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Accuracy versus precision in locating reaction boundaries:
Implications for the garnet-plagioclase-aluminum silicate-quartz geobarometer
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ABSTRACT

Determination of the P-T location of a reaction boundary is a fundamental prerequisite
to geologic thermobarometry and experimental petrology. Too often, experimentalists make
no distinction between how well a given data set fits a linear model (precision) and how
well the same data set estimates the actual P-T location of a reaction boundary (accuracy).
The two are distinct features of a calibration, often of very different magnitudes, with
accuracy limits generally much larger than precision limits. Precision limits are minimized
by highly precise bracketing experiments; accuracy limits are minimized by large numbers
of bracketing experiments. The differences between and magnitudes of these uncertainties
are demonstrated by consideration of the anorthite-breakdown reaction. Using data from
five precise experimental studies, we derive the position of the reaction boundary for
anorthite breakdown as P (in MPa) = (2.20 = 0.15)T (in K) — [6.2 (% 3.0) x 10?], where
accuracy limits are at the 95% confidence level.

INTRODUCTION

The purpose of this note is to emphasize the sources
and magnitudes of uncertainties in locating reaction
boundaries. This has been a popular topic with the two
of us, and we stress that our intention is not to promul-
gate the results of earlier papers, but instead to clearly
define the different types of uncertainties inherent in ex-
perimental work. First, we discuss qualitatively these un-
certainties and their meanings. We then briefly outline
strategies for increasing both the precision and the accu-
racy of thermobarometry. We conclude that the prognosis
for developing high-quality thermobarometers is very
good, although a great deal of additional experimental
work remains to be done.

THE CALCULATION AND SIGNIFICANCE OF
UNCERTAINTIES

Methods for calculating uncertainties in a linear model
of experimental data include some that appear (incor-
rectly we would say) computationally obese (e.g., Hodges
and McKenna, 1987) and some (e.g., Demarest and Has-
elton, 1981) that are elegantly simple. The uncertainties
calculated by these two methods are generally numeri-
cally different, with the uncertainty calculated by the
method described by Hodges and McKenna (1987) much
greater than that calculated by the method described by
Demarest and Haselton (1981). This apparent discrep-
ancy is resolved by the subtle fact that the two methods
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are measuring different uncertainties: the Demarest and
Haselton method estimates the precision of a calibration,
whereas the Hodges and McKenna method estimates the
accuracy of a calibration. These are distinct, but compli-
mentary, quantities.

Simply put, precision is a measure of the reproducibil-
ity of observations of a sample thought to be represen-
tative of a population. Accuracy is a measure of how well
the sample represents the population. In order to visu-
alize the difference between accuracy and precision, con-
sider the plight of fans of the Baltimore Orioles who at-
tended every home game in April of 1988. Were these
individuals to draw a conclusion about the behavior of
the population (all Major League baseball teams) from a
small sample with unknown systematic errors (the Ori-
oles, with a home record of zero wins and eight losses),
they might conclude that no team can win a game at
home. Given the circumstances, their assessment of the
situation would be precisely correct. Only observations
of different samples (e.g., the Pittsburgh Pirates, with eight
wins and one loss at home) would convince our friends
that their ballpark estimate of the population behavior
was inaccurate.

Figure la briefly demonstrates the method of uncer-
tainty estimation derived by Demarest and Haselton
(1981). The approach is insightful and direct, but con-
structs only a probability distribution (Fig. 1a, part D) of
the location of the reaction boundary between two brack-
eting points. As Demarest and Haselton (1981) noted in
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their conclusions, this technique does not provide the
answer to the problem of “locating the phase boundary
curve in P, T space.” The bracketing uncertainties derived
by the Demarest and Haselton method could be used to
determine a set of ““permissible” reaction boundaries, but
this approach would require the implicit assumption that
the bracketing data are accurate. In order to be statistically
rigorous about the actual location of a reaction boundary,
we must explore the likelihood that the data are accurate,
not simply assume that they are. This does not mean that
the Demarest and Haselton method is not useful, but
merely indicates a limitation, recognized by its authors,
in its applicability.

In contrast, the method developed by Hodges and
McKenna (1987), briefly described in Figure 1b, places
limits on the accuracy of a calibration. This procedure
determines, for a given data set, the range of P-T condi-
tions that include, at some selected confidence level, the
actual reaction-boundary position. This uncertainty is al-
ways greater than that calculated by the Demarest and
Haselton method because even a precise calibration may
not locate the reaction boundary in an absolute sense. If
we are interested in knowing the accuracies of thermo-
dynamic quantities derived from experimental data (e.g.,
the entropy and enthalpy of a reaction), then we must use
a method, such as the one by Hodges and McKenna, that
explicitly accounts for potential inaccuracies (e.g., Sys-
tematic error) in the data. The inaccuracies of derived
thermodynamic quantities are directly proportional to the
error in the regression (the residuals of the data), the slope
uncertainty (a function of the precision and collinearity
of the data), and inversely proportional to the T range of
the data. In the case that the data are perfectly collinear
(the residuals are zero), these uncertainties are still sub-
stantially greater than zero for a finite-numbered data set.

DECREASING THE UNCERTAINTIES OF
THERMOBAROMETRIC ESTIMATES

With these insights in mind, we now consider methods
and strategies for increasing both the precision and the
accuracy of reaction calibrations. Koziol and Newton
(1988) recently published a set of nine experimental
brackets for the anorthite-breakdown reaction,

Ca,ALSi;,0,, + 2A1,Si0; + SiO, = 3CaALS,O;, (R1)

and used the Demarest and Haselton method for deter-
mining limits for each experimental bracket. The brack-
eting data and the Demarest-Haselton-based uncertain-
ties were then used to obtain AH and AS of the reaction
and an estimate of the uncertainties in these quantities.
Table 1 includes Koziol and Newton’s results as well as
the equivalent Hodges-McKenna~based values and un-
certainties for the same data. Although the two treat-
ments yield similar AH and AS (both methods use similar
techniques to determine the “best-fit”” model), the meth-
od used by Koziol and Newton seriously underestimates
the full uncertainty in these quantities. The magnitude of
the uncertainties based on the Hodges and McKenna
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Fig. 1a. Schematic illustration of the method developed by
Demarest and Haselton (1981) for estimating the probability
distribution of the location of a reaction boundary between two
experimental brackets. (A) Data points: filled points represent
the assemblage stable to the left of the reaction boundary, un-
filled points the assemblage stable to the right of the reaction
boundary. The two experiments that most closely bracket the
reaction are separated by the distance 24. (B) The uncertainty in
the location of each point is assumed to be normally distributed,
with a standard deviation shown by the arrowed lines. (C) The
probability that the reaction boundary lies to the right (filled
points) or left (unfilled) of a given position is the integral of the
point’s probability distribution. (D) The probability distribution
of the location of the phase boundary is the product of each
point’s probability distribution. Redrawn from Demarest and
Haselton (1981).
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Fig. 1b. Schematic illustration of the method developed by
Hodges and McKenna (1987) for determining the location and
uncertainty of a reaction bracket. Bracket points have normally
distributed uncertainties, with a mean equal to the midpoint of
the experimentally determined bracket, and standard deviation
determined by the distance between the experimental brackets.
The slope uncertainty is determined by a least-squares, two-error
regression after York (1969). The 95% confidence limits are de-
termined by terms proportional to the slope uncertainty, the P-T
spread of the data, and the number of points. The confidence
limits are defined as the lines that have a 95% probability of
including the actual reaction boundary.

method reflects the simple fact that nine points, although
they may precisely define a straight line, may not accu-
rately define the correct straight line.

Figure 2a illustrates the brackets and both their De-
marest-Haselton and Hodges-McKenna uncertainties. The
accuracy limits for these data are approximately twice the
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TaBLE 1. Derived thermodynamic constants
Methodt AH 20,41t AS 204
Data set of Koziol and Newton (1988)
DH 4.85 x 10* +2 x 10¢ 151 +14
-1 x 10¢ -7
HM 4.90 x 10¢ 3.1 x 104 150 16

20, = (1.57 x 107[(3.94 x 10%) + (1.55 x 10T — 1300)3*
Data set from five studies*

HM 4.1 x 10¢ 2.0 x 10¢ 146 10

20, = (1.36 x 1079[(1.13 x 10%) + (5.34 x 10%)(T — 1443p]"

Note: AH and AS are in units of J/mol and J/(mol-K), respectively.

+ DH: modified Demarest and Haselton (1981) method. Uncertainties
calculated from data presented in Koziol and Newton (1988). HM: method
described by Hodges and McKenna (1987).

1t Calculated at T = 0 K. Expressions for ¢, give the uncertainty as a
function of temperature; see Hodges and McKenna (1987) for details on
calculation.

* Data from Koziot and Newton (1988), Goldsmith (1980), Gasparik (1984),
Hariya and Kennedy (1968), and Hays (1966).

width of the bracketing uncertainties themselves, repre-
senting the difference between the precision and accuracy
of the brackets. Although the Koziol and Newton (1988)
data consist of nine high-precision brackets, the accuracy
limits for these data alone are similar in magnitude to
those derived by Hodges and McKenna (1987) from a
data set of fourteen brackets from three previous high-
quality studies of this same reaction (Hays, 1966; Hariya
and Kennedy, 1968; Goldsmith, 1980). The similarity
reflects the strength of numbers—many good experiments
are as accurate, although perhaps not as precise, as a few
very good experiments.

A more accurate estimate for the location of the R1
reaction boundary can be made by combining the data
from five published studies, yielding a total of 27 brackets
for the reaction. The regression results for these data are
listed in Table 1 and displayed in Figure 2b. The accuracy
uncertainties for these data are approximately 60% of
those for either the Koziol and Newton (1988) or three-
study (Hodges and McKenna, 1987) data sets alone, re-
flecting the quality, P-T range, and the number of the
data. In fact, the resultant uncertainty envelope is roughly
tangential to the bracketing uncertainties themselves,
suggesting that further improvements in the accuracy of
this calibration are virtually limited by the precision of
the data. This theoretical minimum in the accuracy un-
certainties is intuitive: given an infinite number of points
of infinite P-T range, the uncertainty in the position of a
boundary is equal to the imprecision of the bracketing
experiments, as would be expected from the work of De-
marest and Haselton (1981). Further increases in the ac-
curacy of the R1 calibration are also limited by small
systematic errors in the data: Figure 2b shows that the
brackets determined by Hariya and Kennedy (1968) are
consistently higher than the best-fit reaction curve,
whereas those of Goldsmith (1980) are consistently low-
er.
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Fig. 2. The location of the anorthite-breakdown reaction (see
Eq. R1). (a) The data of Koziol and Newton (1988), with un-
certainty limits determined by Koziol and Newton (1988) (mod-
ified Demarest and Haselton method, dashed lines) and by the
method described by Hodges and McKenna (1987) (solid lines,
95% confidence level). The best-estimate position is shown by
the heavy, central, solid line. In effect, the dashed lines give
precision limits, whereas the solid lines give accuracy limits, for
the data. (b) The location of the anorthite-breakdown reaction
determined by 27 brackets from five different studies. Solid curves
give 95% confidence limits derived by the Hodges and McKenna
method, whereas dashed lines give approximate Demarest and
Haselton uncertainties. Note that the accuracy limits at the 95%
confidence level for this combined data set are 60% of those of
the Koziol and Newton (1988) data set alone (even though the
Koziol and Newton experiments were of high precision), illus-
trating the importance of large numbers of data in accurately
locating the position of the reaction boundary. The uncertainty
in Fig. 2b is limited by both the systematic scatter between the
results of different studies and the imprecision of the brackets.
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For use in thermobarometry, the 27-point data set gives
paleopressures from the relationship

P=(2.20 £ 0.15)T — [6.2 (= 3.0) x 107, (1)

where P is in megapascals and 7 is in kelvins and where
the uncertainties are at the 95% confidence level. These
inaccuracies propagate into paleopressure uncertainties of
+2.5 x 108 Pa (2.5 kbar). Although the precision of an
individual study might give an apparently smaller uncer-
tainty (e.g., Koziol and Newton (1988): £0.6 x 10% Pa),
accuracy is the important parameter in absolute ther-
mobarometry. Although a potential inaccuracy of +2.5
x 108 Pa in an estimated paleopressure may seem large,
we stress that the addition of the new Koziol and Newton
(1988) data to the pre-existing data set improved the ac-
curacy of this geobarometer to the point that it is now
likely to be the best-calibrated thermobarometric reac-
tion available.

DiSCUSSION AND CONCLUSIONS

Accurate calibration of the positions of reaction
boundaries require many experiments, preferably done in
different laboratories, on different presses and over a wide
range of P-T conditions. In most cases, ‘“many experi-
ments” may be as high as twenty or thirty brackets. For
the anorthite-breakdown reaction, usually described by
its investigators as an ‘“important” reaction, the present
excellent calibration required at least six separate studies
and 22 years of effort.

Additional work is necessary to derive a more general
method to accurately locate the position of curved reac-
tion boundaries in P-T space. Chayes (1968) addressed
this problem, but his technique is not amenable to ana-
lytical error analysis, and some features of his model sug-
gest that it is not rigorously correct (Demarest and Has-
elton, 1981). Although many reaction boundaries that are
curved in P-T space can be linearized by a coordinate
transformation (Chayes, 1968), the general solution to
this problem is not in hand.

We stress that statistical sound and fury do not mitigate
the fact that not all experimental studies are of equivalent
quality. Uncritical acceptance of all experimental data
pertinent to the position of a reaction boundary, regard-
less of internal inconsistencies in the cumulative data set,
can lead to incorrect determinations of thermodynamic
constants or overly pessimistic accuracy estimates. As H.
T. Haselton, Jr., reminded us in his review of an earlier
version of this paper, “error analysis must be accom-
panied by a reasonable amount of insight and intelli-
gence.” The results of suspect experimental studies should
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be disregarded in a statistical analysis of the position of
a reaction boundary if we can objectively justify our sus-
picions. For example, we have ignored the results of one
experimental determination of the anorthite-breakdown
reaction (Schmid et al., 1978) in this paper because we
feel that the study incorrectly assumed no excess volume
of mixing in the garnet solid solution.

Finally, we feel that arguments such as “the reaction
has been calibrated already” are not sufficient reasons to
avoid repeating experiments. The operative questions
must be “How well should we know this reaction?”” and
“How many brackets will that require?”
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