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ABSTRACT
Monchi quite from the Hop! Buttes diatrem.es in north
eastern Arizona was quantitatively analyzed for eight
chemical elements by means of x-ray fluorescent spectographic analysis.

Methods of sample preparation were

developed for this analytical technique.
Histograms, scatter diagrams, and correlation
coefficients show the distribution and mutual correlation
of elements measured.

The quantitative results have been

treated statistically by digital computer programs which
generate trend surfaces by use of regression analysis.
The trend surfaces of zirconium, strontium, manganese,
nickel, and iron concentration are in close agreement with
each other and as a group reflect a trend strongly indicative
of differentiation in the parent magma of the volcanics.

The

surfaces of potassium and titanium concentration support this
hypothesis.

Maps of deviations from the trends define local

variations in the differentiation trend and strengthen the
geologic interpretation.
The trend surface of calcium concentration reflects
the erosional history of the Hop! Buttes area.

The

potassium distribution has a less certain geologic
x

interpretation "but strongly suggests assimilation of
potassium rich rock in the southwestern portion of the
parent magma.

This conclusion is reinforced by the dis

tribution of the other elements as depicted by the trend
surfaces and trend deviations.

I

INTRODUCTION
In recent years x-ray fluorescent analysis has been
developed to a degree that makes this technique equally or
more accurate and more economical of time and expense than
standard wet chemical analysis methods.

The analytical

technique is especially adaptable to quantitative analysis
of rocks.

It was decided to apply the technique to regional

petrochemical quantitative study in order to ascertain what
information of geologic importance might be forthcoming from
such a study.

The Hop! Buttes monchiquite was selected for

this project because of its geologically interesting occur
rence and also because of its very fine grained texture
which makes it unsuitable for quantitative petrographic
microscopic examination.
The Hopi Buttes consist of a large number of diatrernes in an area measuring approximately thirty by forty
miles, located in northeastern Arizona.

This occurrence

of diatremes is unusual in that it contains a large number
of features concentrated in a relatively small area and
therefore affords an excellent opportunity to study geologic
processes which are related to the distribution of certain
chemical elements.

The distribution of these elements gives

1
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information useful in understanding geologic processes
related to volcanic activity in the Hopi Buttes volcanic
field.
Trend surfaces, generated by digital computer pro
grams which make use of regression analysis, help to better
understand the significance of the results of the quantita
tive analysis and are used to clarify the quantitative
variation of the elements studied.

This is the first known

application of trend surface analysis to a mafic rock and
is also unique in that it extends the use of this technique
to analysis of a subsurface magma chamber by measurements
taken from isolated exposures of volcanic rocks.

Many

geologic studies reveal quantitative evidence indicative of
specific geologic processes.

It will be shown that the

results of this analysis provide strong quantitative support
for assimilation by, and for differentiation of a magma.
Furthermore, sub-areas within the region of investigation
having differing intensities or differential degrees of
advancement of these geologic phenomena are quantitatively
defined

GEOLOGIC SETTING OF THE HOPI BUTTES
The Hop! Buttes are located on the Navajo and Hop!
Indian reservations, Navajo County, Arizona (Fig. 1).

They

consist of more than two hundred and fifty diatremes and a
few volcanic flows of small areal extent.

The term diatreme

was first used by Daubree for certain volcanic vents of
explosive origin.

Williams (1936) first applied this term

to the lava-filled necks of the Hop! Buttes and Hack (1942)
gave the first clear description of the principal structural
type of volcanic vent found in the Hop! Buttes.

Shoemaker

(1962) likens the structure of the Hopi Buttes vents at the
original surface of eruption to the maar type volcanoes of
the Eifel region of Germany.

Some of the Hopi Buttes dia

tremes contain low-grade uranium deposits.

Sediments have

accumulated in the diatremes as a consequence of initial
depression or subsequent subsidence or both.

At least one

diatreme exhibits fossil, dome-shaped, volcanic gas vents
of approximately one foot mean size which indicates a quiet
expulsion of gas through the, then unconsolidated, shallow
lake sedimentary accumulations overlying the central volcanic
vent (Laidley and DuBois, 1964).

In a steep-walled stream

cut exposure of the Coliseum diatreme, located about six
miles west of Indian Wells, small scale faulting in tuff
3
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Figure 1.

Index map showing the location of the Hop!
Buttes diatremes.
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"beds clearly indicates substantial post-tuff deposition
subsidence in the central volcanic vent.
The volcanics are Pliocene in age and monchiquite in
composition (Williams, 1936; Lance, 195^5 Evernden et al.,
1964).

Monchiquite dikes are associated with a few of these

diatrernes.

Some of the diatremes are capped by broad, flat

domes formed by extrusion of lava from the central vent,
and these erosion-resistant domes exist today as small mesas
rising above the sedimentary Bidahochi Formation and older
Mesozoic rocks.

Owing to erosion, these diatremes exhibit

a wide variety of relief and exposure of structure.

Types

range from those which have collapsed inward and are now
filled with sedimentary rock and have no igneous rock exposed,
to towering necks reaching almost one thousand feet above
the adjacent terrain.

The diatremes are roughly circular

in plan and vary from a few tens of feet to over a mile in
diameter.
These scattered buttes and mesas are first mentioned
in the literature in 1861 (Newberry).

Gregory (1917),

Williams (1 9 3 6 ), Hack (1942), Shoemaker et al. (1 9 6 2 ), and
Howell (1959) have made the most significant contributions
to the knowledge of„these volcanic features.
The Hop! Buttes volcanics are a part of a member
of the Bidahochi Formation, so named by Reagan (1924).

The

Bidahochi Formation consists of six members (Shoemaker et al.

6
1957> Shoemaker et al., 1958); four of the members predate
the volcanism, the fifth or White Cone member includes the
volcanics, and the sixth member post-dates volcanism.

A

conformable sequence of claystone and siltstone or very
fine-grained sandstone makes up the lower four members.
Cross-stratified sandstone with minor interbedded claystone
constitutes the upper most or sixth member.

The fifth or

volcanic member consists of gray claystone and limburgite
tuff, minor amounts of sandstone and, near some diatremes,
volcanic flows.
The volcanic field is located on the southern edge
of the Colorado Plateaus Province which is composed of gently
dipping and nearly flat sedimentary rocks of Paleozoic,
Mesozoic, and Cenozoic age.

Mesozoic rocks exposed in the

Hop! Buttes region include Chinle Sandstone, Wingate Sand
stone of Triassic age, the Moenave Formation of Triassic (?)
age, the Kayenta Formation of Jurassic (?) and Jurassic age,
the Carmel Formation, Entrada Sandstone, and Cow Springs
Sandstone of Jurassic age, and the Dakota Sandstone and
Mancos Shale of Cretaceous age.
The Bidahochi Formation overlies these older rocks,
the contact being an unusually flat and nearly horizontal
surface.

Unconformably overlying the Bidahochi Formation

are Quaternary deposits.

More detailed descriptions of the geology of this •
region are given in Gregory (1917), Williams (1936), Hack
(19^2), Shoemaker (1956), Harshharger et al. (1957)>
Hepenning and Irwin (195*0» Repenning and others (1958),
Shoemaker at al. (1957), Shoemaker et al. (1958), and
Shoemaker et al. (1 9 6 2 ).

SAMPLING AND ANALYTICAL PROCEDURE
Sampling and Sample Preparation
At the beginning of this project it was decided to
sample all of the buttes which contain monchiquite in order
to determine the distribution of selected elements over the
entire area of volcanic activity.

However, in order to be

certain that this analytical approach would yield meaningful
results, it was necessary that variation of concentration of
these selected elements from buttes in different parts of the
area be significantly greater than the variation of concen
tration within individual buttes.

Preliminary sampling was

designed to determine if this was the case.

From five to

eighteen samples, taken from each of several scattered
buttes were analyzed.

When results from about eighteen

buttes were studied it was obvious that the variation in
content of the elements considered was significantly greater
between buttes of different locations than was the variation
within an individual butte.

At this time a basic decision

was made to continue with the original intent of the project
and sample as many localities as possible, rather than
restrict the study to a detailed examination of a few diatrernes.

Five separate samples per butte was arbitrarily
8
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selected as a minimum to represent a particular "butte.
After the preliminary examination, this number seemed a
desirable compromise between obtaining a truly accurate
value for a particular locality and defining a reasonable
limit to this study.

The fact that significant results have

been obtained substantiates this to have been a valid
approach.
Approximately one hundred and sixty diatremes were
examined in the field and samples were collected from
seventy.

The buttes not sampled were rejected in the field

because they did not consist of clean, unaltered monchiquite.
Many of the diatremes have no igneous rock exposed owing to
fill by sediments, and others are made up largely of
agglomerate or have monchiquite which is contaminated with
incompletely assimilated, xenolithic material of other rock
types.

Diatremes falling in these categories were rejected

for sampling and are not considered here.

Samples from each

diatreme were taken as far apart from each other as was
practical considering the size and accessibility of the
exposure.

This distance varied from about three hundred

feet to perhaps fifteen hundred feet.

The average sample

size was about eight or ten pounds or, for a single sample,
roughly six inches in mean dimension.
Most of the monchiquite is a very fine-grained,
uniform, black rock which cannot be distinguished from

10
"basalt by field examination.

Occasionally there are pheno-

crysts of olivine and augite that are large enough to
identify with a hand lens.
Because of the very fine-grained texture and the
apparent homogeniety it was decided to try an analytical
technique in which the rock was analyzed as a solid disk.
One-quarter inch slices were cut from the sample and a disk
one inch in diameter was diamond cored from the slice.
This disk had the advantage of fitting directly into
the sample holder of the analyzer and the preparation
involved a minimum of time and effort.

However, the ana

lytical results were not reproducible.

As the variation in

analyses from the same sample was not large it was considered
possible that lack of surface smoothness of the prepared
specimen might be the cause of variation; subsequently disks
were analyzed with surfaces prepared both by grinding with
one thousand-fine compound, and by polishing with less than
one micron diamond paste.

Still the technique did not yield

reproducible results and the only implication is that although
it has a fine-grained nature, the rock composition is not
uniform enough to allow the one inch diameter surface to
represent the composition of the entire sample.
The next logical approach was to treat the sample as
a fine powder.
method

Powder samples were prepared by the following

11
The original sample was crushed in a large jaw
crusher.

The crushed fragments were split until a suitable

amount remained for crushing in a small jaw crusher.

The

maximum size of fragments from the small jaw crusher is
about pea size and about one-third of the total sample—
enough to fill a ten dram vial— was saved while the remainder
was discarded.

The crushed rock was next pulverized in a

tool steel Pica mill.

A short study was conducted to deter

mine the optimum grinding time.

One minute and thirty

seconds grinding time allowed greater than eighty percent
of the sample to pass a three hundred mesh sieve when a
standard sized charge was pulverized.

If a shorter grinding

time was used the resulting powder had an undesirably large
amount of more coarse fraction, while a longer grinding time
resulted in formation of minute balls caused by adhesion of
very fine powder grains— thus reducing the homogenity of the
powder.

One minute and thirty seconds grind time was used

for all samples.
The powder was then analyzed and while the precision
was markedly improved over that of the solid disk, the
reproducibility of successive analyses of the same powder,
after the powder was removed from and replaced into the
sample cup, was still not satisfactory.

Tamping the powder

to produce a more uniform packing did not resolve the
problem.

12
The next technique used was to press the powder into
a pellet.

The pulverized powder was placed in a one inch

diameter mold (manufactured by Buehler as a standard item
for preparing polished ore sections).

The powder was then

subjected to twenty thousand pounds per square inch pressure
in a Carver laboratory hydraulic press.

The resulting powder

disk was not yet entirely satisfactory in that occasionally
disks would chip, split or crack horizontally through the
center.

Varying the amount of pressure or duration of peak

pressure did not eliminate this defect from the disks.

The

problem was finally resolved by raising the pressure to
twenty thousand pounds in increments of five thousand pounds
pressure of one minute duration each.

This final disk of

pressed powder, about one-fourth inch thick, proved very
satisfactory and had sufficient strength to hold up under
careful handling.

These disks have a consistent density

and a smooth, glassy appearing surface.
One further problem in sample preparation was
encountered.

This resulted when the powder from the Pica

mill was not transferred directly to the press
verization.

after pul

If the powder was first transferred to vials

for storage and pressed at a later time, there was suffi
cient agitation to cause segregation of the powder by either
grain size, density differences, or magnetic properties.
This was evidenced by non-reproducibility of analyses of

13
"both sides of the pressed disk.

This effect was avoided

"by transferring the pulverized powder directly from the
Pica mill into the pressure mold.
When this final method of sample preparation was
checked for precision excellent results were obtained.

Five

separate pressed powder disks were prepared from one rock
sample.

All five were analyzed on both upper and lower

surfaces:

all ten results were reproducible within the

limit of the recorder (less than .5 $ of the amount present).
Repeated checks of both surfaces of the disks gave excellent
reproducibility, indicating homogeniety of composition of
the disk within the limits of detection.
This method of sample preparation has three advan
tages over fusion techniques used by some investigators.
These advantages are:

(1) the preparation is quicker,

(2) there is less opportunity for error as no sample weigh
ing is involved, and (3) there is a possibility of partial
loss of alkalis during the fusion process.
Analytical Procedure
A standard Phillips x-ray fluorescent spectograph
equipped with a vacuum gonimeter and sample chamber and a
tungsten x-ray tube was used for all analyses.

Two detectors,

a scintillation counter, and a gas-flow proportional counter,
and two analyzing crystals, LiF and EDDT, were utilized.

The
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sample was held in the sample cup by one-fourth mil Mylar
and Mylar also served as a window for the gas flow-propor
tional counter.

Machine settings, detector, and analyzing

crystal used for each element are given in Table 1.

All

analyses were made by measuring the characteristic x-ray
intensity from a recording of a continuous scan of wave
length at a rate of one degree two theta per minute and a
time constant of four seconds.

This recording rate and time

constant were chosen after preliminary investigation demon
strated this to be the fastest rate which would give
reproducible results using various scale factor settings (Le.
when scale factor was increased by two, the peak height
changed by one-half).

The wavelength analyzed, vacuum,

detector, crystal, and primary excitation potential and
current were all chosen to give optimum results.
A preliminary qualitative survey of samples from
fifteen scattered buttes was conducted to determine the
presence of all elements which were present in amounts
measurable by this analytical method.

Because of limitations

of the equipment, elements lighter than potassium were not
quantitatively measured.

This survey determined that

zirconium, strontium, iron, manganese, titanium, calcium,
and potassium were all present in adequate amounts.

While

some of these have greater potential significance than others
in their use for interpretation of geologic processes, it

TABLE 1
X-RAY FLUORESCENT ANALYSIS DATA

Element

A

20°

Zr

K«

Sr

XL

KV

MA

VAC

Detector

22.22

LiF

40

20

No

S.C

760

K*

25.14

LiF

40

20

No

S.C

760

Ni

Koc

48.64

LiF

50

20

Yes

F.C.

1700

Fe

K*

57.49

LiF

30

8

Yes

F.C.

1700

Mn

K«-

62.94

LiF

50

20

Yes" t

F.C.

1700

Ti

Kx

36.39

EDDT

50

20

Yes

F.C.

1700

Ca

Ko<

44.85

EDDT

50

20

Yes

F.C.

1700

K

K«.

5 0 .3 0

EDDT

50

20

Yes

F.C.

1700

.

;

Detector
Voltage

Recording rate = one degree two theta per minute
Time constant = four seconds
Flow counter utilized P-10 gas (argon 90fo - methane 10$), flow rate .5 S.C.F.H.
Vacuum = less than two hundred microns

l6
was decided to measure all eight in order to assess the
correlation of those less often measured with the variation
of the more commonly studied elements.
Control
Intensities were measured by drawing a smooth curve
through the background radiation and subtracting this value
(measured at the wavelength of the radiation being measured)
from the peak height of the characteristic radiation.

The

wavelength of scattered tungsten radiation was measured
on every sample as a control of possible variations which
might occur due to machine fluctuations or changes in the
sample matrix.

A ¥-1 standard was also run with samples from

each butte so that each sample was analyzed not more than
three analytical runs away from the standard.

On a few

occasions, after realignment of the x-ray optics or changes
in electronic components, the recorded intensities were
corrected by a small amount determined by analysis of the
standard.

The variation in scattered tungsten radiation was

insignificant and demonstrated that standardization of machine
adjustment and alignment was maintained within satisfactory
limits and also that the sample matrix effects were essen
tially constant.

17
Standards
The following rock samples from the U.S. Geological
Survey and the U.S. Bureau of Standards were used for cal
culating curves of x-ray intensity versus percent of measured
element present.
TABLE II
LIST OF STANDARD ROCKS

G-l standard granite
U.S.G.S.
W-l standard "basalt
Columbia River Basalt

#4978

Triassic Diabase

#4984

Milford Granite

#4983

Deccan Trap

#4985

U.S.B.S.

Values as published by the U.S.B.S. were used for
U.S.B.S. standard rocks.

Recommended values were taken from

Fleischer and Stevens (1 9 6 2 ) for rock standards G-l and W-l.
In addition to the samples above, two nickel, six
zirconium, and five strontium standards (total of 1 3 ) were
prepared in the laboratory by adding reagent grade chemicals
to sample monchiquite.

18
Blanks of quartz, orthoclase, and boric acid were
run through the sample preparation process as a check for
contamination.

A small amount of contamination was found

to occur in the pulverization treatment in the Pica mill.
All values for iron have been corrected for this increase.
These three blanks plus lucite were used to check contamina
tion in the primary x-ray tube; none was present.

v

PETROGRAPHY

Petrographic thin sections from fifty-five samples
were studied to determine the minerals present in the rock
and also to ascertain if any observable differential mineral
distribution might be correlated with the variations in
chemistry.

The rock is a monchiquite.

It averages fifteen

or twenty percent phenocrysts of titaniferous augite and
olivine in a felt-like matrix made up largely of analcite
and very fine-grained augite.

The matrix minerals are of

such small size that positive optical identification of some
minerals is nearly impossible and only rarely, for example,
could a grain of sanidine be found which was large enough
to give an interference figure.

Because of this problem

staining techniques for potassium feldspar and diffracto
meter analyses for analcite were employed to augment the
petrographic analysis.
The mineralogy is rather uniform and no systematic
variation was observed.

Some variation in the percent of

phenocrysts, and in the percentages of minerals present does
exist; however, highly accurate estimates are impossible
owing to the fine-grained texture of the rock.

In the

following description mean estimated percentages are
given.
19
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Phenocrysts
Except for an occasional large grain of ilmenite
the phenocrysts are exclusively augite (1 5 $) and olivine
(5$)•

The size varies from ten millimeters to 0.3 milli

meters and the phenocrysts of both are subhedral to anhedral.
Augite often has a rim of deuteric or hydrothermal alteration
and a few crystals are zoned.
degrees.

The augite 2V is about 50

The olivine is optically positive with a 2V near

90 degrees and is often altered to serpentine or iddingsite.
Matrix
Analcite is ubiquitous and shows no birefringence;
inasmuch as all areas which are extinguished with crossed
nicols have the same relief, the occurrence of glass is not
substantiated. As a double check a number of specimens were
selected from samples which were both high and low in calcium
and potassium content and these samples were checked for
analcite by means of an x-ray diffractometer.

Analcite was

present in every specimen examined.

It is anhedral and makes

up about twenty percent of the rock.

Although glass has not

been petrographically determined, there is a region of
enriched potassium which cannot be accounted for by the
meager amount of sanidine present and presumably there is
potassium rich glass in these samples.

This problem will
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be discussed further under the treatment of the potassium
trend surface.
Augite
The matrix augite is very fine grained and evenly
distributed.

These crystals are needle shaped and give the

matrix its felty appearance.

Augite makes up about eighteen

percent of the matrix giving an estimate of thirty three
percent augite for the whole rock.
Ilmenlte and Magnetite
Ilmenite was identified by electron probe micro
analysis.

Several crystals from each of three sections were

examined by the microprobe and all proved to be ilmenite.
There is insufficient titanium present to satisfy the
requirements of the opaque minerals observed petrographically.

No exsolution textures were observed in polished

sections.

Apparently a small portion of these opaque

minerals are magnetite.

The crystal size ranges from one

millimeter down to less than 0.1 millimeter and gives the
section a grainy appearance.

Ilmenite accounts for about

seven percent of the rock and magnetite about two to three
percent.
Sanidine
While the anhedral sanidine grains are very small,
several grains were found which were of sufficient size for
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identification of the mineral by its optical properties.
Staining techniques based on the method of Bailey and
Stevens (i9 6 0 ) were used to fix an estimate of the sanidine
present at four to eight percent.
Plagioolaee
About eight percent of An^Q plagioclase, determined
by the method of Michel-Levy, is present in the matrix.
Apatite
Euhedral crystals of apatite are universally present
in the relatively large aount of three to five percent.
Calcite and Zeolites
Calcite and zeolites are present in a small amount,
and largely occur in fractures and cavities.
to a maximum of about two percent.

Calcite varies

ANALYTICAL RESULTS
Computer Analysis
A United States Geological Survey Burroughs 220
computer, located in Washington, D.C., was used for computer
analysis.

Established programs made available by.the U.S.

Geological Survey were used for computation of means,
standard deviations, correlation coefficients, histograms,
scatter diagrams, and curvilinear regression (trends and
trend deviations).
Krumbein (1959) established a method of trend surface
analysis using irregular control-point spacing.

The U.S.

Geological Survey program for curvilinear regression for
non-orthogonal coordinates is based on an IBM program using
Krumbein*s method.
The data of Tables V and VI, percentages of total
sums of squares accounted for by the trend surfaces and
analysis of variance of regression surfaces, respectively,
were calculated by means of a desk calculator.

Computer

programs are also available for these calculations.
Histograms
The Distributions of the elements are shown in
histograms (Figs. 2 and 3).
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The values for each element are

Figure 2.

Histograms of zirconium, strontium, nickel, and
iron distribution.
LEGEND
Definition of class range

Class
0
1
2
3
4
5
6
7

Strontium
Range in P.P.M.
746-1059
1059-1373
1373-1686
.1 6 8 6 -2 0 0 0
2000-2314
2314-2627
2627-2941
2941-3254

Zirconium
Class
0
1
2
3
4
5
6
7

Nickel
Class
0
1
2
3
4
5
6

Range in P.P.M.
333-500
500-667
667-833
833-1000
IOOO-II67
1167-1333
1333-1500

Range in P.P.M.
310-355
355-400
400-445
445-490
490-535
535-580
580-625
625-670
Iron

Class
0
1
2
3
4
5
6
7

Range in ^
7.46-7.74
7.74-8.03
8.03-8,32
8 .3 2 -8 . 6 0
8 .6 0 —8 e89
8 .8 9 -9 . 1 7
9 .1 7 -9 . 4 5
9 .4 5 -9 . 7 4
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Figure 3»

Histograms of manganese, titanium, potassium, and
calcium distribution.
LEGEND
Definition of class range

Class
0
1
2
3
4

Manganese
Range in percent
0.123-0.145
0.145-0.166
0.166-0.188
0.188-0.210
0 .2 1 0 -0 . 2 3 2

Titanium
Class
0
1
2
3
4
5
6
7

Potassium
Class
0
1
2
3
4
5
6
7
8
9
10
11
12

Range in percent
0.36-0.53
0.53-0.70
0.70-0.87
0.87-1.03
1.03-1.19
1.19-1.36
1.36-1.53
1.53-1.70
1.70-1.87
1.87-2.03
2.03-2.19
2.19-2.36
2.36-2.53

Range in percent
2 .9 6 -3 . 1 0
3.10-3.24
3.24-3.38
3.38-3.52
3.52-3.66
3.66-3.80
3.80-3.94
3.94-4.08
Calcium

Class
0
1
2
3
4
5
6
7
8

Range in pen
9.33-9.90
9.90-10.47
10.47-11.04
11.04-11.61
11.61-12.18
12.18-12.75
12.75-13.32
13.32-13.89
13.89-14.46
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divided into classes on an arbitrary scale depending upon
the total variation displayed.

For example, the range in

values for zirconium (from 337 to 1021 parts per million)
was divided into eight classes of equal width.

Values for

strontium, iron, and titanium were also divided into eight
equal classes.

When the range of variation was more limited

the values were divided into fewer classes as was nickel
which was divided into seven classes.

Manganese, with 46.5

percent of all measurements falling into the narrow range of
0.145 to 0 . 1 6 6 percent was separated into only five classes.
On the other hand, the values for calcium and potassium are
distributed over a rather wide range and consequently have
been separated into a larger number of classes.
The ordinates of the histograms are constructed with
a scale showing percent of the total samples, for that
element, falling into a particular class.

For example,

thirty percent of all zirconium measurements fall into
class two; that is, they have values between 400 and 445
parts per million.

The ordinate values summed for all

classes for a particular element are equal to one hundred
percent of the number of samples measured (i.e. sixty-three
mean values).

The histograms are labeled by class, and the

class range or width is defined in the legend.
The histograms show at a glance the percentage of
values which fall into a given class (concentration range),
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and also show how well the distribution of each element
approximates a normal distribution.

It should be pointed

out that a Gaussian distribution of values is not a pre
requisite to the application of regression statistics.

Most

of the analytical results approximate a normal distribution
moderately well but manganese has a rather peaked curve,
while the histogram of calcium is somewhat flattened from
normal.

The fact that the manganese variation (Fig. 3) is

restricted to such a narrow range is evidenced in the
manganese trend surface in that the manganese trend is so
weak that it is nearly a horizontal surface.

(The manganese

trend is so subtle that the manganese concentration changes
by only a minor amount across the area studied.)
The skewness of the potassium histogram (Fig. 3) is
a reflection of localized areas of potassium enrichment
which are delineated on the deviations from the trend of
potassium concentration (Fig. 27)•

All values in class seven

and above are found to occur in areas of positive deviation
from the potassium concentration trend surface.

Two of the

values in class seven plus all higher values are located in
the major positive deviation area on the western edge of
the potassium deviation map.

If the values in class seven

and above were removed then the potassium histogram would
have a Gaussian distribution.
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Scatter Diagrams and Correlation Coefficients
Scatter diagrams (Figs. 4-10) are shown for about
one-third of all possible combinations of elements.

They

were developed by a computer program using rectangular
coordinates.

The concentration scale is divided by class.

The diagrams have increasing concentration from bottom to
top for the first element and, from left to right, for the
second.

The classes are the same as used in the histograms.
The scatter diagrams fall into five categories:
1.

High positive correlation— the concentration of

one element increases when the concentration of the second
element increases, i.e. zirconium versus strontium.
2.

High negative correlation— the concentration of

one element increases when the concentration of the second
element decreases, i.e. zirconium versus nickel.
3.

Partial positive, or

4.

Partial negative correlation— here part of the

values have a definite positive or negative relationship
while others do not.

The section on trend surfaces will

discuss separation of the areas of elemental correlation from
the regions in which the concentrations of any two elements
are independent of each other.
5.

Lack of correlation— in this case the concentra

tion of one element varies independently of the second.
category includes all calcium scatter diagrams.

This

Figure 4.

Scatter diagram for strontium versus zirconium.
This diagram shows high positive correlation.
The classes of all elements in scatter diagrams
are defined in figures 2 and 3 (histograms).

Figure 5

Scatter diagram for nickel versus zirconium.
This diagram shows high negative correlation.
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Partial positive correlation shorn by the
scatter diagram of potassium versus
zirconium.
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Scatter diagram for potassium versus calcium.
This diagram shows a lack of correlation. Most
of the values for potassium fall in the low
portion of the potassium range. The calcium
values are fairly well distributed.
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Scatter diagram of potassium versus titanium
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Figure 10.

Scatter diagram of calcium versus zirconium.

Scatter diagram of titanium versus iron
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Correlation coefficients were also computer cal
culated.

Table III gives the simple correlation coefficients

for the butte means (mean of analyses for a single butte) of
all elements measured.

They are a mathematical expression

of the degree of direct (positive) or inverse (negative)
relation between any two variables.

If one variable

increases in a way which is directly proportional to the
second variable, it would have a high positive correlation
coefficient.
-1 and +1.

These numbers can only have values between
The points on a scatter diagram would fall on a

single line if the variables had a -1 or +1 correlation
coefficient, while a value at zero would represent a lack of
correlation of the variables and hence the points on a
scatter diagram would be widely distributed.

A comprehension

of the significance for the numerical values of the correla
tion coefficients can be gained by comparing them to their
respective scatter diagrams.
X.

The rather high correlation coefficients of
zirconium, strontium, and manganese with each other, and the
high negative correlation of these elements with nickel, give
a strong indication of the mutual relationships of the varia
tion of these four elements.

It should be kept in mind that

the values on the scatter diagrams and the correlation
coefficients include effects of sample error, analytical
error, and other deviations which are local in character.
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TABLE III
SIMPLE CORRELATION COEFFICIENTS COMPUTED

Zr

Sr

Ni

Fe

Mn

Ti

Ca

Zr

+1 . 0

+ .74

—.69

+.05

+.76

-.2 0

+.02

+ .37

Sr

+.?4

+1 . 0

-.64

-.1 1

+.67

-.32

+.17

+ .40

Ni

-.6 9

-.64

+1.0

-.27

-.68

1
•
H
-P-

+.09

-.40

Fe

+ .05

-.11

-.27

+1.0

+.36

+.59

•
0
•E-

1

ON 63 BUTTE MEANS

-.11

Mn

+ .7 6

+.67

VO
•
1

00

+ .36

+1.0

-.1 3

-.04

+.38

Ti

— •20

-.32

-.14

+.59

-.1 3

+1 . 0

+.15

-.27

Ca

+.02

+.17

+ .09

-.04

0•
1

+.15

+1.0

-.24

K

+ .37

+.40

-.40

-.11

+.38

-.2 7

—.24

+1.0

K

It is only when these deviations are minimized by regression
analysis that the extraordinary close agreement of the varia
tion of these elements can be appreciated.

As can be seen

from Figures 14, lj>, l 6 , and 1?, the strike of the trend
surface for iron (Fig. 18) is very close to that of these
four elements but the correlation coefficients for iron do
not reflect this agreement.

This is the result of the

anomalous nature of the deviations from the trend for iron
and is discussed under geologic significance of trend devia
tions.

Comments on the geologic significance of correlation

will be included with the section on trend surface analysis.
Mean Values of Analyses
The mean values of the elements measured have been
computed and are presented in Table IV.

While they do not

have a direct bearing upon the statistical study of the
variation of these elements across the Hopi Buttes area,
they are presented here so that the reader may compare them
with the values of other mafic rocks found in the literature.
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TABLE IV
MEANS CALCULATED FROM 63 BUTTE MEANS
REPRESENTING 326 OBSERVATIONS

Element
Zr
Sr

Mean

Standard Deviation

640 ppm

123

ppm

ppm

419 ppm

Ni

810 ppm

277 PPm

Fe '

8 .74 #

0.384#

MnO

0 .1 6 9 #

0 .0 2 1 #

3-57%

0 .236 #

T102
CaO
K2°

1701

1 1 .59 #

1.17#

1 .00 #

0.474#

TREND SURFACE ANALYSIS
Trend surface analysis of geologic data is a rapidly
expanding method of investigation and has a wide range of
uses in statistical evaluation of such data.

The term "trend

surface" is applied to the surface generated by use of
regression analysis statistics.

The technique fits a least

squares surface (analogous to, and generalized from, the
fitting of a least squares line to a plot of two variables)
to the variable of primary interest (X)— in this case the
measured chemical concentration of an element.

The second

and third variables (U and V) are geographic coordinates of
the sample location.
A first order or linear trend surface is a plane and
has the general equation X^ = a^ + b^U + c^V.

Higher order

surfaces are non-planar and as the order of the surface
increases the equation fits a surface more closely to the
actual values measured.

Second and third order surfaces

are generated by expanding the polynomial to quadratic and
cubic forms.

The general equations for quadratic and cubic

surfaces are:
quadratic:

^2 = a2 + ^ 2 ^ + C2^ + ^ 2 ^ + e 2 UV + ^2^

cubic:

X^ = a^ + b^U + c^V + d^U^ + e^UV + f^V^
+ g^U3 + h3U2V + i3UV2 + j3V3
38

39
A trend surface gives the direction and strength of
the variation of a measured quantity, in this case the vary
ing concentration of a chemical element.

In examination of

the original data the real trend may he obscure or possibly
completely obliterated by either sample error or analytical
error or both; however, the trend is separated from these
deviations by regression analysis.
The interpretation of trend surfaces of geologic
data is as yet a relatively undeveloped but powerful ana
lytical technique which is finding increasing application
as high speed computers become available to geologists.
Grant (1957)i and Oldham and Sutherland (1955)i have
applied trend analysis in the investigation of geophysical
data.

Krumbein (1956, 1959)> Whitten (1959)> and others

have used this technique in the interpretation of geologic
data.

Bock (1962) considered the variation of potassium,

calcium, strontium, and rubidium in a granitic study.

The

present study is the first known application of trend surface
analysis to chemical analysis of a mafic rock.

Also the

technique is extended to determination of trends in a sub
surface pluton by analysis of samples collected from exposed
lava erupted from the underlying magma of unknown depth.
This study shows statistically significant lateral varia
tions in the data which can be described by low order
polynomial surfaces.

40
One measure of the reliability and strength— in the
sense of closeness of measured values to the computed trend
values as opposed to strength having the connotation steep
ness of the surface dip— of a trend surface is given by com
putation of the reduction of sum of squares accounted for by
fitting of the trend.

Figure 11, presented in two dimensions,

is used to develop a graphic feeling for the reduction of sum
of squares value.

The measured analytical values are plotted

on the plane of the paper and represent the projection of the
measured values onto a plane normal to the strike of a linear
trend surface.

The horizontal line A - B represents the

average of the measured values while the line C - D represents
the projection of the trend surface.

Figure 11
Diagramatic representation of a trend surface
The sum of squares of the deviations from the mean of the
individual values (represented by the join lines of points
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X, Y, and Z to the average A - B) is computed.

Next the sum

of squares of the deviations from the trend is computed
(represented hy the join lines of points P, Q, and R to the
trace of the trend C - D).

The difference between these two

values is expressed in percent of the sum of squares of the
deviations from the mean.

This is termed the percent of sum

of squares accounted for by fitting of the trend.

An example

for the first order surface of zirconium follows.
Sum of squares of deviations from the mean = 517* 7
Sum of squares of deviations from the trend = 60.10
60.10

divided by 5 1 7 • 7 equals 1 1 . 6 percent reduction of sum

of squares due to fitting of the trend.

Inherent in this

method is an increased sum of squares reduction by trend
fitting with increasing order of the trend surface.

The

percent reduction of sum of squares can be seen as a graphic
measure of goodness of fit of the trend.

A substantial

increase in reduction of sum of squares of a higher order
trend surface over the next lower order trend surface is
required to justify use of the higher order surface as
representative of the true trend.

Table V gives the reduc

tion of sum of squares due to fitting of the trend for all
surfaces of all elements and Table VT gives a confidence
level as determined by analysis of variation tests.

The

reader is referred to standard statistical texts for theory
of the analysis of variance tests.
values is given in Table VI.

The computation of these

TABLE V
PERCENTAGES OF TOTAL SUMS OF SQUARES
ACCOUNTED FOR BY THE TREND SURFACES

Component

Mn

Ti

Ca

12.3

5.2

6.1

9.1 1 6 . 2

11.1

18.6

12.4

8.4

1 0 . 1 27.1

2 2.6

23.4

18.6

2 0.7

13.8 28. 3

Ni

Zr

Sr

Linear

1 1.6

14.2

8.5

Linear plus
quadratic

16. 1

16.1

Linear plus
quadratic plus
cubic
28.6

19.6

Fe

K

TABLE VI
ANALYSIS OF VARIANCE OF REGRESSION SURFACES
Source of
variation
Zr linear terms
deviations
quadratic terms

Sum of
Squares
60.1

Degrees of
freedom
2

^57.6

60

23.6

3

cubic terms

434.3
64.8

57
4

deviations

369.5

53

Sr linear terms

1015

2

deviations

6152

60

142

3

6010

242

57
4

5768

53

365

2
60

quadratic terms

3938
112

deviations
cubic terms

3827
498

57
4

deviations

3329

53

deviations

quadratic terms
deviations
cubic terms
deviations
Ni linear terms
deviations

3

Mean Square
30.05
1
7.627 .f
7.767 1
7.619 .f
16. 2 0 |
:
6.972 ,
507.5 1
)
IO2.5 ■
*7-3 )
105.4 1

F

Confidence*
level
97.5#

3.94

1.01

<75#

2.32

93#

4.95

99#

< 1

<50#

l
108.8 >l

< 1

<50#

184.0 ‘1
65.64 J I

2.80

‘j
67. 1 5 j I
124.0 ]
1
62.80 J

< 1

60.5

37. 0 7

1

1.98

93#
<50#
85#

TABLE VI— Continued
Fe linear terms

56.7

2

29.35

403.3

60

6.73

quadratic terms 28.9
deviations
374.4
cubic terms
22.1

3
57
4

deviations

352.3

53

46.2

2

828.5
deviations
quadratic terms 63.6

60

deviations
cubic terms

774.9
55.0

57
4

deviations

719.9

53

4 3 .O

2

6 6 O.I

60

quadratic terms 15•8

deviations

Mn linear terms

Ti linear terms
deviations

j

4.37

98#

9.633 J

1.47

77#

6.568

5.525
l
6.647 J
2 3 .I

<1

^ 50#

1
.)
21.3 '
1
>
13.59,

1.65

78#

1.56

76#

13.71>
12.6 J

1.08

< 75#

21.51
11.0 )

1.95

84#

3

5.27

< 1

11.3

10.5 ;

3

deviations

644.3

cubic terms

106.5

57
4

deviations

557.8

53

13.97

.
26.6 ’

2.53

<50#
95#

TABLE VI— Continued

Source of
variation
Ca linear terms

Degrees of
freedom

Mean Square

132

2

1561

60

26.0

)

quadratic terms 17

3

5.66

)

27.1

64

57
4

deviations

1480

53

l6-0
27.9

J
1
J

linear terms

2070

2

1035

j

10679

60

178.0

)

1389
9290

3

463.0 )
I62.9 >

154

57
4

9136

53

172.3 )

deviations
deviations
cubic terms

K

Sum of
Squares

deviations
quadratic
terms
deviations
cubic terms
deviations

1544

78 -O 1

F

3.00

38.5 1

Confidence*
level

9¥

< 1

<50%

< 1

<50%

5.81

99-5%

2.84

9t>%

< 1

* Values taken from Blometrlka by Herrington and Thompson (3S&3)•

<50%
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Caution must be used in evaluation of the signific
ance of the analysis of variance in that the value is depend
ent upon the sum of squares of the deviations from the trend
in such a way that when this value is small, relative to the
sum of squares accounted for by the trend, the analysis of
variance test will pass a high confidence level.

In treat

ment of geologic data, however, the deviations from the
trend may actually result from geologic processes and the
deviations may be significant indicators of the existence
of such processes.

In such a situation the trend surface

may fail to pass an analysis of variation test while in fact
the trend is reliable and truly represents the actual varia
tion.

For this reason the confidence level of each surface

is given, as opposed to the standard statistical practice
or pre-choosing a confidence level and having only the
alternatives of acceptance or rejection of the surface.

In

this situation the trend surface may be said to pass a par
ticular confidence level, or to be reliable at the "blank"
confidence level.
The order of the trend surface most representative
of the actual trend was determined by consideration of the
sum of squares represented by the trend, and also considera
tion of the analysis of variance test for confidence.

When

the linear plus quadratic or linear plus quadratic plus cubic
surface represents a substantial increase in the sum of
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squares over the linear or linear plus quadratic surfaces
respectively, then the higher order surface should be used
providing that this surface also passes a reasonably high
confidence level test.

On this basis, all trend surfaces

of higher order than linear were rejected with the exception
of potassium and titanium.

This rejection of higher order

surfaces, based on statistics, is probably, in part, the
result of the subtle nature of the trends of the concentra
tion of all elements except potassium and titanium.
Figure 12 shows the locations of the buttes which
were sampled, and identifies the fiducial points which appear
on the individual trend surfaces.

Discussion of the indi

vidual trend surfaces follows.
Potassium
The potassium concentration trend (Fig. 13) is much
stronger than the trends of other elements studied and the
deviations from the trend for potassium have a smaller
degrading effect upon the confidence level of the higher
order trend surface.

Strength as used here, and in the

following description of trend surfaces, indicates the per
cent decrease of the trend measured from its maximum to its
minimum value.

The quadratic trend surface best represents

the potassium concentration trend.
percent.

It has a strength of 65

The cubic trend surface of potassium concentration,

Figure 12.

Locations of sampled buttes; fiducial points
used on trend surfaces and deviation maps; and
sample location coordinate system. Sample
coordinates are given in Appendix I.
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for example, accounts for only one percent higher amount of
the sum of squares and therefore offers no real improvement
over the quadratic surface in depicting the actual potassium
concentration variation.

Higher order surfaces for other

elements do have a substantial increase in the sum of squares
but do not have a high confidence level in the analysis of
variance test and have been rejected for this reason.

They

are not statistically reliable.
Manganese and Titanium
The first order trend surfaces for the concentration
of manganese (Pig. 1 5 ) and titanium (not shown), are marginal
and the reliability of these surfaces is not high.

The

strength of these trends is a 7.3 percent decrease from the
maximum value of the trend for manganese and a 5 percent
decrease for titanium.

The first order trend for manganese

is 50 percent stronger than the first order titanium con
centration trend and while its reliability is questionable,
it will be seen in the following section that it agrees quite
well with the surfaces for zirconium, strontium, nickel and
iron concentrations.

For this reason it is included.

If

the reader considers the surface invalid it may be deleted
with no detrimental effect to the geologic interpretations.
The cubic surface of titanium concentration (Fig. 14)
is the only cubic surface which passes a high confidence

Figure 14.

Titanium concentration cubic trend surface
Values in percent TiOg.

-
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Figure 1$.

Manganese concentration linear trend surface
Values in percent MnO.

Afno

°‘i75

0-l70

52
level analysis of variance test.

It shows that the varia

tion of titanium concentration is of a more complex nature
than that of other elements best depicted by a linear trend
surface.
Zirconium, Strontium. Nickel and Iron
The linear trends for the concentration of these
elements (Figs. l6, 17, 18, and 19) are all straight-forward.
The strengths of these trends are:

zirconium, 24.5 percent;

strontium, 28 percent; nickel, 32 percent; and iron 3*5 per
cent.

The weak nature of the iron concentration trend will

be discussed with the geologic interpretations.
Calcium
Statistical tests previously discussed justify the
rejection of all but the first order trend surface for cal
cium concentration.

This trend is nearly east west in

direction as seen in Figure 20.

The strength of the calcium

surface is 7*5 percent.
Ratios of Elements
The surface of the ratio calcium:strontium, not
shown, passes these tests for reliability but it will be
demonstrated that the origin of the trend is the result of
two separate geologic processes and there is no geologic
significance to the ratio trend; consequently the calcium:

Figure 16.

Zirconium concentration linear trend surface
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Strontium concentration linear trend surface.
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Nickel concentration linear trend surface
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Iron concentration linear trend surface.
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Calcium concentration linear trend surface
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strontium trend has not been used.

Trends from the ratios

of other elements which have been computed add no new
information

DEVIATIONS FROM THE TREND
A graphic representation of the derivation of the
trend deviations is shown in Figure 11 "by the join lines
from points P, Q, and R to the trace of the trend, C - D.
The trend deviations have a mathematical importance in that
they affect the statistical reliability or confidence of a
trend surface.

Figures 21 through 28 are maps of the

deviations from the trends.

The positive deviations

represent analyses with values greater than the trend, and
negative deviations are actual values lower than the trend.
It is significant to point out that the deviations occur in
groups or clusters for the most part and only occasionally
is an isolated deviation found.
Deviations from a trend surface can result from such
factors as sample error and analytical error, but more
important they may also be caused by phenomena which are
of geologic import.

These factors are generally local in

nature as opposed to the regional factors which will be
included in the trend surface proper.

Connor and Miesch

(1964-), for example, have used trend deviations as a tool
for determining the location of a copper anomaly which is
related to a copper ore body hidden below alluvium.
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GEOLOGIC SIGNIFICANCE OF TREND SURFACES AND
DEVIATIONS FROM THE TREND
Differentiation
The directions of the strikes for the first order
trend surfaces of the concentration of zirconium, strontium,
nickel, manganese, and iron are nearly parallel to each
other.

The change in concentration from south to north

is toward higher values for zirconium, strontium, and
manganese, and toward lower values for iron and nickel.
This mutual relationship of variation of the two groups is
computable with classic theories of differentiation.

The

excellent agreement of the variation of concentration of
these five elements is considered exceptionally strong
evidence that the monchiquite to the north is later, in
sense of differentiation, than the rocks to the south.
Since other geologic processes operating to produce a
distribution of elements within this rock could result in
a trend surface altered from the original differentiation
trend, the corroboration by these several elements adds
confidence to the interpretation that the trend actually
represents a variation resulting from differentiation.
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Alternative explanations, however, cannot be overlooked
and two such possibilities will now be considered.
If the magma were generated from a previously
solidified rock mass, then at some time prior to the
volcanic activity the solidified rock mass must have been
melted to form the magma.

The rising temperature could

then result in differential melting of the proto-magma
and possibly a migration of the earliest formed fluids to
localities of less confining pressure.

These localities

would then be enriched in those elements contained in the
minerals of lowest melting temperature and a regional trend
similar to the observed trend could be formed.
Arguments against this history appear upon con
sideration of the trend for potassium concentration.

An

early effect of anataxis should have brought about an
exceptionally high concentration of potassium to the north;
however, the highest potassium values are found at the
western edge of this region, and consequently fail to
support and to some extent contradict this interpretation.
A process of differential melting cannot be entirely
excluded as a possible phenomenon underlying the observed
trend, but it is unlikely.
A second alternative explanation is suggested by
the overall composition of the monchiquite.

The high sodium

content represented by the approximately twenty percent
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analcite present in this rock gives it a somewhat unusual
composition.

While the genesis of a magma of such abnormal

composition remains a classic unsolved problem, certain
logical possibilities may be advanced.

A mutual assimila

tion or mixing of the magma of a mafic rock type with
another rock or magma of high sodium content is one possible
explanation.

The sodium-rich fraction may not represent a

single rock body but could itself be the product of
differential melting of a nearby high sodium-content source.
Assuming that such a mixing took place, any inhomogeniety
in mixing of the two compositionally distinct magmas would
give, as a final result, elemental trends identical to
those observed in this study.

An absolute statement as to

which of these processes or combination of processes actually
occurred cannot be made without additional evidence and the
real trend will be referred to as a "differentiation-type"
trend not necessarily implying differentiation.

I believe

that the most reasonable and probable interpretation is
differentiation with late stage igneous events progressing
in time to the north.
In summary, the trend surface analyses show that
there exists a subtle "differentiation-type" trend in an
approximately north-south direction, which, because of its
subtle nature, could not be determined by petrographic
microscopic investigation or even by empirical observation
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of a graphic representation of the chemical analysis.

It

is also significant that this subtle differentiation trend
is evidenced most strongly by trace or minor elements but
can be determined from analysis of elements present in
major quantities (iron) as well.

Corroboration of this

interpretation in the surfaces of titanium and potassium
can be made.
Calcium Trend Surface
The total change of the concentration of the major
elements iron and calcium across the area studied by the
trend surface is slight, 3*5 percent decrease from maximum
for iron and 7*5 percent decrease for calcium.

Clearly the

strength of the "differentiation-type" trend is so slight
that the change of concentration of the major elements is
not pronounced.

Because of this, if a stronger secondary

trend were superimposed upon the primary or differentiation
trend, it would be predominant and would be reflected in
the resulting trend surface, masking any original trend.
This is believed to be the case with calcium.

The calcium

concentration trend reflects the secondary mineral calcite
which fills fine fractures within the monchiquite.

The

calcite content is high in those buttes which have not
been greatly eroded by natural weathering processes, and
|

i
!
i

is usually absent or low in buttes which have lost most of
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their original peripheral area by erosion.

The calcium

concentration linear trend surface is significant as an
erosion trend surface and is in good agreement with the
field observation of a concentration of highly eroded diatremes existing today as volcanic necks in the western
portion of the Hopi Buttes area, as opposed to the buttes
of the eastern area which are less eroded.

The eastern

buttes exist as very short range flows or diatrernes of low
relief which often retain the original diatreme structure.
The calcite is present only near the original periphery of
the extruded lava, and where erosion has removed this layer
the calcite is absent.
Secondary calcite deposition may be related to the
immediate post-volcanic precipitation of limestone which has
occurred in much of the Hopi Buttes area.

Because of erosion

little of this limestone remains today and its original
extent is unknown.

It is now found near, in, or overlying

many diatremes which have not been severely eroded.

Uyeno

and Miller (1 9 6 5 )> report cyprinid fishes found in Coliseum
diatreme which suggests an extensive shallow lake, or at
least a system of interconnected ponds, and the writer has
considered that the limestone, if not of great areal dis
tribution, may have been precipitated locally in areas of
increased water temperature— the result of gaseous emana
tions from the volcanoes as noted by Laidley and DuBois (1964).
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In any case, there is limestone overlying or adjacent to
the diatrernes least affected "by erosion.

The delineation

"between "buttes which have suffered extensive erosion, and
those which have not, is not sharp; however, the calcium
concentration trend surface very nicely reflects the trend
of the observed field conditions.
The calcium-:strontlum trend which would normally be
an ideal differentiation indicator is no longer significant
in this respect because of the effect of secondary calcite.
Significance of Potassium Distribution
Potassium is the only element studied which has a
statistically significant second order trend surface, and
analysis of variance tests shows it to be valid at the 95
percent confidence level.
The second order potassium concentration trend
(Fig. 13) is strikingly different from the trends of all
the other elements measured.

In the southeastern part of

the Hop! Buttes it conforms to the general north-south trend
while in the west there is an area of enriched potassium
content.

No field evidence or petrographic information was

observed which is useful in interpretation of this surface.
The strength of the change across the surface is sixty-five
percent which is twice the change observed in any other
trend surface.

The map of deviations from the trend for
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potassium shows that to the southwest there is an area of
even greater enrichment than is reflected by the trend
surface.
Insufficient sanidine was observed to account for
this potassium enrichment and it is probably present in
either a glass phase, or in a potassium rich analcite.
Two explanations which appear plausible are:

(1) assimila

tion of a potassium rich rock; and (2) a late phase of
igneous differentiation.

Discussion of these possibilities

follows.
Assimilation of a potassium rich rock by the
monchiquitic magma in the potassium enriched area would
result in the observed potassium distribution.

Approxi

mately five percent of assimilated potassium feldspar, for
example, would be required to account for the potassium
enrichment.

The temperature necessary to melt an acidic

rock was surely reached during and prior to volcanism.

The

magma had a high water content which is an aid to the
assimilation process.
Shoemaker and others (1962) report miarolitic
granophyric granite as the principal PreCambrian xenolith
in the monchiquite.

Bowan (1928) gives an excellent treat

ment of the effects of assimilation.
One additional factor which lends support to this
proposal is found in the behavior of the trend deviations
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of the other elements in the potassium enriched area.

With

the exception of manganese, all elemental concentrations
have a .negative deviation in most of the area of potassium
enrichment.

The manganese deviations here are about half

positive and half negative.

Excepting manganese, such

would be exactly the case expected if the concentration of
these elements were slightly diluted by assimilation of a
few percent of a rock deficient in these elements.
The titanium concentration cubic trend surface in
certain respects is in excellent agreement with the potas
sium surface.

In the eastern two-thirds of the map it

supports the "differentiation-type" trend evidenced by all
elements except calcium.

In the southwest, the area of

potassium enrichment, there is a region of low titanium
values.

This low is more precisely defined on the devia

tion map by a negative titanium region, the boundary of
which is nearly identical to the potassium enrichment area.
Whatever process that has resulted in the potassium enrich
ment is the logical origin of the titanium depletion.
Again this observation strongly supports potassium assimila
tion.

Although I favor assimilation to explain the potas

sium distribution, this is not a unique hypothesis and it
must be said that there is insufficient information
available to verify any proposed relationship of the
potassium distribution to the history of the magma.

No
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evidence was observed which might indicate that the
potassium distribution is the result of secondary processes*
Assuming assimilation, some information may be deduced about
the nature of the assimilated rocks.

The original potassium

content of the magma was probably near the values found at
the southeast edge of the trend surface.

Inasmuch as the

trend direction of the concentration of zirconium, strontium,
nickel, and iron are in such close agreement with each other
the content of these elements in the assimilated rock must
have been nil, or they were present only in trace amounts.
Assimilation of even small amounts of any one of these
elements would have caused its trend direction to shift
away from the common direction toward that of the potassium
concentration trend.
Unfortunately silicon, aluminum, and sodium con
centration trend surfaces are not available.

Such data would

help define the assimilated rock type. If 5*9 percent of the
magma, in the potassium rich area, consisted of an assimi
lated granite containing 60 percent orthoclase, then the
potassium enrichment would be equal to that observed.

The

silicon, sodium, and aluminum distribution, if known, could
be used to support or contradict this possibility.
Potash beds have been reported (oral communication,
Pierce, Arizona Bureau of Mines) in drill core samples from
locations east of Holbrook, Arizona (50 miles southeast of
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the area of potassium enrichment).

This close proximity

of potash suggests it to be a potential source of assimi
lated potassium.

However, core samples from drill holes,

located in all directions except northeast, at locations
closer to the potassium enrichment area than the known
potash region, do not contain potassium evaporite.

Neither

possible source can be accepted or rejected on the basis of
available data and further speculation is not warranted.
A second hypothesis for the explanation of the
potassium trend will now be considered.

Assuming that the

"differentiation-type" trend actually represents differ
entiation within the magma, the potassium distribution
could be a reflection of a closing phase of the differen
tiation process.

The rising potassium content in the

westernmost section (which is further defined by the
potassium deviation map) could indicate a late effect of
differentiation which occurred after the distribution of
zirconium, strontium, nickel, manganese and iron was fixed.
Two observations of the available data argue against
this hypothesis.

The lava flows associated with many dia-

trernes attest to the fact that the magma still had a rela
tively low viscosity at the time of the volcanic eruptions,
and this event has effectively fixed the elemental dis
tribution.

It is not likely that a differentiation process

acting upon a magma of such low viscosity would affect the
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potassium distribution and not influence the distribution
of other elements measured.

In order to fit the observed

data, the change in potassium concentration could occur
only after these other elements were immobilized.
The second consideration which would seem to contra
dict this hypothesis is found in the distribution of
strontium relative to potassium.

Heier and Taylor (1959>

p. 2 9 7 ) point out that strontium substitutes for both
calcium and potassium, and this diadochy should be reflected
in the form of the strontium concentration trend surface.
Not only is this not the case, but the opposite situation
is indicated by the negative deviations from the trend of
strontium concentration in the identical region of highest
potassium content as noted on the potassium concentration
deviation map.

Indeed this may be considered indirect

support of the assimilation process.
The writer believes that assimilation best explains
the potassium distribution.
The potassium concentration deviations have
reasonably good agreement with the zirconium, strontium,
and manganese concentrations deviations in the southeastern
portion of the map and here reflect the north-south
differentiation trend.

The large group of high positive

potassium deviations to the southwest appear to further
define the limits of maximum potassium assimilation by the
monchiquite.
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Trend Deviations
At first impression the deviations from the trend
depicted on the deviation maps of the various elements do
not appear to have particularly close agreement between
elements.

Careful study reveals, however, a fairly high

degree of compatibility among deviation maps, and the
deviations allow better understanding of processes already
mentioned.

The agreement is not conspicuous for two reasons.

First, the positive (or negative) deviations are not con
centrated in only one or two small sections but occur in
groups over the entire area.

Second, consider two elements

(strontium and zirconium, for example) which have a high
positive correlation with each other.

These two elements

would be expected to have similar deviations (positive or
negative) at any particular sample location.

Only a few

sample locations in which the deviations do not correlate
will tend to obscure the actual overall good agreement to
the extent that the zero deviation contours are not con
gruent on the deviation maps of the respective elements.
The actual compatibility of the deviation maps
becomes apparent after a more detailed examination.

Of

the total number of deviations for zirconium, there is an
agreement in sign with eighty-four percent of the strontium
deviations— eighty-four percent of buttes enriched (or
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depleted) in zirconium, as measured from the zirconium
concentration first order trend surface, are also enriched
(or depleted) in strontium.

Also nickel which has a high

negative correlation with strontium and zirconium has a
seventy-three percent inverse agreement with each.

The

positive correlation between deviations of strontium and
manganese is seventy-five percent.

In other words, the

deviations from the concentration trends of strontium,
zirconium, nickel and manganese have the same mutual
relationship as do their trend surfaces relative to expected
changes with a "differentiation-type” trend; and the devia
tions of these elements delineate sub-areas within the
Hop! Buttes which have experienced either a more advanced,
or a retarded progress in the "differentiation-type"
process.
At least part of the lack of complete inverse
correlation of appropriate elements occurs in the area of
potassium enrichment.

In most of this area all the elements

except manganese have negative deviations from the trend,
and therefore disallow the possibility of negative correla
tion with all but potassium and manganese in this area.
The correlation of manganese and potassium deviations in
this area is about fifty percent positive and fifty percent
negative as a consequence of a band of positive manganese
values cutting across the potassium rich area.
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The overall correlation of deviations is quite good
for all elements in this group with the exception of iron.
For some reason as yet unexplained by the writer, a high
percentage of the deviations from the trend of iron con
centration behave in an anomalous way in that many positive
(or negative) deviations of iron occur at localities which
also have positive (or negative), respectively, deviations
for strontium, zirconium, and manganese.

This explains why

the correlation coefficients of iron with these elements is
low even though the trend surfaces agree so well in orienta
tion.
The iron concentration trend surface supports the
differentiation trend, while the deviations from the trend
of iron concentration are conspicuously anomalous.
The deviations from the trend for calcium do not
appear to have a rational pattern and most likely reflect
the occurrences of secondary calcite deposition.

Figure 21.

Deviations from the trend of zirconium concentra
tion in ppm. Lined areas are positive deviations
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Figure 22.

Deviations from the trend of strontium concentra
tion in ppm. Lined areas are positive deviations.
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Figure 23*

Deviations from the trend of manganese concentra
tion in percent MnO. Lined areas are positive
deviations.
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Figure 24.

Deviations from the trend of nickel concentration
in ppm. Lined areas are negative deviations.
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Figure 25.

Deviations from the trend of iron concentration
in percent. Lined areas are positive deviations
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Figure 26.

Deviations from the trend of calcium concentra
tion in percent CaO. Lined areas are positive
deviations.
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Figure 2?.

Deviations from the trend of titanium concentra
tion in per cent TiCL. Lined areas are negative
deviations.
^
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Figure 28 .

Deviations from the trend of potassium concentra
tion in percent KpO. Lined areas are positive
deviations.
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GENERAL GEOLOGICAL RELATIONSHIPS
Structure
With the exception of local structural features
associated with the individual diatrernes, there is a lack
of significant major tectonic deformation in the area of
study.

The single large scale structure is a gentle north

west trending anticline located about two miles west of
Dilkon.

Approximately five miles to the west of the anti

cline axis, and parallel to it, is a gently dipping syncline
(Kiersch, 1956, p. 10).

There is no apparent relationship

between these factors and the observed distribution of
diatremes.

No structural feature was observed which might

be related to the elemental distribution.

All attempts to

locate structure elements which might have influenced
prominent trend deviations were fruitless.
Shoemaker and others (1 9 6 2 , p. 3^5) suggest that
regional tectonic stresses, at the time of intrusion,
governed the general northwest trend of the diatremes and
associated dikes.

This observation compliments the con

clusion that volcanic activity proceeded from southeast to
northwest since the logical differentiation direction would
be parallel to the observed linearity of volcanic centers
of eruption.
86
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Compositional Variation of the Monohiquite
Little study has "been devoted to the variation of
concentration of the chemical elements of igneous masses.
Many examples are found in the literature where one, or a
few, isolated analyses are used to represent a large volume
of igneous rock.

Obviously conclusions based upon the com

parison of such data can only be valid if the rock repre
sented by such analyses has a homogeneous composition.

More

studies in which a large number of analyses have been made
are necessary in order to generalize about the nature of
chemical variation of igneous rock bodies.
In this study the variation of chemical concentra
tion has proven to be of geologic significance and in per
haps greater than might have been expected.

The means of

the concentrations assume a high reliability since they
accurately represent the actual composition of the rock.
Comparison of the Bidahochi Monchiquite
to Other Alkaline Mafic Rocks
Nockolds (195^) gives the values found in Table
VII as the average olivine analcitite computed from eight
analyses.
For comparison, values for those elements not meas
ured have been taken from Williams (1936, p. 166), i.e. SiO^i

TABLE VII
COMPARISON OF CHEMICAL ANALYSES OF BIDAHOCHI MONCHIQUITE AND
OTHER MAFIC ROCK ANALYSES
Bidahochi
Monchiquite
(this study)
avp;. of 32o*
Sl°2
Tl°2
A 1 203
FeO
Fe2°3
Fe**
MnO

39.9
3.6
12.0

Bidahochi
Monchiquite
(Williams)
avg. of 3

Six classes
of basalts
(Nockolds)
avg. of 370

Oilvineanalcitite
(Nockolds)
avg. of 8

Analcite
basalt
(Wilkinson)
avg. of 8

47.72

44.95

46.34

3.51

1.74

12.0

2.09
14.72

13.52

13.58

39.9
4.0

—
—-

4.3

3.15

5.42

4.52

8.7

8.43

5.07

5.21

8.7
0.20

9.7
0.19

7.73

7.67
0.15
8.02

7.21

MgO
CaO

10.3
11.6

m o
k2 o

3.3
1.2

3.3
1.20

h2 0

4.6

4.6
1.0

1.0

10.3
11.2

0.17

10.38
10.35
2.23
0.82
0.66
0.2 7

9.78

O .16
7.85
8.21

4.65
1.21

4.38

2.80
O .92

4.29

2.52

0 .91

%

* Means for S^Og, AlgO^ , MgO, NagO, HgO, PgOg, are from Williams (1936).
**X-ray fluorescence spectrographlc analysis does not distinguish between FeO
and FegO^j total Fe has been computed by the writer for analyses here listed.

A1203> MgO, Na20, HgO,

The average of Williams

(1 9 3 6 , p. 1 6 6 ) analyzes 2 , 3 > and 5 (taken from the
Bidahochi monchiquite) is also given in Table VII.

Moderate

differences from concentrations determined here are seen in
Williams' determinations of iron and titanium; the average
of Williams* determinations for each is higher by about
10 percent of the mean reported in Table IV.

Apparently

Williams* three samples represent rock of higher than
average ilmenite content.

Other differences are less

marked.
The most striking difference between the Bidahochi
monchiquite and the average olivine analcitite of Nockolds
is that the difference with respect to each element is
indicative that the Bidahochi monchiquite is less differ
entiated than the average olivine analcitite.

(The KgO

figures are nearly equal; however, if assimilation of
potassium took place the original potassium content of the
Bidahochi monchiquite was lower than is indicated.)
Of all the rock types listed by Nockolds (195*0 > no
other classification matches the Bidahochi monchiquite more
closely than does his olivine analcitite.

Unfortunately

analyses of trace elements are not available in Nockolds*
paper.

Wilkinson (1 9 6 2 , p. 194) lists analyses of eight

analcite basalts.

Again the differences between the

averages reported here and an average of Wilkinson's
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figures, for every major element, indicate that the
Bidahochi monchiquite is less differentiated.
Considering the above comparisons it may be con
cluded that the composition of the Bidahochi monchiquite
is a closer approximation to the current concepts of a
"primary basaltic magma" than is the average analcite-rich
mafic rock (i.e. the monchiquite is more basic than average
analcite-rich mafic rocks).
259)

Turner and Verhoogen (i9 6 0 , p.

point out that they "favor the general hypothesis that

the highly potassic magmas of the leucite-basalt association
are products of assimilative reaction between alkaline
olivine-basalt magma or nepheline-basalt magma and the
'granitic' rocks of the continental basements."

They note

the close association of these basic rocks to granitic rocks,
and the common occurrence of granitic xenoliths in alkaline
basalts.

Granitic xenoliths are plentiful in the Navajo

volcanics and also occur in the adjacent Hop! Buttes area.
In an analysis of Todilto Park, Arizona, and Wildcat Peak,
Arizona (Williams, 1936), the K^O content considerably
exceeds the Na^O content.

Just the reverse situation is

found in the Bidahochi monchi quite in which the Na^O content
is approximately three times that of the KgO content.

The

total alkali content of both these areas is approximately
the same

8?
Perhaps these differences reflect the depth of
stoping of the magma chamber into the overlying granitic
basement complex, or possibly a variation of alkali ratio
in assimilated PreCambrian sialic rocks.

If such is the

actual situation then a variation in lithology of the base
ment rocks, or an irregularity in the magma chamber roof, is
indicated by the sub-area of potassium enrichment delineated
by the trend deviation map of potassium.
In the averages of six separate classes of basalts
(including alkali basalts) tabulated by Nockolds (195^* P»
1021), the total alkali content is about one-third less than
in the Bidahochi monchiquite; but the ratio of Na/K is nearly
the same.

This alkali enrichment is not extreme but is

sufficient to distinguish the monchiquite from the "average
basalt."

Also the average silica and alumina content is

markedly lower in the Bidahochi monchiquite than in average
basalts.
The strontium content is unusually high.

Rankama

and Bahama (1950, p. 4-76) list the strontium content of a
large number of silicate rocks.

The Bidahochi monchiquite

strontium concentration (1700 ppm) greatly exceeds the highest
value listed by Rankama and Bahama.
strontium enrichment is evidento

No explanation for this

The zirconium content like

wise is found to be enriched over published igneous rock
averages (Hevesy and Wurstlin, 1934-).

This enrichment of

both zirconium and strontium is unexpected since these
elements tend to be concentrated in the acidic differen
tiates of igneous rocks.

Too few analyses of these elements

are found in the literature and further comparative comment
does not seem warranted at this time.The mean content of nickel, normally concentrated
in ultra mafic rocks, is in line with averages published by
Bankama and Bahama (1950).
Physical Conditions of the Magma
Yoder and Tilley (1 9 6 2 , p. 452) give a pressuretemperature diagram for a natural alkaline basalt water
system.

Study of this phase diagram gives useful informa

tion about the pressure-temperature conditions existing on
the monchiquite magma.

The results of work by Shoemaker and

others (1 9 6 2 ) and also the presence of the hydrous mineral
analcite attest to the high water content of the magma.
The relatively large phenocrysts of olivine and
augite indicate that these minerals began to crystallize
at depth, while the remainder of the rock crystallized
during and after extrusion of the lava.

The absence of

amphibole indicates that the earliest crystallization began
at a pressure of less than 5300 bars (equivalent to 20 km
depth) and at a temperature of 1035°C + 35°C.

Upon eruption

the rapid release of pressure and lowering of temperature

placed the liquid-crystal magma in the stability field of
analcite and crystallization of the groundmass ensued.
(Yoder, oral communication, has determined the pressuretemperature conditions of the analcite-water system.)

i

SUMMARY AND CONCLUSIONS
(1)

X-ray fluorescence analysis is especially

suitable for quantitative analysis of silicate rocks par
ticularly so because standard quantitative wet chemical
analyses are so laborious.

The accuracy is as good as or

better than standard wet methods of routine analysis.
Quantitative x-ray fluorescence analysis is reliable, rapid,
and e conomica1.
|
|

(2)

Regression analysis and trend surface analysis

techniques develop analytical results which reflect geologic
processes that are not easily observed in the results of
other analytical techniques.

Deviations from trend surfaces

reveal information pertinent to interpretation of geologic
processes which are reflected in the chemistry of igneous
rocks.
(3)

The chemistry of the Bidahochi monchiquite is

sufficiently uniform to be certain that these isolated
'

volcanic features have a common source.
(4)

A limit of 5300 bars pressure, equivalent to

approximately 20 kilometers depth, is established as the
maximum pressure and depth of the magma chamber which was
the source of the Bidahochi monchiquite.
f

90

l
I

j

.91

(5)

A history of differential erosion of the Hopi

Buttes volcanic field is indicated indirectly by the trend
surface of calcium.
(6)

The Hopi Buttes monchiquite has a geologic

history culminating in a "differentiation-typeM trend in
the elemental distribution progressing from south to north
in time.

Sub-areas affected by these processes to a greater

or lesser extent than represented by the regional trend, are
moderately well defined.
(7)

Assimilation of potassium rich rock by the

monchiquite has probably occurred in the southwestern section
of the Hopi Buttes.

The potassium distribution in localities

distant from the assimilation area is controlled by the
process which gives the regional "differentiation-type"
trend.
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APPENDIX I
BUTTE LOCATION COORDINATES
Butte Number

u

V

1

+87

+77

2

+79

3

Butte Number

u

V

19

+53

+26

+72

20

+77

+40

+62

+23

21

+59

+6l

4

-24

+11

22

-56

-50

5

-23

+23

23

-52

-23

6

" +46

+18

24

+4o

+14

7

-55

+59

25

+67

+67

+73

-30

26

-49

+44

9

+81

-17

27

-35

+52

10

-57

+ 7

28

-84

0

11

-76

+32

29

-69

-21

12

-22

+45

30

-36

- 4

13

-12

+28

31

-39

+37

14

- 5

+20

32

-52

-62

15

+75

- 3

33

-23

-66

16

+79

-20

34

-11

-66

17

+73

+14

35

- 8

-45

18

+56

+28

36

-12

-34

8

,
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Butte Number

U

V

Butte Number

u

V

37

-24

-27

51

+87

-21

38

-18

+35

52

+18

-62

39

-47

-49

53

— 45

— 1

40

-46

-66

54

-27

- 3

41

-34

-62

55

-18

+ 5

42

-35

-66

56

+ 4

+28

43

+16

+55

57

-32

-41

44

- 9

+52

58

-35

-45

45

-19

±51

59

- 8

+ll

46

-21

+49

6o

+24

+29

4?

_90

+30

6l

+32

+14

48

-52

+ 5

62

+39

+39

49

+59

±13

63

+91

+59

50

+48

-26
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