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THE GREENLEAF ANOMALY, A SIGNIFICANT
GRAVITY FEATURE

By

PauL L. Lyons*

ABSTRACT

A gravity maximum anomaly, which attains a relief of almost 140
milligals, Bouguer, traverses the Salina Basin of Kansas, extending south-
ward into Oklahoma and northeastward into the Lake Superior area. It
represents an ancient tectogene arc about 1,100 miles long and is perhaps
related to the Nemaha Uplift to the east. It is interpreted to represent un-
usually dense rocks at or near the surface of the Precambrian floor, extending
the Lake Superior elements far to the south. Continued adjustment of this
crustal element has contributed to basin development and structures in the
overlying sediments. The anomaly implies that “iron ranges” similar to those
of the Superior region may underlie areas flanking its trace in Iowa, Ne-
braska, Kansas, and Oklahoma.

INTRODUCTION

The most significant gravity maximum anomaly on the North
American continent traverses the Salina Basin of Kansas. Atten-
tion was directed to it by Woollard (1943), who recorded it on a
transcontinental gravity profile, which crosses Kansas in an east-
west direction. The Kansas culmination is in the vicinity of the
town of Greenleaf, Washington County, where it reaches a value
of +15 milligals, Bouguer. The name Greenleaf Anomaly is pro-
posed for the feature. It is now known to extend southward into
Oklahoma, where it may possibly contribute to the gravity cul-
mination of the Wichita Mountains gravity maximum. To the
northeast it pursues an S-shaped course through southeastern
Nebraska into Iowa. The anomaly is very large and regular in
Iowa and the adjacent part of Nebraska; it reaches its greatest
culmination of 450 milligals, Bouguer, in the vicinity of Adair,
Iowa, in Adair County. Lack of control makes further precise
tracing of its true crest difficult, but on the basis of magnetic and
subsurface data it may be extended beneath Mason City, Iowa,
near the north line of the state, northward through Minneapolis,

_and it must continue northeastward into the area covered by Lake

*Sinclair Oil and Gas Company, Tulsa, Oklahoma.
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Fic. 1—Bouguer gravity map showing Greenleaf anomaly, contour inter-
val 10 mgal.
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Superior. The anomaly is shown in Figure 1; heavy contours are
used to emphasize its course. Examination of the gravity map of
the United States (Lyons, 1950) indicates that this anomaly is of
great magnitude and length as compared with other anomalies.
The anomaly is too narrow to be altered by isostatic reduction; it
is an inequal weight sustained by the earth’s crust.

A truly great frontier of investigation lies in the study and
solution of the cause of anomalies such as this; interpretation may
have economic as well as academic value.

The anomaly map has been drawn from an assemblage of
published data derived from both gravity meter and pendulum
observations. Woollard (1958) has made accurate meter obser-
vations at airports (where position and elevation are known);
these data have been very useful in areas where regional gravity
meter or pendulum data are lacking. A density of 2.3 for topo-
graphic variation above sea level is assumed. The map is accurate
to the contour interval in Oklahoma and Kansas. The profile by
Woollard (1943) across the Salina Basin affords a quantitative
approach to the extent and magnitude of the causative intrabase-
ment mass in that part of Kansas. A further definition of the
feature is afforded by additional geological and geophysical ob-
servations that may be brought to bear on its interpretation.

CHARACTERISTICS OF GREENLEAF ANOMALY
REGIONAL SYNCLINES

The gravity anomaly maximum coincides with prominent sedi-
mentary basin areas. In Oklahoma it traverses the Anadarko
Basin; it continues northward through a part of the Salina Basin,
then in succession through parts of the Forest City Basin, the
Minneapolis Basin, and the Lake Superior Syncline. In truth, the
interpreter is inclined to speculate that isostatic load, repre-
sented by this ancient anomaly, has been a factor in the establish-
ment of the sedimentary basins. By contrast, the anomaly at its
inception must have marked a high ridge or island arec.

MAGNETICS

Examination of the magnetic declination map indicates that
a pronounced magnetic maximum, large enough to alter locally
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the lines of equal declination, coincides approximately with the
gravity anomaly. Where magnetic surveys are available, they
show that the axis of the magnetic maximum coincides closely
with the axis of the gravity maximum. In the Anadarko Basin, a
magnetic closure of tremendous areal extent marks the broaden-
ing of the gravity anomaly (Lyons, in preparation). We can infer
that basement rock of greater than normal magnetite content is
present, and that possibly the causative materials have some uni-
formity of geophysical properties along the entire extent of the
anomaly, inasmuch as both magnetic susceptibility and density
contrasts with adjacent basement rocks seemingly are maintained.

SurraceE IeNEOUSs Rocks

Five igneous plugs reach the surface in Riley County, Kansas,
in the vicinity of the town of Riley (Fig. 4). The plugs lie east
of the crest of the gravity anomaly, but well on the anomaly; they
also lie on the Abilene Arch, an anticlinal feature of low relief.
These plugs are composed of basic igneous rock, which has in-
truded rocks of Permian age. Their presence in the Salina Basin
is evidence that crustal forces, initiated in the remote geologic
past, may persist through long periods of geologic time.

In the Lake Superior area, late Precambrian sedimentary and
volcanic rocks are present; they are ascribed mostly to the
Keweenawan Series. The Duluth lopolith, a basic intrusive body,
" occupies an extensive area north of Duluth, Minnesota. Just south
of Lake Superior, and north of the Keweenaw fault, additional
basic intrusive rocks crop out at the surface. Lake Superior area
rocks include the Beaver Bay diabase, which is believed to repre-
sent the upper part of a great gabbro flow that moved toward
Lake Superior (Winchell, 1900). The densities of these rocks gen-
erally are high, ranging from 2.5 to 2.7. The iron ores of the
Mesabi Range and the iron-bearing formations are derived from
alteration of sedimentary rocks containing large quantities of
green hydrous ferrous silicate (Spurr, 1902); the densities of the
iron-bearing formations in the Mesabi district range from 2.7 to
3.0 (Leith, 1903).

Igneous rocks crop out in the Wichita Mountains of Okla-
homa. According to Hoffman (1930) they bear a close resem-
blance to the Duluth intrusive rocks.
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F1c. 2—Map showing distribution of earthquake epicenters in the U. S.
through 1957 (after Woollard 1958a) and positive gravity anomaly arcs
(based on U. S. Coast and Geodetic Survey data).

EARTHQUAKE ACTIVITY

In Figure 2, the arc of the Greenleaf anomaly is shown on a
map of the distribution of known earthquake epicenters (Wool-
lard, 1958a) . The other positive gravity ares in the United States
also are shown for comparison. Seemingly, such arcs are a mani-
festation of mountain-building activity, and the Greenleaf
anomaly is in an area of recurrent earthquake activity. Occasional
earthquakes attributed to the Nemaha belt may also be related
to the Greenleaf axis, for the feature seemingly is still active and
adjusting. Oddly, the southwestern part of Iowa, where the
anomaly attains its greatest value and relief, has been free of
earthquakes during our brief history of record.

SurFAcE GEOLOGY

The surface expression of the intrabasement anomaly is least
evident in Oklahoma, where no surface folds have been observed
over the crest. For example, over a local culmination near Med-
ford, Grant County, Oklahoma, there is no surface anticline.
There are surface and subsurface folds at the Voshell and Mec-
Pherson pools in Kansas, however; these folds coincide with the
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gravity anomaly and their north-south axes almost parallel the
axis of the anomaly.

An amazing coincidence occurs in Iowa. In the southwest part
of the state, the anomaly has the appearance of being caused by a
horst in basement rocks; the boundary faults are indicated by ex-
ceptionally steep gravity gradients. The steep gradient on the
southeast flank coincides with the Thurman-Wilson fault. This
fault reaches the surface but cannot be defined precisely; it was
first described by Tilton (1919) on the basis of paleontological
evidence. Howell (1919) first delineated this fault on the surface.
His choice of location is in agreement with subsurface data and
with the position and strike of the steep gravity gradient. The
Thurman-Wilson fault has been placed on the tectonic map of
the United States, which is in preparation at the present time.

North of this Iowa area, correlation with the surface is again
difficult. In the Lake Superior region, the anomaly coincides with
the Lake Superior Syncline, a structure exhibiting great thick-
ness of Precambrian sedimentary rocks intruded by basic rocks.
Through original composition, metamorphism, or intrusion of
basic rocks, this prism would seem to have acquired a density in
excess of normal and sufficient to cause the gravity anomaly in
that area. One might conclude that a similar basement rock dis-
tribution should persist southwestward from Lake Superior into
Oklahoma, because the gravity anomaly is continuous.

SUBSURFACE GEOLOGY

No subsurface expression of structure coincident with the
gravity anomaly has been observed in sedimentary rocks in Okla-
homa. There are indications, however, that the geothermal gra-
dient is greater than normal in wells drilled near the anomaly in
Oklahoma. In Kansas, a subsurface axis coincident with the
anomaly is evident in the Voshell-McPherson-Salina trend of
structures; west of the Abilene Arch there is also some evidence
of a subsurface axis that coincides with the gravity axis. In Iowa,
two wells indicate significant subsurface relief associated with
the gravity anomaly. One well, approximately 20 miles east of
the highest culmination at Adair, found the Trenton at a depth
of 779 feet below sea level. Another well 20 miles southwest at
Greenfield, Adair County, across the Thurman-Wilson fault from
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the first well and on the downthrown side, encountered the Tren-
ton at —1300 feet. A difference in elevation on the Trenton of
500 feet is greater than could be produced by regional dip.

NeEMAHA UPLIFT

The Nemaha Anticline, or basement uplift, having its southern
terminus in the Arbuckle Uplift of Oklahoma, traverses Okla-
homa, Kansas, Nebraska, and perhaps Iowa. Structures such as
the anticline at Oklahoma City are apparent in the sedimentary
rocks over the buried granite of the uplift. The uplift culminates
in Nemaha County, Kansas, where the basement reaches eleva-
tions higher than 500 feet above sea level. A genetic connection be-
tween the Greenleaf anomaly and the Nemaha uplift is suggested
by close parallelism of the two. The axis of the Nemaha Anticline
. maintains a position about 40 miles east of the gravity maximum
through Kansas; the pattern changes in southeastern Nebraska.
If the Nemaha axis extends into Iowa, its subsurface position may
coincide with the anomaly; it also is possible that the Nemaha
Anticline intersects the gravity anomaly and continues north-
ward into the Sioux Uplift of South Dakota. This situation is
shown on the basement structure map (Fig. 3).

The Nemaha range, in general, occupies a “faded” gravity
minimum. The granite in wells penetrating the basement uplift
has no appreciable density contrast with the overlying sediments;
thus the Nemaha structures do not display gravity maxima other
than those associated with the uplift of denser sediments into
lighter sediments. Hence the Nemaha gravity anomalies are faint
and are isolated as residual gravity anomalies only after regional
effects are removed. In this respect, the Nemaha uplift is like
many elongate mountain chains having minimal regional Bouguer
gravity expression. They thus fulfill the isostatic theorem that
many extended mountain chains ride high because the rock
column is lighter than surrounding rocks of the crust. It is also
noteworthy that such gravity minima are inevitably accompanied
by paralleling gravity maxima. Let us speculate that the Nemahas
were, at the time of their genesis, represented by a pronounced
gravity minimum, which subsequently has faded because pro-
cesses are operative that can add to the density of a column of
rocks, but seemingly there are no processes that will decrease
the density of abnormally dense rocks once emplaced near the
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F1c. 3—Map showing altitude of basement surface, contour interval 500 feet.
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surface of the crust. We have already speculated that the Green-
leaf gravity anomaly is caused by such permanently dense rocks.

INTERPRETATION OF GREENLEAF MAXIMUM
THE TECTOGENE CONCEPT

The tectogene was named by Kuenen (1936), and the use of
the term here is restricted to the observed result of crustal pro-
cesses, without concern for the changing theories as to the
mechanism that brings about the crustal movements. The tecto-
gene designation is applied to present day island arcs in the
East and West Indies; tectogenes have been related by Hess
(1938) to gravity observations. They and related phenomena have
the following characteristics, all of which may be ascribed by
comparison to the Greenleaf anomaly and the Nemaha uplift.

1. The present-day tectogene is a downwarp or trough, a great

downbuckle.

2. The downbuckle is arcuate.

3. The deep-seated cause is shown by a belt of strong negative
gravity anomalies, temporary in geologic time, commonly
reaching —150 milligals, Bouguer.

4. Positive gravity bands lie on each side of the negative
anomaly, at a distance of 100 to 200 kilometers.

5. The positive bands range from +20 to 440 milligals, Bou-
guer.

6. The bands generally parallel island arcs but fall indis-
criminately on or between the island arcs and troughs. Be-
cause of this relationship, Vening Meinesz (1955) concludes
that the cause of the gravity anomalies is much more deep-
se§ted than the mere topographic or structural effects.

7. The island arcs are the result of igneous activity, deep basic
rocks intruding the crust through fissures developed by the
adjacent downbuckle.

8. The igneous extrusions result in maximum gravity anoma-
lies.

9. When the original driving mechanism that caused the down-
buckle stops, the tectogene will start to rise by isostatic
adjustment, and two broad linear uplifts will appear, one
on each side of the downfold.
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10. As a second stage of the deformation, the sedimentary or
igneous material within the tectogene will be folded in-
tensely, as in a sort of jaw crusher, and the main crust may
roll over the tectogene hinges. Mountains are formed.

The Greenleaf maximum and its associated weak minimum to
the east would seem to conform to all the described characteristics
of the tectogene elements, except for the magnitude of the nega-
tive anomaly. The negative anomaly is pronounced in south-
western Iowa and there is a well-developed minimum closure just
east of the Greenleaf culmination; it does not persist as well to
the southwest. It would seem reasonable to waive the requirement
for a strong negative anomaly, on the basis that the minimum has
faded in geologic time as a result of crustal movement, increase
of density, and elimination of downward extensions of the crust
into the mantle. There is no pronounced maximum present on the
concave side of the negative are, unless it be the Osage Island
maximum of northeastern Oklahoma (Cook, 1946) . Peridotite in-
trusives in Wilson County, Kansas (Hambleton and Merriam,
1955), and the magnetic anomalies of this area and their trends
suggest a weak positive band.

If the Nemaha Anticline marks the old tectogene trough, it
would have been folded first into mountains in Precambrian time.
We can speculate that the Nemaha Anticline, the uplift of which
was patently post-Mississippian and pre-Pennsylvanian in age,
has an older history related to the emplacement of rocks asso-
ciated with the Greenleaf anomaly. An indication of this is af-
forded by the observation in some Kansas wells that the Simpson
rocks (Ordovician) overlap older rocks of Arbuckle (Cambro-
Ordovician) age, therefore uplift existed in Ordovician time, at
least. The post-Mississippian uplift of the Nemaha perhaps
brought about a measure of isostatic equilibrium and reduced the
negative gravity toward zero.

Finally, it would seem that the Greenleaf maximum anomaly
represents an extension of the sedimentary prism of the Lake
Superior Syncline to the southwest, and that the sedimentary
rocks have been intruded extensively by basic rocks, as in the
Lake Superior region. Thé question remains as to the erratic
behavior of the maximum, not only as an expression of a syn-
cline-forming element but also as the locus of occasional uplift.
The question will perhaps never be answered other than specu-
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latively. In this vein, let us suppose that the weight of the masses
involved has caused them either to oppose uplift or founder
gradually during geologic time. In such actions, however, an
elongate mass certainly would not move in unison. Actually, some
portions of it could even be expected to hold firm and resist re-
gional subsidence brought about by other causes, accounting
thereby for such features as the horst in southwest Iowa and the
uplift of such features as the Voshell Anticline.

Consideration should be given to the puzzling observation
that the modern gravity arcs are not in precise correspondence
with the troughs and island arcs of the seas; in some there is an

“indiscriminate “crossing”. There is, as yet, no reasonable ex-
planation of this characteristic of tectogenes.

AREAL DisTRIBUTION OF BASEMENT Rocks

Figure 4 shows the distribution of rocks of the basement sur-
face southwestward from the Lake Superior area, based on the
gravity map. In Kansas, the determinations of Farquhar (1957)
have been used, and the modification suggested by the gravity
features has been added. The large dot in Clay County, Kansas,
marks a significant well, which penetrated diabase, as commented
on by Farquhar. It is located on the maximum anomaly. Similarly,
a well also is marked in Lancaster County, Nebraska, just east
of Lincoln, where a test encountered intrusive basic igneous rock
and quartzite (Condra and Reed, 1943).

The denser rocks do not seem to be confined entirely to the
arcuate anomaly. A curious westward extension appears along
the north line of Kansas, and additional extensions are shown in
eastern Kansas. Both the Rush and Russell ribs of the Central
Kansas Uplift seem to be underlain with dense rock, identified as
schist, phyllite, and non-granitic gneiss by Farquhar (1957). That
such rocks are denser than the surrounding Precambrian floor is
indicated by their coincidence with gravity maxima. The same
tendency directs attention to an area in northeastern Oklahoma
where the basement rock, called Spavinaw granite, is identified
on the map. This area shows a gravity maximum, mapped by
Cook (1956); significantly, it is an area of buried basement moun-
tains. The quantitative importance of minor buried topographic
features of the basement floor in this area is attested by the
presence of about 250 known structural features or anticlines in
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F16. 4—Map showing distribution of basement rocks.
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Osage County, Oklahoma. These domes are traps for a great
amount of oil.

One more observation is pertinent, and it emphasizes the im-
portance of a basement-rock distribution map. Where the base-
ment can be identified as being composed of rocks much denser
than the sediments overlying them, more confidence may be at-
tached to gravity maps, for there is more density contrast to re-
flect basement uplift as' anomalies. These rocks in northeastern
Oklahoma also seem to have a higher magnetic susceptibility
than normal granite, thus, similar observations apply to magnetic
mapping in such an area.

In the interest of oil exploration, areal maps of the basement
should be refined as much as possible. The oil industry should
make more effort to drill deliberately into the basement rocks and
to collect cores of these rocks for determinations of magnetic
susceptibility, density, age, and rock type. Whether basement
movement is the sole cause of basinal anticlines or compaction
over basement topographic features also causes doming, a study
of the basement is important.

Faurts

Two major faults (geophysical evidence) parallel the Thur-
man-Wilson fault in Iowa and Nebraska, as shown in Figure 3.
It is here suggested that they logically are a part of the Lake
Superior fault system. In particular, the Thurman-Wilson fault
seems to be an extension of the Keweenaw fault. Further, it is not
improbable, from consideration of the Greenleaf anomaly, that
the Keweenaw-Thurman-Wilson fault parallels the entire east
flank of the gravity anomaly for 1,100 miles in the basement rocks,
indicating an extensive fault system.

CROSS SECTIONS

Figure 5 (line A-A’ on Fig. 1) shows Woollard’s (1943) pro-
file over the Greenleaf anomaly. The gravity anomaly and the
steep gradients shown require that the rocks have a density con-
trast of 0.3 or 0.4 at a depth as shallow as the basement surface,
and a downward continuation. Only basic igneous rocks satisfy
these requirements. The causative feature must be about 33 miles
in width. Figure 6 (line B-B’ on Fig. 1) shows a similar gravity
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Fic. 5—Gravity and basement profiles along Woollard (1943) traverse in
Kansas.

profile along the north line of Kansas, as well as a magnetic pro-
file reported by Jensen (1949). The gravity and magnetic pro-
files are very similar, and they illustrate very well the concept
of the tectogene as shown by geophysical measurements. Base-
ment profiles (Fig. 5, 6) show the uplifted, less dense central
mass and the belts of faulting and basic intrusion.

THE IrROoN D1STRICTS

The iron ranges and districts are noted on the map showing
distribution of basement rocks (Fig. 4). Because the iron-bearing
rocks flank the Greenleaf anomaly in the Lake Superior area,
and are a part of the Precambrian sedimentary series, the fasci-
nating speculation is afforded that similar iron deposits may un-
derlie the sedimentary rocks of Iowa, Nebraska, Kansas, and
Oklahoma, flanking the Greenleaf anomaly. It is not impossible
to prospect and drill for these deposits under the relatively thin
sedimentary cover present in Kansas.

CONCLUSION

It is believed that the combination of gravity, magnetic, and
geologic mapping of regional areas opens a new frontier of
interpretation, and that such interpretation can lead to discovery
of oil and gas in the sedimentary rocks and of ore deposits in
the basement rocks.
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