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Background

A common ingredient in evaluation of virtually ali energy sources is some form of temperature

measurement. Assessment of both geothermal and liquid hydrocarbon resources requires an

understanding of the temperature history of the system over geological periods. The principal goal of this

project is to refine K-feldspar 4°Ar/39Ar thermochronometry into a reliable tool capable of assess'ng

upper-crustal thermal histories. This information is also important to questions in continental

geodynamics. The 4°Ar/39Ar method can furnish information about the internal distribution of

radiogenic 4°Ar while simultaneously providing argon diffusion parameters for that sample. Our working

hypothesis, the multi-diffusion domain model (MDD) has been highly successful in explaining a host of

effects seen in the laboratory as well as in thermochronometric applications in a variety of geological

terranes.

Two distinct sources of information are available from a 4°Ar/39Ar step-heating experiment: the

age spectrum and Arrhenius plot. Model ages are calculated from the flux of radiogenic argon (4°At*)

(assuming trapped argon of atmospheric composition) relative to the reactor produced 39At evolved

during discrete laboratory heating steps. With the additional assumption that the 39At is uniformly

distributed within the sample, we can infer the spatial distribution of the daughter product. The

associated Arrhenius plot, derived by plotting the diffusion coefficient (obtained from the inversion of the

39Ar release function assuming a single domain) against the inverse temperature of laboratory heating,

are a convolution of the parameters which characterize the individual diffusion domains (whether these

be dictated by varying length scale, energetics, etc.). However, many and perhaps most 4°Ar/39Ar age

spectra for slowly cooled alkali feldspars are significantly different from model age spectra calculated

assuming a single diffusion-domain size. In addition, Arrhenius plots calculated from the measured loss

of 39At during the step heating experiment show departures from linearity that are inconsistent with

diffusion from domains of equal size. By extending the single diffusion-domain closure model (Dodson-

type) to apply to minerals with a discrete distribution of domain sizes, we obtained an internally

consistent explanation for the commonly observed features of alkali feldspar age spectra and their

associated Arrhenius plots.

Summary of Results

Over the past three years we have shown that the cooling history is insensitive to choice of

number of domains, that complex, non-monatonic cooling histories can be accommodated by our theory,

that non-uniform 4°K distributions may lead to an artifact recognized in natural materials, and that

assumptions about diffusion geometry, and even details of the formulation of the jodel, do not affect
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thermalhistorycalculations. We havecharacterizedtheeffect of laboratoryheatingon thestructureand

argon diffusion properties of low-temperature K-feldspars. TEM, visible light, XRD, and kinetic

analyses of a representative basement K-feldspar (MH-10) heated at temperatures up to 1100°C shows

that no changes to the degree of Si/Al ordering, Or content, cell dimensions, macroperthite distribution,

sub-grain boundaries, or density of extended defects have occurredas a result of heating. A small change

to Ar diffusion coefficients over <5% of gas release appears to correlate with the loss of cryptoperthite

exsolution lamellae. In vacuo crushing experiments and step-heating of the products have led to

identification of a relationship that permits correction for the presence of an excess 4°Ar component. The

extensive investigations described above have failed to detect either effects resulting from laboratory

heating or the presence of trapped argon components that might complicate the thermal reconstructions.

In previous related measurements, we have found heating:induced argon isotopic variations in samples

from the San Joaquin, Rio Grande, North Sea, and Appalachian basins, and the Valles, Salton Sea, and

Long Valley geothermal fields. Recently we have used this approach to assess when motion terminated

on the Red River fault zone, a structurepostulated to have accommodated a significant fraction of Indo-

Asian convergence over the past 50 Ma. The internal consistency and agreement with independently

derived thermal histories found when applying the MDD theory to geological problems (Richter et al.,

1991; Harrison et al., 1992; Leloup et al., 1993) gives us further confidence in the durability of the

model.

As mentioned above, neither the specific adopted geometry nor the maximum number of

domains used are important in determination of a cooling history provided that a satisfactory fit to the

Arrhenius and log (r/ro)plot is obtained and consistency is maintained when modeling the age spectrum

data CLoveraet (_,.,1991). This is not to say that any choice of diffusion geometry is a true representation

of the natural case. For example, it apl_',arsthat even the solution with the simplest topology (i.e., plane

slab) imposes unwarranted geometric assumptions on the results. However, the only potential

repercussion of this non-uniqueness is to estimates of relative domain sizes. Harrison et al. (1991)

showed that small differences in activation energy (E) between domains could be found in K-feldspar and

this could displace the calculated thermal history by as much as 30°C. The existence of even small

differences in E has profound implications to age spectrum interpretation. However, thermal cycling

experiments are capable of producing sufficient data to resolve the E of each domain within 2 kcal/mol

(or6°C in the thermal history) allowing the model to be generalized to domains with different activation

energies.

Fitz Gerald and Harrison (1993) made optical and TEM observations of both 'virgin' and heat-

treated samples (750 to 1100°C) of MH-10 K-feldspar: this sample was used extensively in the course of

developing the MDD theory (Lovera et al., 1989,1991,1993; Harrison et al., 1991). Their premise was

that the diffusion domains we appear to recognize using 39At should relate to structures observed using

other probes, such as visible light and electrons. When examined by optical microscopy, XRD and TEM
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methods, a variety of features have been identified in alkali feldspars (e.g., twin boundaries, dislocation

subgrainsor tangles, stepped twins, exsolution lamellae of varying widths with coherent and noncoherent

boundaries, micropores) that could be possible candidates for argon permeable boundaries. Fitz Gerald

and Harrison (1993) found three classes of substructure in MH-10 (this K-feldspar does not possess

networks of dislocations that might define a subgrain structure), but only the third was affected by

laboratory heating: (1) Although cross hatched extinction is common, TEM reveals almost no

albite/pericline twinning but tweed microstructureis ubiquitous; (2) Turbid zones containing micropores,

apparently healed cracks with a characteristic separationdistance of 50 to 100 l_n, make up 5 % of the

mineral; (3) TEM shows albitic exsolution lamellae (0.01 x 0.2-1 l.tm,separatedby 0.1 to 0.5 pan) occur

in about 20% of K-feldspar that are removed by a one hour heating at 7500C. The largest domain size

identified through size reduction experiments is approximately 50 to 100 lain and corresponds to the

blocks of K-feldspar defined by the networkof fractured/turbid zones. The smallest domain size inferred

from diffusion analysis is -4).1 I.un(Harrisonet al., 1991) which is similar to the separation observed

between albite exsolution lamellae. Measurements on splits of MH-10 heated in the same fashion as

those examined by TEM indicate that the argon diffusion behavior is essentially unchanged by laboratory

heating. Together these results indicate that no changes to the degree of Si/Al ordering, Or content, cell

dimensions, macroperthite distribution, sub-grain boundaries, or density of extended defects have

occurred as a result of laboratory heating to 950-1100"C.

We have recently discovered that isothermal duplicate heating steps provides a basis with which

to identify and correct for Cl-correlated components of excess argon (ARE),apparently hosted by fluid

inclusions. This relationship provides the basis for correction of excess argon commonly observed in the

initial stages of step-heating. In vacuo crushing experiments reveal that, unlike hypersolvus or authigenic

K-feldspars, <0.1% of the potassium in MH-10 is hosted by non-volume features such as fluid inclusions.

Crushing appears to produce an artifact that seriously affects the step-heating age spectrum but does shed

light on possible complexities in the internal distributions of 4°Ar and 39At. We find no evidence of a K-

correlated component of ArE. Any adverse consequences arising from these effects on interpreting the

40Ar/39Ar results in terms of thermochronometric models are exceedingly small.

We have investigated K-feldspars recovered from the bottom of the VC-2B drill hole, Valles

Caldera, north-central New Mexico. The samples are from Proterozoic gneiss intersected at a depth and

temperature of 1.762 km and 295°C, respectively. The 4°Ar/39Ar results indicate substantial recent 4°Ar

loss and constrain the heating duration at peak temperature to be approximately 105 years. This is

consistent with our previous study of samples from the Fenton Hill Hot-Dry-Rock wells on the western

flank of the Valles Caldera (Harrison et al., 1986) where we found a similar duration of heating. We

completed a high resolution chronology of the caldera-forming (Spell et al., 1990) and post-caldera (Spell

and Harrison, 1993) eruptions and conclude that the thermal event affecting these rocks is related to the

parent of the Banco Bonito flow.
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The process of testing the MDD model on both theoretical and experimental fronts is by no

means complete and extensions and improvements could be realized in the near future. Goals in the

upcoming renew_ period are; 1) to investigate the siting of Cl-correlated excess radi3genic argon and

refine methods for its correction, 2) to utilize neon isotopes and various imaging techniques to explore the

influence of exsolution structures in alkali feldspars on diffusion behavior, and 3) and to continue studies

relating feldspar microstructures to argon retentivity.
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