D. Blackwell, Constraints on the age of
heating at the Fenton Hill site, Valles Caldera, New Mexico, accepted for
publication J, Geophys. Res., 1985.

Lal, D., A.V. Muralli, R.S. Rajan, A.S. Tamnane, J.C. Lorin, and P. Pellas,
Techniques for proper revelation and viewing of etch-tracks in meteoric
and terrestrial minerals, Earth Planet. Sci. Lett., 5, 111-119, 1968.

Laslett, G.M., W.S. Kendall, A.J.W. Gleadow, and I.R. ‘Duddy,’ Bias 1in
measurement of fission-track length distributions, Nuclear Tracks, Q, 79~
85, 1982,

Kelley, S.A., Fission-track annealing systematics in apatite with geological
applieations, Ph.D. Dissertation, Southern Methodist University, Dallas,
Texas, 210pp, 1984. ;

Kelley, S.A., and D.D. Blackwell, Fission-track geochronology of the Meager
Creek geothermal system, British Columbia, Geothermal Resources Council
Trans., 8, 129-132, 1984, -

Kelley, S. A., and I.J. Duncan, Tectonic history of Northern Rio Grande Rift
derived from apatite fission track geochronology, pp. 67-73, New Mexico
Geological Society Guidebook, 35th Field Conf., Rio Grande Rift: Northern
New Mexico, 1984.

Kelley, S.A., and I.J. Duncan, Late Cretaceous to Middle Tertiary Tectonic
history of the northern Rio Grande Rift, Jour. Geophys. Res., in press,
1985a. ‘

Kelley, S.A., and I.J. Duncan, Emperical functions for annealing of fission
tracks in apatite: a re-evaluation, submitted to Nuclear Tracks, 1985b.
Ziagos, J.P., and D.D. Blackwell, A model for the transient temperature
effects on horizontal fluid flow in geothermal systems, J. Vol. and Geoth

Res., in press, 1985




w o
3~ .w "1 | Y T Y
ol
. Ly
o g—
©
2
o -
D un
Y ¢)) =~ .
< ° ¢
X
o
A Q
~ oF -
=
Q
.
L wnl
L = 7
Q
-
L
©
< - L P
| ® oo q
00 L 4
5' -
i M
N I I I 1 1 ]
o o o = (= ©
o (o] O o o (= mw
o o o o =) o] o
™ ct n. ) I~ «Q o
() wdeg
Figure dh Plot of apatite fission-track age versus depth. The circles

represent samples from MWX-1, and the triangles are samples from MWX-2.
The arror bars represent two standard deviations.

5




-emplacement of the 9 Ma 0ld basalt flow that caps the on eifher siderof the
~ Colorado River valley near the drill holes (Boétlc, 1983).

The track length distributions measured in 4 of the épatite samples from
the MWX drill holes are shown in Figure 2. The E306 ft (1312.5 m)vsample has
a bimodal distribution,»which is characteristic of a sample that has been
partl#lly,rését by a heatihg e§en£ that took placé éfter the apatité was
depositedvin the sahdstones of the Mesaverde Formation. The remaining samples
have unimodal distributions, which are indicative of a Slow cooling history
(Gleadow et al., 1983).

The zircon fission-track ages from the MWX drill holes range in age from
77.0 to 132,7 Ma, and show no systematic trend with depth. These ages are
avérage ages for each sample; the zircons are from different source areas,
which leads to widely scattered ages. The zircon ages reflect the cooling
ages of the source areas, and have apparently not been affected by heating
subsequent to their deposition in the Mesaverde Formation.

The apatite fission-track ages from the MWX drill holes record the
. ecooling of the Mesavgrde section during the downcutting of the Colorado
River. Approximately 9 Ma ago, the sampled section was buried under an
additional 1500 m of sediments, and was at temperatures that were high enough
to;completely reset the fission tracks in apatite (around 130-150 C; see
Haﬁmerschmidt et al., 1984). The section at about 1300 m (present-day depth)
Qas‘slightly cooler, because at about 1300 m (present-day depth) was slightly
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Fluid Flow in Geothermal Systems A final part of this contract was to study

fluid-flowvin geothermal systems. ~Initially it was planned to combine tﬁe'-
apatite dating with the fluid flow models to better constrain the temporal
behavior of geothermal systems. Thié objective was accomplished;v HowéQer.
from matching temperature-depth curves;»it appears that the ages of riuid flow
lndicatéd by overturned teﬁperature-depth curves are on a differenﬁltimeScaléa
than thé abatite'dating gives. This result is useful because the combinationl
of the two approaches allows insighté into different timescales of behavior in
geothermal systems. Generally overturned temperature-depth curves give ages
on the order of tens of thousands of years, whereas the apatite results are
more useful for dating changes on a scale of hundreds of thousands to millions
of years, |

One of the surprising results from the application of the flow m&del
developed by Ziagos and Blackwell (1985) to two geothermal systems is the
rapidity with which thermal conditions change. An outstanding case is the
Long ﬁalley caldera in California. The results are documented in the appended
paper. Consideration of the flow model indicates profound changes in the flow
system in the long Valley caldera over the past few hundred years, perhaps in

conjunction with emplacement of intrusive rocks and extrusive rocks along the -

western margin of the caldera associated with the Inyo Domes/Mono Craters

chain of volcanism. Transient overflow conditions have also been noted for
the Valles caldera (Harrison et al., 1985). These results represent important
demonstrations of the timescale of temperature changes in geothermal systems

are powerful tools to use in the exploration of such systems.
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