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straints on the shapes of calculated tread
surfaces are the torg/ control upon which
degrees (or orders) are, ot are not, significant
at the stated [evel of confidence. The model
and calculations in this idealized case prove
that specific trend degrees may fail of statis-
tical significance merely because the terms
added (over the preceding lower degree sur-
face) do little or nothing to change the
mathematical shape of the surface in order
to hetter accommodarte the data,

It is interesting to note (Table 2, third
column) that the significant second degree
provides less than 30 percent “explanation’
and even the eighth degree accounts for only
83 percent of the variance. Examination of
cross secrions of the statistically significant
orders (Fig. 2C, 2E, 2G, 2I) shows how well
a series of trend calculations can {and can-
not) handle a relatively (geometrically)} com-
plex form. Of the geometric ateributes of the
model listed above, the second-degree trend
(Fig. 2C) tells us only the gross form: a
basinal structure. The fourth-degree trend
(Fig. 2E) adds the information char the basin
has an antiformal rim. Barely perceptible in
the sixth-degree trend (Fig. 2G), but marked
in the eighth-degree trend (Fig. 21}, is the
information that our model contains some
sort of interior high areas. Even the eighth-
degree trend fails to indicate the presence of
the 1nnermost depression,

Case 3

Building upen the simple Case 1, where
all the explanation lies in the second order,
and the geometrical rigidity of Case 2, where
some degrees "'t and othets do not, 1t is
possible to imagine an array of strictly ran-
dom values which, if contoured cbjectively,
would yield a complex-looking map con-
taining numerous closures of highs and lows.
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Trend calculations on such data yield a
series of surfaces of increasing order which,
in turm, account for a larger percentage of
the total variation than the preceding (Table
2}. However, the F-ratio ofpvariance test, at
the 0.05 level, shows thar none of the com-
puted sutfaces is statistically significant. At
the 0.10 level the sixth-degree surface ap-
pears to be significant (see, however, the dis-
cussion of wvalidity of the Fratio test for
trends, below). It is obvicus that the presence
of staristical “meaning” here is purely for-
tuitous because of the @ préori random nature
of the data. According to the F-rest, the trend
calculations are able, by chance, to detecr a
mathematical form ro the random pattern,

This case implies that the map patrern pro-
duced by an array of random numbers is, in
general, too complicated to be fitred or ex-
plained by a surface of up to eighth order.
At least, no fundamental patrern (linear trend,
basin, or dome} was discerned.

Discussion

The few cases cired demonstrate some of
the mathematical restraints on the shapes of
trend surfaces. It is beyond the scope of this
discussion to consider all passible restraincs,
but their existence has long been recognized.
Mclatyre (1967, p. 47) has said ... it is
easy to show that a high-degree surface can
give a significant improvement when lower
degree sutfaces do nor; the plot of residual
variance against complexity of surface is not
necessarily a smooth curve.” Chayes con-
cedes that, given an a priori model (such as
our ““cases” above), lower order trends may
fail of significance and higher orders be of
significance. He follows this concession, how-
ever, with the starement chac ™. . . such models
are nearly always lacking in petrographic
trend-surface studies” (1970, p. 1273). This

TABLE 3. RanpoMm MobDsL
Pooled Data
Degree  Tss [y Mean 5q.1 ot Signif. p Mean 3q.: Yoo Signif.
Trend (percent) = %' Mean Sq, .10 05 .01 Level T NMeanSq, 10 .05 .01 Level
1 Q 2, 222 <1.00 2.30 3.05 4.71 q.s.
2 3 3, 219 1.85 2.08 2.67 5.88 n.s. 5,217 1.26 1.82 2.25 3.11 n.s.
3 5 4 215 <100 1.94242341 ns. 5208  <1.00 1.66 1.90 2.50 n.s.
4 3 5, 210 <1.00 1.85 2.26 3.11 ns. 14,194 < 1.00 .31 1.71 2,17 s,
3 7 6, 204 <1.00 1.97 2.13 290 ns. 20,174 < 1.00 1.44 1.59 1.98 n.s.
4] 12 7. 197 1.82 1.72 2.04 2.75 .10 27.147 < 1.00 1.43 1.53 1,87 n.s.
7 16 8, 189 < 1.00 1.67 1.97 2.60 n.s. 33,112 <1.00 1.46 1.51 1.82 m.s.
8 19 G, 180 < 1.00 1.63 1.91 2.50 n.s. 44, 68 <1.00 1.43 1.35 1.87 n.s.
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statement may show lack of understanding
of the reason for performing most, if noc all,
trend calculations in petrologic studies: to
attempt to establish a model. If one can de-
duce clearly a patcern (that is, a model) of
variation from primary observation (for ex-
ample, field mapping) trend surface calcula-
tions arc not needed. Qur Case 2, especially,
serves as an example: the range of values
defining the model (0.8 to 6.3) is approxi-
mately 800 percent (and each data point was
defined to be invariate or perfect). We con-
sider, below, situations where this range is
much less and where the individual items
entering the trend calculations are merely
estimates of the “perfect” values.

Chayes’ criterion of stopping trend surface
calculations at the lowest order that has
significance (over total variance) leads to the
mathematical restriction that only if the data
first approximate a sloping plane, could one
hope to detect any more complicared shape.
Petrologic data do not conform o this re-
quirement,

STATISTICAL RESTRAINTS

In the preceding discussion several ideal-
ized cases were considered where individual
pleces of data entering trend surface calcula-
tions were assumed to be invariant. Results
were tested for statistical significance follow-
ing the F-ratios of variance tesc. Two unre-
lated questions now arise: (1) how adequate
are the statistical tests employed; and (2)
what happens if the data to be fitted are not
invariant, bue rather, are only estimates of the
real value?

Statistical Tests

Chayes (1970, p. 1273) states that cend
surface calculations are a form of analysis of
variance (Bennett and Franklin, 1934, p.
319-463) and are, therefore, subject to the
same general procedures as analyses of vari-
ance. In chis procedure the totl variance of a
variable being measured is broken down into
the portions or components caused by differ-
ent factors. The different factors are fre-
quently (though not universally) arranged in
a hierarchical fashien so that each level in
the hierarchy contains the cffecrs of those
lower in the hicrarchy. Through a subtracrive
process, it is possible to isolate the com-
ponents of variance associated with each
factor. and to test cach in turn for a signifi-
cantly larger conrribution atr a given confl-
dence level. This test is the standard F-ratio
of variances used above.

To perform the Fotest, tables of critical
values are consulted at the desired level of
confidence and with the appropriate degrees
of freedom. First, what confidence level is
desirable? Tn a criticism of Morton and
others (1969), Chaycs shows (1970, Table 5)
those orders of trends over the Lakeview
Mountains pluton that are significant at the
0.01 level. Na and Al fail this test for the
first-degree surfaces, and Chayes concludes
that no trends should have been presented
for these elements. We have recase his Table 5
to show the same mformarion at the 0.50,
0.30, 0.25, 0.10. 0.05, 0.029, and 0.01 levels
of confidence (Table 4). The error (according
to Chayes) of including any trends for Na

TabLE 4. TREND SURFACE SIGNIFICANCE LEvLLS, LAKEVIEW MOUNTAINS PLUTON
Trend Significance Level
Order Na Mg Al S K Ca Fe Sp.Gr.
1 < 0.0% <2 0.01 <0.10 < 0.01 <0.01 << 0.01 < 0.01 <20.01
2 < 0.01 < (0.0] < .01 <20.01 < 0.01 <0101 < 0.01 < 0.01
3 < {003 <L 0.01 < (.01 <0.01 < .01 < (1G] <0.01 < 0.01
1 < 0.25 < (.05 < 0.05 <0.01 < 0.01 < 0.01 < 0.50 <0.10
5 < (150 <010 <0.05 <{1.01 < 0.01 <0.01 < 0.05 >0.50¢
{<0.25 [<C0.01
pooled} poocled)
G < 0.50 <0 50 <0.25 < 0.10 <20.50 <0.01 <025 < 0.50
{<0.25 (<0025 (<001
pooled)  pooled)  pocled)
7 <0.10 =>0.50 < 0.50 =050 < (.01 < (.01 >0.50 =050
{<0.01
pooled)
g <0.05 >0 50 < (.30 <0.25 <0.50 <0.50 < (.30 >=0.50
(<0.025 (<005
pooled)  pooled)
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and Al seems less severe when viewed thus:
the fitst order trend for Na is sigaificant at
the 0.05 level and for Al ar che 0.10 level.
Chayes' choice of 0.01 as the significance
level ar which to view all the data seems rather
harsh. In some studies the investigator might
be pleased to be right only 50 percent of the
time {0.5 level); 1n others he might require
to be right 99.999 percent of the time (0.00001
level). A more reasonable approach o the
reporting of these tests 1s to stare the level at
which a given surface is signiftcant (we, for
example, Putman and Alfors, 1969, Table 7;
Krumbem and Graybill, 1963, Table 13.6).
The confidence level selection is scrictly a
subjective decision by an investigator of what
he will or will not tolerate; there are no rules
nor guidelines to be followed.

Atfar more scrious aspect of the tests Chayes
proposes is whether or not the F-test is
rigorously applicable to trend surface analy-
sis at all; this involves in part the correct
choice of the degrees of frecdom at whatever
confidence level the tester sets. Ta analysis of
variance, to continue Chayes’ analogy, there
should be no uncertainty as to the proper
degrees of freedom to be used in variance
ratto tests. In trend surface analysis this 1s not
the case because successively higher order
polynomials will undoubtedly carry coeffi-
clents which contiburte little or nothing to
the fit that is soughe. Each coefhictent carried
reduces the degrees of frecdom by one. (The
total number of coefficients is equal to
(D 4+ 1) (O 4+ 2)/2, where D equals the
trend order.) OQur Case 2 above is an example:
the eighth-degree trend, significant ar 0.01,
contains coeflicients from the first. chird,
ffth, and seventh, each of which fails of
significance at 0.10. Thus, of the total of 45
coefficients in the eighth-degree trend, we
do not know which {and exactly how many)
are redundant. Therefore, our F-restsarcoverly
tigorous and restrictive. Mclntyre has pointed
out (1967, p. 47), however, that this restric-
tiveness may compensate for a form of per-
missiveness in the F-test in which the degrees
of freedom are overestimated because of a
non-ideal discribution of data points. He
cites the extreme cxample of 100 coincident
or co-linear peints used to fit a plane to illus-
trate the conclusion (obvious in this case)
that there are not 97 degrees of freedom for
the acticude of the plane.

An additional source for possible uncer-
rainty in F-tests lies in the acceptance or

BAIRD AND QOTHERS—TREND SURFACES: DISCUSSION

rejection of pooling (e, for example, Ben-
net and Franklin, 1934, p. 392-393). In this
procedure, lower order variances, not signifi-
cant at some confidence level, are summed
with the preceding order variance for an
F-test against a higher order variance. That
the acceptance of pooling can affect results
is shown by cur Case 3 and by tests of trend
surfaces over the Lakeview Mountains plutorn.
In Table 3, we compare poofed and unpooled
F-tests for trends of random numbers; with-
out pooling, the sixth-degree trend surface
is significant at 0.10 (as noted above), and
with pooling, no surface through eighth de-
gree s significant at 0.10. Poohng does not,
however, always result in less significance.
In Table 4 Lakeview trend results show that
pooling (values in parentheses) causes ap-
parent improvements in the higher order
trend surfaces for Na, Mg, Al and Si.
Means for testing trend surfaces have been
described which, unlike Chayes’ proposals,
are reasonably rigorous. The two main mech-
ods are termed by Draper and Smith {1967,
p. 1) “backward elimination’” and “stepwise
regression.” (See alss, Mandelbaum, 1963, p.
505-519.) Both methods invelve critical ex-
amination of each term (not order) entering
a polynomial expression. Draper and Smich
state, however: “There 1s no unique statisti-
cal procedure for doing this [selecting the
best regression equation), and personal judg-
ment will be a nccessary part of any of the
statistical methods discussed” {p. 1). Mcln-
tyre has pointed out (1967, p. 47) that as we
normally do not seck special meaning in in-
dividual terms in a trend polynomial, there
seemns to be little justification in spending the
large compurational times necessary for a
complete stepwise regressicn analysis,

Trend Analysis of “Weak” Models

After concluding that Merton and others
{1969} should not have shown any trend sur-
faces for Na and Al (because the first degrees
for each fail of significance at the 0.01 level],
sh
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Figure 3, Cross section of symmetrical basi-
nal mode] with approximately 25 percent range
of values. Scale uaits are arhitrary.
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TABLE 5. BasiNaL MODEL, 25 PERCENT RANGE

Degree D.Foo Tss Mean sq.: Ferwan Sigoif,

Trend T (percent)  Mean sq. £.10 0.05 0.01 Level
1 2, 178 0.24 <1.00 2.30 3.06 4,73 n.s.
2 3,175 97.4 2208.00 2.08 2.68 3.90 0.01
3 4, 171 7.4 <1.00 1.94 2.43 3.43 n.s.
4 5, 166 98.9 <21.00 1.85 2.27 3.13 5.
5 G, 6D 98.9 < 1.00 1.77 2.13 2.92 n.s.
G 7, 133 99.2 < 1.00 1.72 2.06 2.76 n,s.
7 8, 145 99.3 <1.00 1.67 1.98 2.62 ms.
8 9, 136 99.4 < 1.00 1.63 1.94 2.33 .5,

Chayes goes on to say that these elements
probably would be of little use in trend map-
ping because of theit small variances in rocks
of the Lakeview Mountains type. The only
hope for them, he states, would be if the
... analytical error for each can be reduced
by at least a couple of orders of magnitude”
(1970, p. 1276). This latter statement was
demonstrated to be wrong by Baird and
others {1967} in a preliminary study of the
Lakeview Mountains pluton. This study (see,
especially, Baird and others, 1967, Tables 1
and 4, and accompanying discussion) showed
that the standard deviation of analytical error
(precision) for Na was four times less than
the rock outcrop standard deviation; for Al,
the outcrop standard deviation was about six
cimes greater than that of the analytical error.
To follow Chayes’ recommendation would
mean reducing the analyrical error for Na
from 0.04 percent (standard deviation) to less
than 0.0004 percent. Meanwhile, the mea-
sured outcrop variability necessarily remains
0.17 percent. Recognizing that by far the
largest variance was at the outcrop sampling
level, a sampling plan was devised to mini-
mize cthis variance and was used by Morton
and others (1969). Improving analytical pre-
cision, even if possible, would be unneces-
sary. Lven with this sampling plan the mea-

surable variations in Na and Al over the
Lakeview rocks are very small, as Morton
and others (1969) said: the total range of
weight percentages {0.01 confidence level)
tor Na 15 27.8 percent; for Al, 24.6 percent.
Can trends of models with this type of
“weakness” yield meaningful resulrs?

Ta rest this question we take our idealized
Cases 1 and 2 (above) and subdue their ex-
pressions; that is, instead of considering
ranges of hundreds of percent, we consider a
range of values not exceeding 25 percent.

Case 1

Figure 3 shows our Case 1 model (in cross
section) with a range of values not exceeding
25 percent, with each data point entering the
model considered invariant. (Note that this
is plotted at the same scale used for the 800
percent range.) Quire understandably the F-
ratio of variences rests {Table 5) are closely
similar to our resules with a data range of
800 percent: only the second degree surface
is significant.

We next add, by random procedures, plus
or minus 20 percent of the value of each dara
point to each data point entering the trend
calculation. We thereby simulate a “weak”
model in which the eriginal dara cannot ex-
ceed a range of 25 percent, and in which each

TABLE 6. BasiNaL Mobut, 25 PERCENT RANGE, & 20 PERCENT NOISE LEVEL

Degree D.F. Tss Mean sq.1 Fartn Signif,
Trend et (perceat}  Mean sq., 0.10 0.05 0.01 Level
1 2, 178 i 127 230 3.06 473 ns.
2 3, 175 15 .97 2.08 2.63 3.90 0.01
3 4, 171 17 < 1.00 1.94 2.43 3.43 ns.
4 5, 166 18 <1.00 185 2.27 313 n.s.
5 6. 160 20 <1.00 1.77 2.15 2.92 2.
a 7. 153 20 <1.00 1.72 2.06 2.76 ns.
7 8, 145 33 3.30 1.67 1.98 2.62 0.01
8 9, 136 38 1.20 1.63 1.94 253 ns,
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Second-degree trend surface and
cross section of basinal model (Fig. 3) with
25 percent range of values and 20 percent
noise added randomly,

Figure 4.

data point has an uncertainty or “'noise level”
of 20 percent (plus or minus) of its original
value. This “weal’ model s far more restric-
tive, in the sense of large "noise level,” than
that of Na over the Lakeview Mountains
pluron because the maximum noise (plus or
minus) has been assumed at every data poiat.
(In a real example, each data point would
have had & noise level ranging from plus or
minus 0 percent to 20 percent Maximnum. )
Resulrs of trend calculations are shown in
Table 6 which indicates that the second order
is significant at the 0.01 level. A plot of this
surface, “'explaining” only 16 percent (Fig.
4), ts very similar to our Case 1 model,
second order, 800 percent data range, no
noise. We doubt that anyone would have
difficulty recognizing this as a basinal form.
If one ignored Chayes' criterion for stopping
trend calculation, and proceeded to calculate
trends through the eighth degree, one would

Figure 5. Seventh-degree trend surface of
basinal model (Fig. 3) with 25 percent range
of values and +20 percent noise added ran-
domly.

find the seventh degree to be significant at
the 0.01 level also. We think this map (Fig.
5) also describes a generally basinal form, If,
viewing the seventh-degree map (after seeing
the second-degree map and noting the over-
all low levels of “explanation”) one cares to
make geologic conclusions on the local ir-
regularities of the contours, then he richly
deserves the criticism that forms Chayes’
main thesis.

Case 2

Figure 6A shows our Case 2 model (in
cross section) with a range of values not
exceeding 23 percent, with each data point
considered invariant. We compute trend sut-
faces of increasing order for this model and
show the resulting statisrical rests in Table 7;
in Figures 6B through 6E we show cross sec-
tions of the significant (C.01 level) trends.
(Note that these are plotted at the same scale

TABLE 7. CIRCULAR MoODEL, 25 PERCENT RANGE

Degree D.F Tss Mean 5q.1 Fowo Signif.

Trend T {pereent)  Mean sq. 0.10 0.05 0.01 Level
1 2, 178 p 1.57 2.30 3,06 4.73 n.s.
2 3, 175 28 20.9 2.08 2.68 3.90 0.01
3 4, 171 28 < 1.00 1.94 2.43 3.43 n.s.
4 5, 166 G4 32.9 1.85 2.27 .13 0.01
3 G, 160 64 < 1.00 1.77 2.15 2,92 n.s.
G 7, 153 76 11.52 1.72 2.06 2.76 0.01
7 8, 14s 76 < 1.00 1.67 1.98 2.62 1.5,
8 9, 136 81 3.39 1.63 1,94 2.33 Q.01
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Figure 6. Cross sections of symmetrical cir-
cular model and trend surfaces computed from
the model. Ranges of values approximately 25
percent. A = designed model; B = second-
degree trend surface; C = fourth-degree trend
surface; D = sixth-degree trend surface; E =
eighth-degreetrend surface. Scales are arbitrary.

used for the 800 percent range, Fig. 2.)

In Case 2 we add “‘noise levels” in rwo
different ranges: plus or minus 10 percent,
and plus or minus 20 percent, We re-empha-
size that they represent extreme cases where
cach data point is subjected, by (the same)
random procedures, to the full 10 percent and
full 20 percent, whereas in real field examples
an individual data point might be subject to
0 percent to 10 percent, or O percent to 20
percent noise level, plus or minus.

Statistical test tesults of trend calculations
through the eighth degree are shown in
Table 8 for the + 10 percent noise level, and
in Table 9 for the +20 percent noise level.
Following the F-test, order 2 is significant at
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Figure 7. Second-degree trend surface of
circular model (Fig. 6A) with approximately
25 percent range of values and + 10 percent
noise added randomly.

the 0.01 level, and the fourth and eighth
ordets are significant at the 0.05 level for our
model with £10 percent noise; the second
order is significant at the 0.05 level, and the
seventh order at the 0.01 level for our model
with +20 percent noise.

Coensider first our medel with £ 10 percent
noise: Figures 7, 8, 9 show the second,
fourth-, and eighth-order trend surfaces, re-
spectively. The second-order trend surface,
accounting for only 8 percent of the variance,
cleatly depicts a basinal form in almost exact
agreenent with our stated and designed first
approximation of the geometric form of the
model. The fourth-degree surface indicates
that the basinal form is rimmed by a circular
high. Though not perfect, the impression is
an upmistakable verification of our second
approximation to the form of the model, and
this trend accounts for only 18 percent of the
total variance. The “'significant” eighth-crder

TaBLE 8. CiRCULAR MODEL, 25 PERCENT RANGE, 410 PERCENT NOISE LEVEL

Degree D.F Tss Mean sq.1 Fortan Signif.

Trend S0 (percent]  Mean sq. 0.10 0.05 0.01 Level
1 2, 178 1 1.05 2.30 3.06 4.73 n.s.
2 3, 175 8 4.29 2.08 2.68 3.00 0.01
3 4, 171 10 1.21 1.94 2.43 3.43 n.s.
4 3, 166 18 3.08 1.85 2.27 3.13 0.05
bl G, 160 21 < 1.00 1.77 2.15 2,92 n.s.
4] 7, 133 24 1.0L 1.72 2,06 2.76 ns
7 8, 145 29 1.15 1.67 1.98 2.62 n.s.
8 9, 136 38 2.21 1.63 1.94 2.93 0.03
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Ftigure 8. Fourth-degree trend surface of
circular model (Fig. 6A) with approximately
25 percent range of values and + 10 percent
noise added randomly.

surface, accounting for 38 percent of the
vatiance, appears to offer no new informa-
tion; in fact, the basic approximations are
clouded by numerous local closures. Qur
conclusion about the interpretation of the
seventh-degree trend of “weak” model Case
1 applies here also.

In Case 2 with £ 20 percent noise and a
25 percent range of values, the “significant”
second-order trend (Fig. 10} again depicts a
basinal model that could leave lictle doubt as
te its form in anyone’s mind. Thus, even
with this high noise level, relative to the total
range of data point values (25 percent}, we
have dezived the first approximation of the
geometric form which was originally de-
signed. This trend accounts for only 6 per-
cent of the total variance in the dara. The
eighth-degree trend (Fig. 11), while magnih-
cently “significant’ {0.05 level} suffers from
the same problems of the seventh-degree sur-

Figure 9. FEighth-degree trend surface of cir-
cular model (Fig. 6A} with approximately 25
percent range of values and + 10 percent noise
added randomly.

face with 410 percent noise. The same con-
clusions apply.

Discussion

The attempt to study and delineate small-
magnitude vatiations {of any sort) in natural
rock bodies must include an investigation of
where (at what scale) the variance lies. An
appropriate plan must pe established for
minimizing variances considered unwanted
of unimportant on a parricular scale. When
this is done, trend sucface analysis {on the
scale being considered) is & powerful tool to
define objectively a model within the mathe-
matical restraints of the “'possible.” Success
using trend analysis on weak models depends
on these prior studies.

“Statistical” evaluation of a resulting set
of trend calculations is far from an esrablished
routine despite the claims of Chayes. The
F-ratio of variances test, with uncertainties

TaBLE 9. CIRCULAR MODEL, 25 PERCENT RANGYE, +20 PERCENT NOISE LEVEL

Degree DF. . Tss Mean sq1 Fa@n Signif.

Trend et (percenty  Meaa sq. 0.10 0.05 0.01 Level
1 2, 178 1 1.15 2.30 3.06 4,73 n.s.
2 3, 175 6] 2.84 2.08 2.68 3.90 0.05
3 4. 171 8 < 1.00 1.94 2.43 3.43 n.s.
4 5. 166 9 <1.00 1.85 2.27 3.13 n.s
5 6. 160 11 < 1.00 1.77 2,15 2.92 .8,
[ 7, 153 12 < 1.00 1.72 2.06 2.70 n.s.
7 8, 145 23 3.14 1.67 1.98 2.62 0.01
8 9, 136 31 1.28 1.63 1.94 2.53 .S




GEQLOGICAL RESTRAINTS

Figure 10. Second-degree tread surface of
circelar model (Fig. 6A) with approximately
25 percent range of values and +20 percent
noise added randomly.

due to a lack of knowledge of appropriate
degrees of freedom and lack of knowledge
of contribution(s) by individual coefficients
can serve only asan indicator of trend strength
(Krumbein and Graybill, 1963, p. 333-337).
To apply this test rigorously in all trend
applications can lead to a loss of legitimate
information, particularly if high “signifi-
cance”’ levels are blindly adhered to. Onec
should not, merely because lower order trend
results are not “'significant,” extend this test
to exclude from consideration ail higher order
trend results; some might be significant.

We might point our that our Case 2 with
a 25 percent range of values and a 20 percent
noise level failed to predict our idealized
model in three out of four of its geometsic
attributes set out originally. The fact that it
did establish atrribute One, a basia, 1s of im-
portance. The fact that Case 2 with a 25
petcent ratige and a 10 percent noise level
was able to establish that the basin was rim-
med metely draws attention to our thesis: if
the local and unwanted noise is minimized,
more information of meaning can be ob-
tained.

GEQLOGICAL RESTRAINTS

“Regardless of how constructed, a pre-
dictor equation is judged good or bad de-
pending on its ability to predict” (Pope,
1970, p. 36). We have seen that one type of
predictor equation, the trend surface, can

Seventh-degree trend surface of
circular model (Fig. 6A)} with approximately
25 percent range of values and + 20 percent
noise added randomly.

Figure 11.

fail to predict to some extent because it lacks
mathematical flexibility, or because the data
entering the calculations are not adequate
representatives of the model. Until more
elaborate programs and computers are avail-
able, we can do nothing about the first
reason for prediction failure, except recognize
it and attempt to allow for it. We can and
must do something about the second reason
for prediction failure: we must provide ade-
quate input data.

This latter source for failure is the crux of
geological restraints on the application of
trend analysis to geclogic, and perhaps par-
ticularly to pettologic problems. A complete
spectrum  of restraints exists between one
clearly defined extreme, and another which
lacks precise definition. The clearly defined
extreme consists of those natural geologic
cases where variations in paramezers of inter-
est are obvious (and thus trend analysis is
superfluous). The other extreme is repre-
sented by randomness. Although we do not
believe this latter case exists, there are those
who apparently do (for example, Krauskopf,
1968). Natural cases of systematic variation
that are not obvious, where one suspects that
such patural cases might be systematic and
regular to some degree, are precisely where
trend analyses are applicable.

Fundamentally, petrologic applications of
trend analysis seek explanation for a vanable
or variables distributed over an area, It is
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obvicus chat to perform such an analysis one
must be able to detect a difference between
two localities. Until this ability has been de-
veloped and established beyond reasonable
doubt, trend surface analysis is completely
out of the question, and not possible to apply
with any “meaning’” whatsoever. There is no
magic in a computer or computer program
{or tests of the results therefrom) which can
establish “meaning”” where “'meaning” does
not exist. Chayes (1970, p. 1273) shows ap-
parent ignorance of this fundamental fact of
the applicability of tread analysis to petrol-
ogy by his statement: “Recently, there has
been much discussion about distinguishing
berween Jocal and regional sources of varia-
tion, but none of this diminishes the im-
portance of the first objective, that is, to
obtain as effective a data reduction as pos-
sible.”

Given the natural case where areal] patterns
are not obvious by inspection, where non-
randomness may exist, and where real differ-
ences have been demonstrared berween local-
ities, but their significance(s) are not under-
stood, what can be done to establish possible
geologic "meaning” and to test for possible
geologic “significance” in trend surface anal-
ysis over the area of interest? This is the basic
question geologic investigators must address
themselves to, and hard answers of “‘mean-
ing"' at specific confidence levels are not
forthcoming despite Chayes’ claims.

The answer to this question is as satis-
factory, or unsarisfactory, as most tests of
meaning or significance of geologic hypoth-
eses in general, and it is extremely difficalt to
generalize. We take che study of che Lake-
view Mountains pluton (Morton and others,
1969) as 4 possibly crude example of what
was done in one instance:

1. Petrologic data, including field map-
ping and laboratory petrographic analysis of
thin sections, showed high local vaziability,
but no discernible regional pattern {Morton,
1969).

2. A preliminary geochemical study of the
southern parc of the bedy demonstrated on
what scale the largest variability existed {(indi-
vidual sample locality) and a sampling plan
was devised to minimize this variability
(Baird and others, 1967) and permit a reason-
able distinction berween localiries. A rotal of
2784 clemental analyses were included in this
work.

3. Trend analyses were computed for four
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major chemical elements measured in the pre-
liminary study; all showed contours parallel
to the mapped margins of the body and two
delinecated a subsidiary low (or high) in the
southwest part of the bady (0.10 confidence
level).

4. In the latest study (Morton and others,
1969, criticized by Chayes (1970}, the entire
exposed area of the pluron was sampled,
including a total resampling of the southern
part. Elemental trend surfaces for the south-
ern half of the body, derived from the pre-
liminary study, were confirmed by completely
independent chemical analyses of completely
independent samples. In addition, specific
gravity was measured from samples from
cach locality by aa (obviously) diffesent
analytical method than that of the chemistry,
Trend surfaces of this patameter agree with
the patterns established from elemental trends.

5. Results show consistent patterns which
Morton and others (1969) interpreted in a
manner to yield a geologic model of a steep-
walled intrusive body concentrically zoned in
an “inverse’ (relative to most plutons previ-
ously described) manner—having a relatively
siliceous and potassic margin and chemically
basic core.

Does the conclusion reached in 5 have any
“meaning’’? We think it does because (a)
non-randomness was preved; (b) a distinc-
tion between localities was made possible;
{c) trends over the whole body confirmed
partial trends over the body computed from
results obtained on totally different samples;
(d) results from independent analyses (spe-
cific graviry) agree with results from chermical
analyses; and (e} the "meaning” subscribed
to (an annular structure) does not involve
possibly spuricus interpretations of possibly
meaningless (arithmetically and staristically)
local variations of individval ceatrour line
irregularities in wrend surfaces of a specific
order.

In short, a patcern (ot model) with some
“meaning’” becomes more certain as more
informarion yields the same result—assum-
ing (as Chayes does not) that the data put
into the pattern analysis are adequate. We
would like to see additional results for the
Lakeview Mountains pluron from indepen-
dent studies (for example, gravity, trace ele-
ment, seismic, heat-flow, etc.) which might
shed light on the frae model applicable to the
pluton; with these, we may then be able to
elevate our confidence in the model proposed.
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Within the wend model of the Lakeview
Mountains platon, seven of the eight vari-
ables measured are statistically meaningful
with 90 percent {or greater) confidence at the
fifth ot higher orders; only specific gravity
fails of statstical significance in the fifth and
higher orders. Chayes notes that the fifth
order surfaces . .. are of extremely uneven
quality”’ and asks why Morton and others
(1969) fel they should present maps of all
variables at the same order {fifth). He seems
to answer his own question by stating that
all the variables do not hehave in the same
way. Standardization upon one trend order
for all variables does have a value: it demon-
strates that all measured variables give the
same basic pattern whether or not a given
variable is “'weak” or “strong.” Morron and
others (1969, p. 1560, Fig. 4), moreover,
noted that the relatively weak variable, Na,
clearly shows the basic variation pattern over
the pluton in the third-order surface (24 per-
cent of the total sums of squares accounted
for). We think that the demonstration of 2
single and consistent pattern is, in itself,
made stronger if possible mathemartical re-
straines on the shapes of different patterns
are not inchuded through selecting different
order surfaces for different variables. In view
of all the prior arguments presented in this
discussion (cn the lack of rigor in “signifi-
cance tests’”’), the selection of the fifth order
for standardization, rather than the third or
fourch orders, seems unimportant.

Can any perrologic meaning be found in
the “weaknesses” and "'screngths” of certain
variables, even though it is proven that all
varizbles yield the same basic pattern? In
Table 10 we list the relative “'strengths’ of
the measured variables as indicated by their
percentages of total variation over the pluton
as a whole (the 0.01 confidence level is used),
These “strengths” range from a low of &
percent for specific gravity to a high of 154
percent for K. We compare these ranges with
other peuologic facts about the pluton dis-
cussed by Morton (1969) and by Morton
and others (1969):

Sodium. This element is present in plagio-
clase, predominantly, and its variation is due
to variations in plagioclase content and plag-
1oclase composition. There is slightly more
modal plagioclase in the pluton center. Near
the pluten’s margins, plagicclase tends to
become more sodic (o2An g versns ~Ans;g),
but this effect is offset by substitution of K
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TaeLE 10, TOTAL ELEMENTAL AND
SPECIFIC GRAVITY VARIATION,
LAKEVIEW MOUNTAINS PLUTON

Element {0.01 confidence)
Na 28
Mg 74
Al 25
Si 16
K 154
Ca 57
Te 58
Sp.Gr. G

Percent Relative Standard Deviation

for Na. In a sense, therefore, three competng
variations provide a form of destructive inter-
terence and the resultant over-all Na pattern
of variation is “weak.”

Potassium. The distzibution of this ele-
ment is controlled by the biotite content, by
the biotite composition, and by the K Na
ratio of plagioclase, all of which increase to-
ward the margin of the pluton. Because all
controls are sympathetic, a “'strong™ trend
pattern emerges.

Calcium. Calcium is in plagioclase, pre-
dominately, and the latter increases slightly in
abundance and slightly in anorthite content
roward the center of the pluton. These mod-
erate variations in plagioclase, without any
conflicting chemico-mineralogical variations,
result in trend patterns of "‘moderate
strength.”

Magnesium and iron. Both elements are
controlled by the abundance and composi-
tion of mafic minerals. Total mafic minerals
and the Mg content of biotite increase in
quantity toward the center of the pluton and
the result is a "moderately strong” trend pat-
rern. The ifron trend pattern 13 “less scrong”
in part, at least, because biotite increases in
Mg content at the expense of Fe; the role
played by any variation in hornblende com-
positicn and by the “ore mineral” content of
the rock 1s not known.

Silicon and Aluminum. Both elements
have relatively “weak” tzrend patterns because
{as the two most abundant elements after
oxygen) they are common to nearly all min-
eral phases. Al increases toward the center of
the iody because of an increase in both
plagioclase content and anorthite compost-
tion, and because of an increase in mafic
minerals. Silicon increases toward the plu-
ton's margins by the sympathetic effects of
increased quartz, decreased mafic minerals
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and decreased anorthite content of the plag-
ioclase,

Specific Gravity. This parameter varies
only G percent over the pluton. If one con-
siders specific gravity values of the individual
mineral phases in these rocks (quarrz 2.65;
andesine 2.67; biotite, a possible tange of 2.7
to 3.3; and hornblende, a possible range of
3.02 to 3.45), it is apparent thar relative mafic
mineral content is the controlling facror.
That the range is only 6 percent for specific
gravity, merely indicates how very small the
large scale mineralogical changes are over the
Lakeview Mounrtains pluton.

CONCLUSEONS

The “meaning” of a trend surface can be
considered as follows: (a) whether or not a
given order (or degree) of trend surface is
mathematically capable of curving sufficiently
to accommodate the model or suspected
mode] being considered; (b} whether or not
the trend calculations have been applied to
data having demonsrrable differences on local
scales over the area of interest; and (c)
whether or not trends of independeatly de-
rived data substantiate the model hypothe-
sized from a given order (or degree) of trend
sutface.

Chayes’ criteria for judging the mcaning
of trend analysis fail because they ignore the
possible mathemacical restraints, ignore the
effects of local variance ("'noise’’), ignore the
test of confirmation by independent mea-
surement, and, finally, because they rely only
upon a statistical testing procedure which
cannot be applied to trend analysis with strict
rigor and total objectivity.

Despite the fact that the F-test, as proposed
by Chayes as a rigorous test for trends, has
lictle value in determining trend meaning, it
can be used, with caution, as a general indi-
cator of trend strength. Quotation of the
significance level of confidence (whether the
0.5 level or the 0.001 level) of a given trend
surface does give a ctude measure for evalua-
tion of petrologic variables. The final judg-
ment of meaning lies within the criteria of
(c}, abave.

ACKNOWLEDGMENTS

We are solely responsible for the opinions
and conclusions expressed in this discussion,
but are grateful to A. O. Woodford, Pomona
College, Clatemont, California; T. H. McCul-
loh, U.S. Geological Survey, Menlo Park,

BAIRD AND OTHERS—TREND SURFACES: DISCUSSION

California; C. E. Corbatd, The Ohio State
University, Columbus, Ohio; and R. G,
Strand, California Division of Mines and
Geology, San Francisco, California, for help-
ful, constructive criticisms of the paper. We
thank the Pomona College Computer Center
for the time and facilities to compute the
trend analyses discussed here. I. C. Becheold,
Consultant, La Habra, California, provided a
pertinent reference to the problem. Alse, we
would like to thank F. Chayes for raising the
opportunity (and need) to explore the petro-
logic "meaning’’ of trend surface analysis
results; frankly, until chis time we did not
tully appreciate how powerful a tool we are
using for the analyses of "'noisy’ data!

REFERENCES CITED

Baird, A. K.; Mclniyre, D. B.; Welday, E. E.;
and Morton, D). M. A test of chemical
variability and field sampling methods,
Lakeview Mountain Tonalite, Lakeview
Mountains, southern California batholith:
Calif. Div. Mines Geol., Spec, Rep. 92,
p. 11-19, 1967,

Bennett, C. A.;and Franklin, N. L. Stadistical
analysis in chemistry and the chemical
industry: Joho Wiley & Sons, Inc., 724 p.,
New York, 1954,

Chayes, Felix. On deciding whether wend
surfaces of progressively higher order are
meaningful: Geol. Soc. Amer., Bull,, Vol.
81, p. 12751278, 1970.

Draper, N. R.; and Smith, Harry. Selecting
the “best” regression equation: p, 1-3 /n
Merriam., D. F.; and Cocke, N. C,, eds,,
Computer applications in the earth sciences:
Colloquium on trend analysis, Lawrence,
Kansas: Kansas Geol. Surv., Computer
Cont. 12, 62 p., 1967.

Krauskopf, K. B. A tale of ten plutons: Geol.
Soc. Amert., Bull, Vol. 79, p. 1-18, 1968,

Krumbein, W. C.; and Graybill, F. A, An
introduction to statistical models in geol-
ogy: New York, McGraw-Hill Bock Co,,
475 p., 1965,

Mandelbaum, Hugo. Statistical and geologi-
cal implications of trend mapping with
nonorthogonal polynomials: J. Geophys.
Res., Vol. 68, p. 505-519, 1963.

Mclntyre, D. B. Program for computation of
wend surfaces and residuals of degree 1L
through 8: Pomona College, Deprt. Geol-
ogy Tech, Rep. No. 4, 24 p., 1963.

Mclntyre, D. B. Trend-surface analysis of
noisy dara: p. 45-56 /» Metriam, D. F
and Cocke, N. C., eds., Compurter appli-
cations in the earth sciences: Colloquium
on trend analysis. Lawrence, Kansas:



REFERENCES CITED

Kansas Geol. Sury., Computer Cont. 12,
62 p., 1967,

Mclntyre, D. B.; Pollard, D. D.; and Smith,
Roger. Compurter programs for automatic
contouring: Kansas Geol. Surv., Computer
Cont. 23, 75 p., 1968.

Merriam, D. F., ed., Computer contributions:
Kansas Geol. Surv., Lawrence, Kansas.
Morton, D, M, The Lakeview Mountains plu-
ton, southern California batholith, Part I;
Petrology and structure: Geol. Soc. Amer.,

Bull., Vol. 80, p. 1539-1552, 1969.

Morton, D. M.; Baird, A. K.; and Baird,
K. W. The Lakeview Mountains pluton,
southern California batholich, Parc II:
Chemical composition and variation: Geol.
Soc. Amer., Bull., Vol. 80, p. 1353-1564,
1969,

1233

Peikert, E. W. Model for three-dimensional
mineralogical variation in granitic plutons
based on the Glen Alpine stock, Sierra
Nevada, California: Geol, Soc. Amer.,
Bull,, Vol. 76, p. 331-348, 1965.

Pope, P. T. Thoughts on stepwise regression
analysis: Indust. Eng. Chem., Vol. 62, p.
35-36, 1970.

Putman, G. W.; and Alfors, J. T. Geo-
chemistry and petrology of the Rocky Hill
stock, Tulare County, California: Geol.
Soc. Amer,, Spec. Paper 120, 109 p., 1969,

MANUSCRIPT RECEIVED BY THE SOCIETY
AucGusT 24, 1970

REVISED MANUSCRIPT RECEIVED NOVEMBER 6,
1970



