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GEOLOGY AND MANGANESE DEPOSITS OF THE MAPLE AND HOVEY
MOUNTAINS AREA, AROOSTOOK COUNTY, MAINE

By Lours Pavripes

ABSTRACT

The manganese deposits of eastern Aroostook County, Maine,
lie in a discontinuous belt about 65 miles long. They are
grouped within three general areas: the northern manganese
district, which includes the deposits west of Caribou and
Presque Isle; the southern manganese district, which centers at
Houlton ; and—the area of this report—the Maple and Hovey
Mountains area, which is in the heavily wooded region west
of Bridgewater.

The Maple and Hovey Mountains area includes sedimentary
and igneous rocks that have been mildly metamorphosed to
somewhat different levels within the greenschist facies. These
rocks are complexly folded and faulted with steep to vertical
regional slaty cleavage transecting most of them. Bedding is
steep to vertical throughout the district.

Slate, graywacke, and impure limestone constitute the most
abundant rocks of sedimentary origin. A great variety of
igneous rocks is also present. These include greenstone (meta-
basalt, meta-andesite, and metadiorite), keratophyre, acidic
tuff, rhyolite, and volcanic breccia. Serpentinite and meta-
gabbroic rocks are present in one small part of the area. A
small mass of garnet porphyry also crops out locally.

The sedimentary and igneous rocks are probably all of post-
Early Ordovician age. The sedimentary rocks and some of the
voleanic rocks belong to two formations. The Meduxnekeag
formation of Middle Ordovician age is in fault contact with
the Hovey formation of Silurian (?) and Silurian age. The
Meduxnekeag contains slate, interbedded slate and limy layers,
and graywacke. The lithology of the Meduxnekeag differs from
the younger Hovey formation within the area mapped in that
its slate lacks intercalated volcanic rocks and manganese de-
posits, and it contains a distinet ribbon rock sequence.

The Hovey formation is divisible into two parts: a lower part
of slate and graywacke, which contains several lenses of devitri-
fied flow rock (Saddleback Mountain member), and an upper
part chiefly of slate, which also contains several lenticular units
of metavolcanic rock near its base (Dunn Brook member and
volcanic breccia unit). Stratigraphically above these volcanic
rocks, the slate of the upper part of the Hovey formation con-
tains the manganese- and iron-bearing deposits of the district.

The Spruce Top greenstone is a separate igneous unit that is
believed to have been emplaced as sills(?). Other igneous
rocks of the area are small masses of garnet porphyry, serpen-
tinite, metagabbro, and granite(?).

The bedded manganese- and iron-bearing rocks of Maple and
Hovey Mountains are of two primary lithologies: an oxide
facies, which mostly includes hematitic shale and slate and
banded hematite ironstone; and a carbonate facies, composed
chiefly of siliceous carbonate rocks. Magnetite of metamorphic
origin is locally a prominent constituent of both these primary
facies; therefore, these primary types may be further distin-
guished by magnetite-bearing and magnetite-free varieties.

Crystalline hematite is commonly the most abundant mineral
of the bedded rocks of the hematitic manganese deposits.
Braunite and rhodochrositic carbonate are the principal man-
ganese minerals. Spessartite and bementite are generally
present in lesser amounts; hausmannite was found at only one
place in minute quantities. Cryptocrystalline apatite is nor-
mally an abundant accessory; additional common accessories
include fine-grained quartz, muscovite, chlorite, and alkalie
feldspar. Barite, phlogopite, and chert are less common
accessories.

In the siliceous carbonate deposits, rhodochrositic carbonate
is the chief manganese mineral ; this carbonate and iron chlorite
are the chief mineral constituents of these deposits. Minerals
similar to stilpnomelane(?) are also present. Pyrite is rarely
absent and is a major constituent in some laminae of the
siliceous carbonate rocks. Quartz, alkalic feldspar, and white
mica are other accessories.

The chief manganese mineral and one of the abundant
constituents of the magnetite-bearing deposits is a manganoan
carbonate close to rhodochrosite in composition. Iron chlorite
is also abundant, and magnetite may be either a major or
minor constituent. Accessory constituents are cryptocrystalline
apatite, quartz, alkalic feldspar, biotite, muscovite, stilpnome-
lane(?), and bementite(?). In deposits originally of the sili-
ceous carbonate type, pyrite and pyrrhotite (rare) are addi-
tional accessories; unreplaced hematite is commonly found in
deposits that were originally of the hematitic type. Braunite
is absent in magnetite-bearing deposits formed by metamorph-
ism of hematitic rocks.

Thin relatively coarse-grained veinlets commonly cut the
fine-grained layered iron- and manganese-bearing rocks of the
different types of deposits. The mineralogy of the veinlets
typically reflects that of the host rocks. Rhodonite is generally
present in the veinlets that cut manganiferous banded hematite
ironstone of the Maple-Hovey deposit, but it is absent in veinlets
in the other rocks.
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The iron- and manganese-bearing rocks on Maple and Hovey
Mountains, as well as those elsewhere in the Aroostook manga-
nese belt, generally contain large amounts of phosphorus (more
than 1 percent in parts of some deposits). Many of the constit-
uents, such as Fe, Mn, CaO, 8i0,, and Al.Os, vary in direct pro-
portion to the phosphorus content of the deposits. There is
no unusual concentration of metalloids in the deposits and the
traces that are present are not systematically related, in
abundance, to the iron and manganese. Chiefly on the basis
of the indirect evidence furnished by the chemical constituents,
as well as on their distribution within mineral components
(that is, Ca is present mostly as apatite and not calcite), the
deposits are considered to have formed as lenses of impure
chemical sediment in a brackish environment in which the pH
was close to or slightly less than 7.8. Oxides of iron and more
especially oxides of manganese formed under oxidizing con-
ditions. The layered pyrite in the siliceous carbonate sedi-
ments accumulated under reducing conditions and most of the
siliceous carbonate rocks free of pyrite also formed in a re-
ducing environment. The deposits probably formed in num-
erous nearshore barred basins that had a highly restricted
circulation, that is, a unidirectional seaward flow of water.
In this way, a relatively low pH inherited, in part, from the
streams draining into the basins, could be maintained through-
out most of the depositional history of the basins. The Eh
was, in part, a function of the depth of the basins. The suc-
cession of different types of ironstone within any one deposit
reflects the structural history of the basin.

In addition to mineral reconstitution through diagenesis, the
manganese- and iron-bearing deposits of Maple and Hovey
Mountains were also altered by regional metamorphism at
about the time they were folded. Regional metamorphism prob-
ably took place under a thick cover of younger rocks. A level
of metamorphism higher than the regional one was attained
in parts of the deposits, especially where the rocks were closely
folded. At such places magnetite was formed in both the
carbonate and hematite-bearing rocks and braunite was de-
stroyed in hematitic rocks. Apparently the metamorphism was
isochemical, except for volatiles, and chiefly involved oxidation-
reduction reactions and hydration.

Through erosion, the upturned ends and limbs of the folded
and moderately metamorphosed deposits have been exposed at
the bedrock surface. Weathering has slightly increased the
tenor of both manganese and iron, mostly through oxidation of
carbonate. This minor enrichment is chiefly localized within 1
foot or so of the bedrock surface in the deposits on Maple and
Hovey Mountains.

The larger hematitic manganese deposits in the area are
generally divisible into several units. The Maple-Hovey deposit
(main manganiferous lens) contains three rather distinet litho-
logic units designated the upper, middle, and lower manganif-
erous units. These units have fairly persistent chemical fea-
tures and tenor of manganese and iron along strike and down-
dip. The upper manganiferous unit contains about 7 percent
manganese and 13 percent iron, the middle manganiferous unit
contains about 11 percent managanese and 24 percent iron, and
the lower manganiferous unit contains about 7 percent man-
ganese and 20 percent iron. The different types of rock that
are interlayered in these units, however, have a wide range in
metal content. For example, beds of green slate commonly
contain less than 1 percent manganese and only a few percent

iron; red slate contains somewhat more manganese and iron;
and rocks such as banded hematite ironstone are the most
metalliferous. One sample of hematitic ironstone contains 26
percent manganese and 19 percent iron and another contains
40 percent iron and 7 percent manganese. Without exception,
composite samples of several layers of a unit contain more iron
than manganese.

The oxide-facies deposits (including the more metamorphosed
type) on Maple and Hovey Mountains contain 322 million long
tons of manganese ‘“ore” that average about 7 percent man-
ganese and 17 percent iron; the carbonate-facies deposits (in-
cluding the more metamorphosed type) contain about 3 million
long tons of such “ore.”” The total reserves in the area, there-
fore, are in the order of 325 million long tons of “ore” and
average about 7 percent manganese and 17 percent iron. The
contained manganese reserves of the Aroostook province repre-
sent the theoretical equivalent (assuming 100 percent recovery),
in terms of standard-grade ore (48 percent Mn), of about 30
years reserves at the consumption level of metallurgical man-
ganese in the United States in 1953. About 20 percent of this
material is within 200 feet of the surface. The ultimate ex-
ploitation of the Aroostook deposits for their manganese content
(and possibly for iron) must await, however, the development
of an efficient and relatively cheap extractive process.

INTRODUCTION
PURPOSE AND SCOPE OF THE INVESTIGATION

During the field seasons of 1949 through 1951, the
U.S. Bureau of Mines carried out a detailed physical
exploration program on some of the manganese- and
iron-bearing deposits of Aroostook County, Maine, with
particular emphasis on those on Maple and Hovey
Mountains. The writer was assigned to be project geol-
ogist for these investigations by the U.S. Geological
Survey at the request of the Bureau of Mines. The
exploration program included extensive trenching, dia-
mond drilling, and assaying, which afforded a good
opportunity to study the deposits in great detail. At
the completion of the program, the U.S. Geological
Survey continued geologic investigations within the
area. A little more than 4 months, in all, were spent
by the writer during the field seasons of 1952 and 1953
in reconnaissance geologic mapping of the area. The
reconnaissance served, in part, as a field test to judge
the practicality of areal geologic mapping in this
terrain.

The engineering data compiled from the physical ex-
ploration of the deposits on Maple and Hovey Moun-
tains have been published by Eilertsen (1952). The
present report contains a fuller discussion of the
geology of the deposits than that in Eilertsen’s report
(Pavlides, 1952, p. 6-9). In the present report only
relatively few of the assays published by Eilertsen have
been used, though many have been combined here to
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illustrate some of the geologically significant chemical
properties of the deposits. Likewise, comparatively
few cross sections of diamond-drill holes, necessary
to illustrate the geologic structure of the deposits, are
contained in this report. The reader should consult
Eilertsen’s report for the detailed assay data on
trenches and diamond-drill core.

Although this report principally describes the
geology and manganese deposits of the Maple and
Hovey Mountains area, the regional geology and the
manganese- and iron-bearing deposits of the other parts
of the Aroostook manganese belt are also briefly dis-
cussed, insofar as it is necessary to present the geologic
setting. The reports of White (1943) and Miller (1947)
contain detailed descriptions of the geology and de-
posits of the northern and southern manganese districts
and have been freely drawn upon for pertinent data
concerning those districts.

GEOGRAPHY OF THE AROOSTOOK MANGANESE BELT

The manganese deposits of eastern Aroostook County,
Maine, are located in three areas (fig. 1) designated as
districts by Miller (1947, p. 2). The northern manga-
nese district includes the belt of deposits west of Caribou
and Presque Isle, the Maple-Hovey Mountains area is
in the heavily wooded region west of Bridgewater, and
the southern manganese district centers at Houlton.
The deposits of the three areas form a discontinuous
belt about 65 miles long that extends from the vicinity
of New Sweden to about 3 miles south of Hodgdon.
Geographically, they are within the “Northwest Lake
and Forest Region” and the “Aroostook Potato Dis-
trict” (Trefethen and Trefethen, 1938, p. 4), an area of
mature topography characterized, in general, by gently
rolling to rough hills and by numerous lakes, chiefly
of glacial origin. Glacial drift is the chief surficial
deposit. Eskers are a prominent feature of the south-
ern manganese district, they are less conspicuous in the
Maple-Hovey Mountains area, and they are absent in
the northern manganese district (Leavitt and Perkins,
1935, Supplemental Map).

Bedrock is commonly exposed on the slopes and crests
of hills but exposures are generally small and discon-
tinuous. In the areas under cultivation outcrops may
be exposed by plowing during one season and covered
by soil the next. The mantle of glacial drift is rela-
tively thin on the hills, commonly less than 10 feet thick,
and 1s somewhat thicker i the valleys.

Cultivation is confined to a long, narrow belt in east-
ern Aroostook County where potatoes are the chief crop.

Virtually an unbroken forest lies west of the agricul-
tural belt. The northern and southern manganese dis-
tricts lie within the cultivated region and are for the
most part readily accessible. The Maple-Hovey
Mountains area is more remotely situated in the forested
region west of Bridgewater. The deposits of this area
are on and between Maple and Hovey Mountains in the
Howe Brook quadrangle. Maple Mountain lies in the
extreme west-central part of T.D., R. 2, and Hovey
Mountain is in the southeastern part of T. 9, R. 3.

The Maple and Hovey Mountains area is accessible
by automobile over graveled roads starting with the
Boutford Road, which branches westward from U.S.
Highway 1 at Bridgewater, Maine. The P.D. road, a
graveled tote road maintained by the Penobscot De-
velopment Company, continues from the end of the
Boutford Road through the wooded area and low-lying
hills to the west. The U.S. Bureau of Mines built a
graveled access road to the deposits. This road branches
southward from the Penobscot Development road, ex-
tends to the outlet of Number Nine Lake, and continues
thence to Maple Mountain (fig. 2). From Maple
Mountain, another road extends southwestward to
Hovey Mountain.

HISTORY OF DISCOVERY AND EXPLORATION

Jackson (1838, p. 34-38) discovered the first deposit
of manganiferous hematite in Aroostook County over
a century ago. His description is vague and the exact
identity of this deposit is not certain, although Miller
(1947, p. 50-51) believed that Jackson had examined
the Haines prospect. The manganese deposits of
Aroostook County received very little attention as
potential manganese ore until shortly before the second
World War. In the late 1930’s, the deposits near Houl-
ton were visited by G. F. Loughlin, of the U.S. Geologi-
cal Survey; he recognized the potential magnitude of
the resources in Aroostook County, and in early 1941
assigned W. S. White and P. E. Cloud to make a
preliminary study of the deposits. They made a recon-
naissance map of the northern and southern manganese
districts, and, at the same time, P. F. Eckstorm trenched
and sampled many of the deposits in both districts for
the State of Maine. From 1942 through 1944, the
Manganese Ore Company, a subsidiary of the M. A.
Hanna Company of Cleveland, sampled and explored
many of the Aroostook deposits by trenching, and two
deposits by both trenching and diamond drilling.
Shafts and test pits were also used in the exploration
of the Dudley deposit in the northern manganese dis-
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trict. R. L. Miller reexamined many of the deposits
and carried on further reconnaissance regional mapping
in the Aroostook manganese belt during 1943 and 1944.
Most of the deposits in the northern manganese district
explored during the above investigations had ‘been
originally discovered by Olaf Nylander, and those in
the southern manganese district had been found by
Harry Thwaites. The manganese deposits on Maple
and Hovey Mountains were discovered by woodsmen
who submitted specimens to the State Geologist of
Maine for identification, and also called the attention of
the land owners to the existence of these deposits
(Eilertsen, 1952, p. 6).

Paul Eckstorm first prospected the manganiferous
rocks exposed on Maple Mountain in 1941 (Miller,
1947, p. 63). He dug and sampled three trenches. In
1943, Mr. Clarence Harrar, of the Manganese Ore Com-
pany, visited this deposit and presumably collected
grab samples from Hovey Mountain (Miller, 1947, p.
62). The Manganese Ore Company further explored

the manganese- and iron-bearing rocks on the crest of
Maple Mountain in 1944 by trenching and sampling
(Miller, 1947, pl. 18). From 1949 through 1951, the
U.S. Bureau of Mines carried out the extensive physi-
cal exploration program mentioned above (Eilertsen,
1952).

An airborne magnetometer survey of most of the
Aroostook manganese belt, including the Maple and
Hovey Mountains area, was made by the U.S. Geologi-
cal Survey and in cooperation with the U.S. Bureau of
Mines during 1950 and 1951. The survey was under
the direction of W.J. Dempsey. The magnetic anoma-
lies located by the aeromagnetic survey were checked
by ground surveys during 1950 and 1951.

In 1953, the E. S. Nossen Laboratories, Inc., of Pater-
son, N.J., and the Southwest Engineering Company
of Los Angeles, Calif., obtained samples from the
Maple-Hovey deposit for metallurgical testing. Other
deposits in the Aroostook manganese belt, including the
Dudley of the northern district, were also sampled by
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the above organizations. These investigations were
supported by the Federal Government through
grants made by the Defense Minerals Production
Administration.

Despite the rather extensive exploration done on the
Aroostook deposits in recent years, there has been no
commercial mining of any of them. However, de-
posits of similar character near Woodstock, New Bruns-
wick, about 15 miles east of Houlton, were mined as
iron ores between 1848 and 1884 (Caley, 1936, p. 20).

FIELDWORK AND METHODS USED

Geologic guidance for the physical exploration of
the manganese deposits on Maple and Hovey Moun-
tains consisted of locating the manganese- and iron-
bearing strata of the deposits, interpreting their strue-
ture, and projecting their extension along strike and
downdip. This enabled systematic and orderly ex-
ploration by trenching and diamond drilling to be
planned and carried out. Sampling boundaries were
placed at the lithologic boundaries established by map-
ping trenches and logging diamond-drill core. The
engineering aspects of the trenching, drilling, and
preparation of samples have been described by Eilert-
sen (1952) and will not be discussed in this report.

The manganese- and iron-bearing strata were traced
by using whatever bedrock information was available
from the scattered outcrops protruding through the
glacial till in this thickly forested region. Cleavage-
bedding relations were helpful in the location and iden-
tification of folds. Float was generally distinguished
from glacial material by the more marked angularity of
the ironstone fragments and was also useful in locating
beds of “ore” beneath the glacial mantle.

A vertical magnetometer survey by R. M. Shuler, of
the U.S. Geological Survey, was started about the mid-
dle of the first field season and thereafter was continued
through the course of the exploration program. It
proved to be valuable in tracing the continuity of the
manganiferous strata in areas where outerops and float
were absent. A standard temperature-compensated
vertical mangetometer was used. The sensitivity of the
instrument was 20.0 gammas per scale division and
readings were made to the nearest tenth of a scale divi-
sion. Readings at base stations were taken four times
daily to permit correcting for effects of diurnal change
in the magnetic fields and instrument drift: one reading
in the early morning, two readings 1 hour apart at mid-
day, and one reading in the late afternoon. The loca-
tions of the traverses and base lines are shown on the

index map of plate 2. The traverses cover an area of
approximately 760 acres on Maple and Hovey Moun-
tains. The 4 base lines were surveyed by transit. All
traverses were spaced at approximately 200-foot inter-
vals perpendicular to the base lines and magnetometer
readings were made at 20- and 50-foot intervals along
these lines.

Most of the information about the bedrock acquired
during regional geologic mapping in the Maple and
Hovey Mountains area was obtained by walking out
streams. Steep slopes and crests of ridges contain
fewer outerops, and in the lowlands outcrops are sparse
or lacking. In general, after the drainage and ridge
lines of an area had been walked out, the area was also
crossed by several pace-and-compass traverses. The
relatively uniform regional northeast strike and steep
or vertical dip of cleavage in the area is most helpful in
distinguishing bedrock from glacial erratics.
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GENERAL REGIONAL GEOLOGY

Relatively little is known about the bedrock geology
of Aroostook County, Maine. Geologic mapping thus
far has been of a reconnaissance type and has been con-
fined to the cultivated areas in the eastern part of
the county; there is very little geologic information
about the less accessible forested western part. Wil-
liams and Gregory (1900) made the first regional geo-
logic study of eastern Aroostook County, but their ex-
tremely generalized map (1900, pl. 4), is of limited
value. The geologic map of the State of Maine (Keith,
1933) shows the geology of the county in greater detail,
but it also is necessarily very generalized and requires
revision in the light of more recent work.

NORTHERN MANGANESE DISTRICT

W. S. White and P. E. Cloud were the first to map
systematically parts of the area included within the
northern manganese district. Their stratigraphic sub-
divisions are different and in general more detailed than
those of Williams and Gregory. Table 1 lists the strat-
igraphic sequence in the northern district as described
by White and Cloud (White, 1943, p. 129). The man-
ganese deposits there are localized along three horizons
in the Middle Silurian rocks, “one being in the greenish
argillite immediately above the Aroostook limestone and
two in the lower slate and calcareous slate member of
the Aroostook limestone” (White, 1943, p. 130). The
siliceous carbonate type of manganese deposit, which
White refers to as chlorite-carbonate rock, is located
along the stratigraphically lowest horizon, whereas at
the stratigraphically higher horizons, manganese is as-
sociated with hematitic rocks (White, 1943, p. 131).

White (1943, p.-128) states that the stratigraphic
section (table 1) is “based on the simplest interpreta-
tion of the stratigraphy and structure in the light of

T aBLE 1.—Sequence and character of the rocks in the northern
manganese district

[After White, 1943, p. 129]

Apparent
Age Formation Lithology thickness
(feet)
Late Mapleton Upper 500 feet are red and greenish | 1,800-2, 500
Devonian sandstone sandstone, the remainder red con-
glomerate and sandstone.
Marked angular unconformity—
Chapman Greenish sandstone, Becraft or Ori- >700
Early sandstone skany funa.
Devonian
Volcanics Calcareous tuffs and breccias, New 2, 000
Scotland fauna.
Slight unconformity-
Shale and Upper member blue and gray calca- 5,000+
slate ! reous shale with limestone lenses;
lower member greenish argillite
with thin caleareous layers.
Middle Aroostook Upper member gray, nubbly argil- 18, 000+
Silurian limestone aceous limestone; middle member
ribbon limestone; lower member
slate, partly calcareous.
Sandstone 2 | Sandstone and conglomerate with a 5,000
little slate and calcareous argillite.
Marked angular unconformity—|— —
Middle Undifferentiated gray-blue calcareous siltstone, [ Unknown
Ordovician greenish argillite, black shale, and chert. Three
fossil zones recognized.

1 Ashland shale and Ashland limestone (Williams and Gregory, 1900, p. 21).
2 Sheridan sandstone (Williams and Gregory, 1900, D. 21).

what is known at the present time,” and indicates that
the Middle Silurian rocks (table 1) may be several
times thicker or thinner than the true thicknesses due
to thickening and thinning by folding and faulting. He
also points out the possibility of the “erroneous separa-
tion of different sedimentary facies of the same strati-
graphic units” (1943, p. 128) ; namely, the lowest mem-
ber of the Aroostook limestone may be equivalent to
the shale placed above the Aroostook. Twenhofel (1941,
p. 166-174) thought that the Sheridan formation over-
lies the Ashland formation but White and Cloud do not
agree (see table 1). Recently, graptolites of Middle
Ordovician age (Pavlides and others, 1961) have been
found in rocks mapped by White as belonging to the
middle member of the Aroostook limestone, which he
dated as being Middle Silurian (table 1). Thus, as
anticipated by White, it is apparent that considerable
revision of the stratigraphy, age assignments, and no-
menclature of formations in the region will result when
it is mapped in detail.

The intrusive rocks of the area are shown as post-
Upper Devonian by White (1943, pl. 24, Explanation) ;
but his map and sections on the same plate show the
Mapleton sandstone of Late Devonian age unconform-
ably overlying the intrusive rocks, and these intrusive
rocks should therefore have been called pre-Upper



8 GEOLOGY AND MANGANESE DEPOSITS, MAPLE AND HOVEY MOUNTAINS AREA, MAINE

Devonian (or pre-Mapleton). Keith (1933) had prev-
iously assigned a Mississippian age to the Mapleton.

White considers the andesite, trachyte, and porphy-
ritic quartz trachyte of the district to be “small, narrow,
subparallel intrusive bodies” (1943, p. 128) and has
mapped the Quoggy Joe quartz trachyte of Williams
and Gregory (1900, p. 111) as part of the intrusive
rocks he shows as post-Upper Devonian, Williams and
Gregory (1900, p. 108, 112, 113; fig. 3, p. 109 and fig. 4,
p. 113) regarded the trachyte, quartz trachyte, and
andesite of the district as extrusive bodies that overlie
the upturned, truncated sedimentary rocks. They did
not observe any contacts between the extrusive rocks
and the sedimentary rocks, and the chief reason for
considering these rocks effusive is probably their amy-
gdaloidal character (1900, p. 108). The Chapman
sandstone of Early Devonian age is exposed in places
within a semielliptical, discontinuous ring of hills
which bound the southern end of the district in the
Presque Isle quadrangle (outside the area mapped by
White). These hills encircling the Chapman sandstone
are formed of igneous rocks. The eastern hills are un-
derlain by quartz trachyte (Williams and Gregory,
1900, p. 111), the western hills mostly by trachyte (1900,
p. 110), and the northern hills by andesite (1900, p.
112). It is conceivable that these igneous rocks may
underlie the Chapman sandstone in a broad syncline
similar to that formed by the Mapleton sandstone
(White, 1943, pl. 24). Keith’s map (1933) in part sug-
gests such an interpretation. Further work is necessary
to date these rocks as well as to determine whether they
are extrusive, intrusive, or both, in origin.

Teschenite (analcime-basalt) dikes and a small gran-
ite body, which crop out in the south-central and north-
eastern parts, respectively, of Mapleton township of
the northern manganese district, are the only igneous
rocks of proved intrusive origin; they have thermally
metamorphosed the sedimentary rocks they intrude
(Williams and Gregory, 1900, p. 106 and 1186, fig. 5, pl.
4). The teschenite dikes may be among the youngest
intrusive rocks in the county. They are petrologically
similar to the feldspathoidal rocks of the White Moun-
tain plutonic-volcanic series of New Hampshire, Ver-
mont, and southwestern Maine, as well as of the
Monteregian Hills in Quebec. The White Mountain
plutonic-volcanic series is of post-Devonian and pre-
Pennsylvanian age and hence tentatively dated as
Mississippian by Billings (1956, p. 105).

The rocks of the northern manganese district have
been folded and faulted, but deformation is not equally
intense throughout (White, 1943, pl. 24). The south-

ern part of the district is characterized by broad folds
plunging gently southward. Competent sandstone in
this region probably accounts for the development of
open rather than close folds (White, 1943, p. 129-130).
The unconformably overlying Mapleton sandstone
forms a broad structural basin with low dips. In the
northern part of the district, where incompetent argil-
lite and thin-bedded limestone were involved in the
deformation, the beds dip steeply and the folds are
tighter, in places being nearly isoclinal (White, 1943,
p. 130). Slaty cleavage has been developed in some
places. White (1943, pl. 24, p. 130) has postulated the
presence of at least two large reverse faults dipping
steeply to the west, and has inferred minor faults of
the same type at various other places. Inasmuch as
most of these faults were postulated for stratigraphic
reasons, their number and location may vary with the
interpretation of the stratigraphy (Miller, 1947, p. 15).
Miller believes the faults in the district are high-angle
strike faults.

SOUTHERN MANGANESE DISTRICT

The manganese deposits of the southern manganese
district have been mapped by White (1943) and Miller
(1947). A reconnaissance geologic map of the district
was made by Miller (1947, pl. 4), but owing to the
complexity of the geology, only a broad generalized
stratigraphic subdivision was attempted. The Ordovi-
cian and Silurian slates were mapped as an undifferen-
tiated unit because of the difficulty of separating these
rocks where fossils are lacking. Manganiferous rocks
occur in both Silurian and Ordovician slates. Miller’s
stratigraphic section (1947, p. 18) is given in table 2.
Since Miller’s study (1947, pl. 4), several new deposits
have been discovered and outlined in part by magnetic

TABLE 2.—S8tratigraphic section of the southern mangonese

district
[After Miller, 1947, p. 18]
Estimated
Description thickness Age
(feet)
Granitic stocks at Drew Hill and Nickerson Lake, and {...___.___._ Post-Silurian
acidic dike rocks.
Thin-bedded siliceous limestone. Underlies northern
and northwestern parts of district, except Littleton 2, 000+
Ridge.
Buff even-bedded calcareous sandstone and siliceous
limestone. Forms belt 34 to 1 mile wide across cen- 1,000 Silurian
tral part of district.
Gray slate, locally containing interbedded sandstone. 3, 000+
Lenses of manganiferous shale at several horizons.
Gray slate, containing Ordovician graptolites. May 1,000+ Ordovician
contain interbedded manganiferous shale.
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surveying and physical prospecting. These deposits
generally are as much as 5 miles west of the Littleton
Ridge deposit. The Littleton Ridge deposit is about
5 miles northwest of Houlton.

The stratigraphy of the southern manganese district
differs from the northern manganese district both in
the type of sedimentary rocks it contains and in that
it lacks igneous rocks such as rhyolite, trachyte, and
andesite. The granitic pluton cited by Miller (table
2) at Drew Hill is shown by Keith on the geologic map
of Maine as a large continuous intrusive body that
extends across the southern part of the Smyrna Mills
quadrangle and the northern part of the Mattawam-
keag Lake quadrangle. Geologic reconnaissance dur-
ing the checking of aeromagnetic anomalies by ground
surveys suggests that this is a compound pluton prob-
ably composed of at least two intrusive bodies, which
generally underlie the lowlands. Arcuate and semi-
arcuate ridges, composed in part of thermally meta-
morphosed rocks, encircle the plutons. Tremolitic and
cordieritic hornfelses are the principal rocks thus far
recognized in the contact metamorphic zones.

Deformation in the southern manganese district is
more complex and intense than in the northern district.
The strike of the sedimentary rocks in many places is
nearly west or northwest, whereas in the northern man-
ganese district the regional trend is northeast or north-
ward. The region probably contains a number of
faults (White, 1943, pl. 28), but they are difficult to
recognize over most of the area because of the general
lack of adequate outcrops. Cleavage is well developed
and is believed to be younger than the folding as it
was locally noted crossing the axial planes of major
and minor folds at a high angle (White, 1943, p. 137).

MAPLE AND HOVEY MOUNTAINS AREA

The stratigraphy and structure of the Maple and
Hovey Mountains area is incompletely known. The
sedimentary and igneous rocks within this area have
been tentatively divided into two formations, which are
believed to be separated by faults (pl. 1). This two-
fold subdivision is based on the simplest interpretation
of stratigraphy and structure, insofar as it can be de-
duced from the outcrops available within the small area
mapped to date.

The great diversity of rocks, the small size, sparse-
ness, and discontinuity of exposures, the lack of any
widely distributed marker beds, the general un-
fossiliferous character of the rocks, and the probability
of numerous faults make it difficult to establish the

stratigraphic sequence. Furthermore the green and
gray-green slates that comprise large parts of the two
formations are megascopically indistinguishable from
one another. The separation of the slates within the
Maple and Hovey Mountains area is, therefore, based
on indirect and rather inconclusive evidence, chief of
which is the distribution of the slate with respect both
to structural features, and to other, more distinct, litho-
logic types in the area. The degree of complexity of
the local structure is illustrated by the manganese- and
iron-bearing deposits on Maple and Hovey Mountains
(see pl. 2), where data from the extensive physical
exploration program enabled the individual strati-
graphic units to be followed in considerable detail, both
on the surface and underground.

Additional mapping around the area described in
this report may furnish further information that will
ultimately permit a more detailed stratigraphic sub-
division to be made than has been attempted here,
and may necessitate a considerable revision of the
stratigraphy and structure outlined below.

The thicknesses assigned to the rock units in the area
(see fig. 3), with the exception of the manganese de-
posits, are only order-of-magnitude estimates based on
measurement in cross sections. Undoubtedly, some of
the figures are excessive; for example, the upper green
slate sequence of the Meduxnekeag formation may be
repeated by close isoclinal folds and by faulting, but
exposures are not adequate to furnish reliable correction
factors.

STRATIGRAPHY

MEDUXNEKEAG FORMATION

The Meduxnekeag formation includes all the rocks
in the eastern part of the area (see pl. 1). The forma-
tion is named herein after the Meduxnekeag River,
along whose headwater tributary streams it crops out.
The various lithofacies of this formation are discon-
tinuously exposed within the Bridgewater quadrangle,
chiefly in the stream beds and along the banks of the
North Branch Meduxnekeag River and of Number Nine
Stream.

The Meduxnekeag formation contains slate, inter-
bedded slate and impure calcareous layers, and gray-
wacke sandstone and conglomeratic graywacke. The
differences in lithofacies between the Meduxnekeag and
Hovey formations are generally reflected in the topog-
raphy of the region. The relatively resistant igneous
rocks of the Hovey formation form ridges 500 to 900
feet above the level of the lowlands, which are under-
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lain in large part by the less resistant metasedimentary
rocks of the Meduxnekeag formation (see pl. 1).
Bedding and cleavage relations suggest that the
Meduxnekeag formation has a regional westward dip
and top directions in bedding face west. Bedding is
mainly vertical or dips steeply westward, with prob-
able minor and local overturning to the west in a few
places. The Meduxnekeag formation is, therefore, con-
sidered to consist of a sequence of beds increasing in
age eastward from the fault that separates it from the
Hovey formation. A generalized section of the
Meduxnekeag formation is given in figure 8.

]

Shu, upper part of the Hovey formation; consists of
gray-green and green slate partly mixed with gray-
wacke sandstone and conglomeratic graywacke
near the base, 7000* feet thick. Encloses
manganese- and iron-bearing beds, Shm, 10-150
feet thick; and metavolcanic rocks of the Dunn
Brook member, Shd, 0-5000 feet thick, which in-
cludes a volcanic breccia with some green slate
interbeds, Shdb, 0-700 feet thick

Lower Stlunian

|

Hovey formation
15,000+

Shi, lower part of the Hovey formation; consists of
gray-green and green slate mixed with graywacke
sandstone and conglomeratic graywacke; 8000 feet
thick. Encloses red and purple slate lenses, Shs,
0-500 feet thick; lentils of congiomeratic gray-
wacke, Shg, 0-1200 feet thick; and metaperlite of
the Saddleback Mountain member, Shsm, 0-4000
feet thick

Lower(?) Silurian (post-Lower Ordovician)

Oms, gray-green and green slate; 9000+ feet thick

Omr, ribbon rock; consists of a sequence of gray-
green and green slate intercalated with thin impure
calcareous beds, many of which have internal con-

tortion. Sequence is 2000+ feet thick

Middle Ordovician

Meduxnekeag formation
21,000 feet

Omg, dark-gray and green slate mixed with graywacke
sandstone and conglomeratic graywacke; 10,000
feet thick. Includes quartzose siltstone, Omss,
and a graywacke sandstone lens, 0mgs

A

FIcURE 3.—Generalized stratigraphic column of the Maple and Hovey
Mountains area.

Rocks of the slate and graywacke unit assigned to
the Meduxnekeag in the wedge-shaped fault block in
the northeastern part of the map (pl. 1) are poorly
exposed. They are placed in the Meduxnekeag chiefly

because irregularly interlayered slate and graywacke
beds typical of this unit are present north and south
of the easternmost exposures of Spruce Top green-
stone within the fault block. It may be that the rocks
in the southern part of this block may belong to the
Hovey formation but the exposures are not adequate
to make such a separation and all the rocks in the block
are therefore assigned to the Meduxnekeag in this
report.

SLATE AND GRAYWACKE MEMBER

The oldest rocks of the Meduxnekeag formation are
chiefly dark-gray slate and gray-green slate irregularly
interlayered with graywacke sandstone and conglom-
eratic graywacke. Because of poor exposures there
is no adequate section for determing the proportion and
frequency of interlayering of the slates with each other
and with the graywackes. In general, the graywacke
occurs as massive beds a few feet to at least 10 feet
thick, commonly separated by thicker layers of slate.
Enclosed within the sequence of mixed slate and gray-
wacke are mappable lenses of graywacke sandstone and
quartzose siltstone. (See fig. 3.)

Slate—The slate of this unit is of two types: a gray-
green slate such as in the Hovey formation, and a dark-
gray to nearly black slate that has not been found
elsewhere in the area. Both the gray-green and the
dark-gray slates are finely laminated in many places
and locally have small amounts of pyrite.

Graywacke—The graywacke layers commonly inter-
layed with slate are typically dark-gray sandstone or
conglomeratic layers whose detrital constituents are
characteristically embedded in an argillaceous or
micaceous matrix. Grains generally range from me-
dium sand to fine pebble size. Microscopic examination
of graywacke collected along Number Nine Stream
(pl. 1) reveal that it contains abundant fragments of
voleanic rocks (see fig. 4).

Graywacke sandstone lens—A lens of graywacke
sandstone within the wedge-shaped fault block in the
northeastern part of the map (pl. 1) is of different
lithology from the graywacke interlayered with slate in
the unit as a whole. It does not contain fragments of
rock, although it does have a micaceous and argillaceous
matrix within which detrital quartz and feldspar are
embedded. It thus has the typically poor sorting of
graywacke, It differs in composition to some extent
from other graywacke in the Maple and Hovey Moun-
tains area in that it more typically contains rutilated
quartz. Both strained and unstrained quartz are com-
mon. The feldspar is almost entirely albite, oligoclase,

































GENERAL REGIONAL GEOLOGY 21

Tuff —Tuff in the Dunn Brook member is abundant
on Birch Mountain. Typically, it is a green or gray-
green fine-grained rock some of which is microporphy-
ritic, or vesicular, or both. Much of the tuff is tran-
sected by the regional slaty cleavage. The tuffaceous
character is for the most part apparent only under the
microscope.

Mixed lithic and crystal tuff is the most abundant va-
riety found in a random selection of specimens from
which thin sections were prepared. In general, the tutf
contains fragments of felty and trachytic volcanic rock
and phenocrysts of single crystals of feldspar or clus-
ters of feldspar crystals (glomeroporphyritic texture)
embedded in a groundmass of variable composition.
Rounded to subangular quartz phenocrysts are gener-
ally sparse.

The fragments of volcanic rock and the feldspathic
phenocrysts show different degrees of alteration, even
in tuffs located close to each other. Thus, rock frag-
ments may show only slight antigoritic alteration or
they may be completely altered to an antigoritelike
aggregate.?

Feldspar, either in glomeroporphyritic growths or in
single crystals, is partly to completely replaced by
several minerals. These minerals include chlorite, an-
tigorite, muscovite, clinozoisite, and carbonate. The
feldspar is chiefly plagioclase and ranges from albite
to andesine. Potassic feldspar was identified in one
specimen. Some of the intermediate feldspars are
crossed by thin veinlets of albite(?) (resembles the
host crystal but has a markedly lower index of refrac-
tion). This relation was noted in two thin sections and
is believed to be a local feature. Some of the feldspar
phenocrysts in the more highly sheared tuff evidently
were broken and pulled apart during deformation.
Such crystals are commonly connected by antigoritic
aggregates.

The groundmass of the tuff in the relatively un-
altered rocks contains a large proportion of indeter-
minate microcrystalline grains. The identifiable grains
are chiefly quartz and feldspar. In highly altered
rocks, the groundmass is an aggregate of antigoritelike
material. Deformed angular shardlike fragments are
present in a few specimens, but the degree of alteration
of these particular rocks makes their identification
uncertain.

2 An antigoritelike aggregate is a material with an irregular patchy
or bleblike habit that has a rough-looking surface. It may be color-
less to green and weakly pleochroic. Under polarized light it is gen-
erally a weakly birefringent fibrolamellar aggregate with colors seldom

above first-order gray but which may have various hues of anomalous
blue.

Minerals that are alteration products of feldspar are
also accessory groundmass constituents along with
sphene, epidote, ilmenite, magnetite, apatite, and horn-
blende (rare). In some specimens, ilmenite is partially
altered to sphene. Both ilmenite and sphene are invari-
ably coated by leucoxene.

A meta-andesitic fine-grained tuff forms the ground-
mass of a volcanic breccia in the Dunn Brook member
on Birch Mountain (for chemical analysis of this
groundmass see table 3, column 2). The breccia has a
fine-grained semitrachytic groundmass composed of
thin laths of albitic feldspar, antigoritic aggregates,
quartz, and microscopically unresolvable material.
Feldspar phenocrysts and fragments of acidic volcanic
rock are embedded in the groundmass. Sphene, partly
coated with leucoxene, is a coarse-grained accessory as
well as a fine-grained groundmass constituent. Fine-
grained apatite is a minor accessory. The feldspar
phenocrysts are highly altered ; they are flaked by white
mica, contain chloritic aggregates, and locally contain
epidote. A few albite-filled gash veinlets cut the
groundmass.

Rocks that may be mixtures of volcanic tuff and
sedimentary rocks generally appear tuffaceous, inso-
far as can be judged by the angular volcanic fragments
they contain, but also contain an ill-defined fine layer-
ing and rounded possibly detrital quartz grains. The
fineness of grain size and the alteration preclude their
being identified with confidence. Some of the rocks
classed as mixed sedimentary rocks and tuff in reality
may simply represent tuff, or possibly graywackelike
slate. One such rock of indeterminate features ap-
pears in thin section as a highly altered rock with
sericitized porphyritic and glomeroporphyritic feld-
spar set in a fine-grained groundmass. Fine-grained
rounded quartz grains are abundant. Accessory chlor-
ite, epidote, sphene, ilmenite coated with leucoxene, and
small flakes of stilpnomelane in chlorite are ground-
mass constituents. The chemical analysis for this rock
is listed in table 3 (column 8).

LENTICULAR MANGANESE DEPOSITS

The lenticular manganese deposits on Maple and
Hovey Mountains generally appear to be about 3,000
to 5,000 feet stratigraphically above the top of the
Dunn Brook member. Their stratigraphy and litho-
logic features are described in a later section.

AGE RELATIONS OF THE MEDUXNEKEAG AND HOVEY
FORMATIONS

Within the area described in this report only one
fossil locality, £ on plate 1, was found in the Medux-
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TABLE 4.—Identification and dating of fossils in the Meduxnekeag and Hovey formations, Aroostook County, Maine

Formation Locality (see pls. 1 and Rock type Fossils Age Authority
2 for location)

Meduxnekeag; E . Buff calcareous slate.| Pelmatozoan columnals____ . Post-Early A. J. Boucot,
upper slate Ordovician. written com-
member. munication,

1953.

Hovey:

Upperpart___| A . . _ Graywacke sand- Schuchertella sp.; Dalma- | Post-Early A. J. Boucot,

stone. nella?; rhipidomellid? sp.; Ordovician. written com-
homolanotid segment; munications,
meristellid; pelmatozoan 1953, 1960,
columnals. 1961.
Do________.. B ____ Conglomeratic gray- | Pelmatozoan columnals (prob- |_.____ do.__._____ A. J. Boucot,
wacke. ably crinoids); branching written com-
bryozoans (probably of a munication,
trepostomatous type); 1953.
brachiopod valve (poorly
preserved and fragmen-
tary).

Hovey:

Towerpart___| Co____________|.__._ do_________.__ Fossiliferous pebbles: ~ |.____ do.____.___ Do.

w Felsite tuff pebbles con-
taining bryozoans
(probably trepostomes).
Limestone pebbles, some
of which are almost
entirely composed of
pelmatozoan fragments
(probably crinoids).

Do .. .__..__ D__ |- do_____________ Fossiliferous pebbles as at |.____ do_________ Do.
locality C; not studied in
detail.

Do___________ F_o_ Silty slate__ ________ Pelmatozoan columnals| Silurian(?)______ R. B. Neuman,
(mostly erinoids and some written com-
fragmentary cystoids). munication,

1957.

Hovey:

Upper part___| Hovey Moun- Limestone breccia__ .| Pelmatozoan columnals______ Post-Early A. J. Boucot,

tain DDH 52, Ordovician. oral com-
munication,
1953.
Do ____. Maple Moun- Green slate_________ Graptolite. .. ______________ Silurian_ _______ E. 0. M. Bul-
tain DDH 31. man, written
communiea-
tion, 1955.

nekeag formation. This consists of pelmatozoan
columnals and cannot be dated more closely than post-
Early Ordovician (see table 4). Since the original
mapping in this area, additional fieldwork has been car-
ried out around the Maple and Hovey Mountains area
and elsewhere and will be reported on by separate pub-
lications. In the course of such mapping to the east,
in the Bridgewater quadrangle (Pavlides and others,
1961, p. 66),

* * * elongate aggregates of ovoid pellets * * * were found
[in ribbon rock of the Meduxnekeag formation] about 134 miles
southeast of Bridgewater * * * These aggregates are about
5 cm long, and 1 cm in cross section. The individual pellets
are closely packed and ranged parallel to the borders of the
aggregates. They are 2 to 3 mm long, and slightly more than
% mm in diameter. Dr. Walter Héntzschel of the Geologisches
Staatsinstitut, Hamburg, examined these pellets in 1958, and
he suggested that they were the work of mud-ingesting worms,

perhaps worms that had been given the generic name Toma-
culum by Groom (1902). Such pellets were originally found
in Ordovician rocks in England, and they have also been found
in the Ordovician rocks of France, Germany, and Czechoslovakia
(Pénau, 1941).

In 1960, W. H. Forbes, amateur paleontologist of
Washburn, Maine, discovered graptolites in ribbon rock
in a roadside exposure 2 miles east of Colby, Maine
(Pavlides and others, 1961, p. 65-66).

The fossils occur through several feet of calcareous silt-
stone. They are on the whole poorly preserved, most having
been stretched or compressed. Many, however, are preserved
in relief, and some that are preserved as molds yielded latex
peels that afford good material for study.

W. B. N. Berry examined the collection and identified the
following forms:

Amplexograptus sp.
Amplexograptus cf. A. perexcavatus (Lapworth)
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tains area. It has a persistent trend of about N. 50°—
55° E. and is generally parallel to the axial planes of
the regional folds. Cleavage with different northeast
trends is also present. Such cleavage partly formed
from local deflections induced in argillaceous rocks by
areas of more brittle rocks around which the more
plastic argillaceous rocks accommodated themselves at
the time the cleavage was formed. The cleavage with
the more easterly strike on the west side of Meduxne-
keag Mountain at D on plate 1 may have formed in
this way. In addition, some of the regionally aberrant
cleavage is probably bedding cleavage. The cleavage
in the lens of conglomeratic graywacke on Hedgehog
Mountain appears to be such bedding cleavage. In
some of the deposits on Maple and Hovey Mountains,
such as the Central Hovey deposit, which is described
in the next section of this report, cleavage does not
parallel the axial planes of the folds. It appears there-
fore that the regional northeast cleavage of the area,
which is so well developed in the argillaceous rocks,
probably formed somewhat later than the folding.
However, in most places it formed in a direction co-
incident with the axial planes of the major folds and
is therefore generally usable, on a gross scale, for de-
termining the plunges of folds and the position on the
limbs of a fold by bedding-cleavage relations.

The dominant lineation in the district results from
the intersection of bedding and cleavage planes. Minor
crenulations with northeast and southwest orientation
and plunge are present in the iron- and manganese-
bearing rocks of the Maple-Hovey deposit (to be de-
scribed in the next section), but have not been noted
elsewhere in the district.

The joints in the area have not been systematically
studied. Most of them have vertical to steep dips, and
are more conspicuously developed in the brittle rocks
of the district, such as the banded ironstone of the
deposits (described later) or in the Spruce Top green-
stone, than in the more plastic argillaceous rocks.

Numerous faults are believed to be present in the
area. Most of those indicated on plate 1, however,
have been mapped on the basis of indirect evidence.
The major faults that cut the manganese deposits on
Maple and Hovey Mountains are vertical or steeply
dipping strike-slip faults. Diamond drilling suggests
that a large strike-slip fault bounds the Maple-Hovey
deposit on its northwest side and is curved as shown on
the structure contour map (pl. 5). The other major
faults in the district are probably also steeply dipping
or vertical. Stratigraphic relations suggest that some

of them are normal faults, but a few, at least, may be
high-angle reverse faults similar to those mapped by
White in the northern manganese district (White, 1943,
p- 130). The northward-striking fault in the Bridge-
water quadrangle in the northeastern part of the area
(pL 1) is along a pronounced positive magnetic anom-
aly detected during the course of the aeromagnetic
survey of the Aroostook manganese belt.

METAMORPHISM
REGIONAL METAMORPHISM

The rocks within the Maple and Hovey Mountains
area of Aroostook County, Maine, have all been slightly
metamorphosed. The argillaceous rocks contain the
association muscovite and chlorite, typical of the mus-
covite-chlorite subfacies of the greenschist facies as
defined by Turner (1948, p. 96). Only a thermally
metamorphosed hornfels, with red biotite and garnet,
is of distinetly higher rank than the regionally meta-
morphosed rocks. The slaty cleavage of the low-grade’
metamorphosed argillaceous rocks results from the ar-
rangement of muscovite and chlorite in subparallel to
parallel planes.

The graywacke sandstone and conglomeratic gray-
wacke either lack cleavage or are only crudely cleaved.
The coarser grained flakes of chlorite in the graywacke
probably were formed during metamorphism rather
than diagenesis, but the time of formation of the fine-
grained groundmass chlorite is more obscure. The
scattered well-developed muscovite probably crystal-
lized during metamorphism from the finer grained
sericite of the matrix, and probably is more indicative
of the metamorphism of the graywacke than is the
chlorite. Nonetheless, the sandstone and onglomeratic
graywacke have only been slightly recrystallized as
compared to the slate with which they are intercalated.
Apparently, the argillaceous rocks have an inherently
greater susceptibility to metamorphism than do the
coarser grained graywackes. A similar response to
low-rank regional metamorphism by argillaceous
rocks and graywacke has been reported by Turner
(1936, p. 332) in the Te Anau Series of New Zealand.

Carbonate rocks, such as the calcareous ribbon rock
member of the Meduxnekeag formation, probably re-
crystallized during deformation and metamorphism.
Calcite, which fills the many gash veinlets in the limy
layers, may have been dissolved from them and subse-
quently deposited in the fractures.

The effects of the low-rank metamorphism of the
greenschist facies on the manganese- and iron-bearing
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deposits on Maple and Hovey Mountains are discussed
in another part of the report.

The igneous rocks of the Maple and Hovey Moun-
tains area have been reconstituted also by regional
metamorphism, although metasomatic processes were
responsible to some degree in determining the mineral
suite of some of them. One of the problems of these
rocks is distinguishing primary magmatic mineral
suites, modified by mild metamorphism, from those
formed almost entirely by metamorphism or metaso-
matism.

Albite or sodic oligoclase is a very common constitu-
ent in almost all the metavoleanic rocks of the Maple
and Hovey Mountains area. The albite or sodic oligo-
clase of some of the keratophyre could be of primary
pyrogenic origin, or it might be a product of soda meta-
somatism. The petrographic criteria cited by Gilluly
(1935 fig. 1, p. 229-230) to support soda metasomatism
were (a) “water-clear crystals of albite surrounding
and radiating from mottled central crystals of albite,”
(b) “albite with radiate habit surrounding central
crystals of either quartz or albite and so intergrown
with quartz as to approach the granophyric texture,”
(¢) albite veinlets with unmatched walls, (d) amyg-
dules lined with water:clear albite, and (e) albite crys-
tals with remnants of original more calcic plagioclase.
In the present area, such features are either absent or
of equivocal origin.

Some albite of the groundmass and phenocrysts of
the keratophyre is probably a result of saussuritization
of an originally more calcic plagioclase, as suggested by
the speckling of epidote in albite phenocrysts and the
epidote pesudomorphs after plagioclase in places.
Irregular veinlets of epidote give evidence that at least
some of this saussuritization of plagioclase during re-
gional metamorphism took place in an open system in
which such constituents as water and carbonate were
able to circulate.

The groundmass chlorite of the keratophyre may
have formed, in part, by deuteric alteration of inter-
stitial glass, but the chlorite of amygdules and veinlets
probably is secondary and may have formed during
metamorphism, either by reworking of the groundmass
chlorite or by the breakdown of pyroxene. (See fig.
14.) The actinolitic alteration of some of the pyroxene
as well as the development of actinolite in the ground-
mass of some of the keratophyre probably formed dur-
ing metamorphism. (See fig. 5.) The fine-grained
sphene, which is ubiquitous in the metavolcanic rocks of
the area, probably formed by the chemical combination

of CaO (liberated during alteration of plagioclase and
pyroxene) with titanium oxide exsolved from pyroxene
or contained in ilmenite. The silica necessary for
sphene came from these mineral transformations or
from quartz. The pesudomorphic alteration of ilme-
nite crystals to sphene (see figs. 12 and 14) clearly
demonstrates the secondary nature of the sphene.

Sausseuritization of calcic plagioclase was probably
of particular importance in forming the albite and the
other associated secondary minerals of the Spruce Top
greenstone. Much of the greenstone apparently was
originally of basaltic composition and contained fairly
caleic plagioclase. The amount of CaQ liberated by
the saussuritization of the calcic plagioclase, as well as
by the alteration of some augitic pyroxene (see fig. 14),
must have been much greater than the CaQO available
in the silicic rocks. If metamorphism progressed in
virtually an open system, the CaO so liberated, evi-
dently having appreciable mobility, could have exten-
sively replaced some of the rocks closely associated
with the greenstone. The epidotic tachylite described
above is enclosed by metabasaltic greenstone on Spruce
Top hill. Tt has about twice the amount of CaO that
the other greenstones in the area have (see column 2,
table 5, and compare with columns 1, 3-9). Therefore,
it probably was metasomatized by CaO mobilized dur-
ing metamorphism of the basaltic rocks. Also, the
prehnitic and epidotic metavolcanic breccia of the
Dunn Brook member of the Hovey formation adjacent
to the Spruce Top greenstone on Number Nine Moun-
tain (pl. 1) probably underwent replacement by CaO
which was mostly released through saussuritization in
the adjoining greenstone. The prehnitic veinlets and
amygdules in the ophitic greenstone on Collins Ridge
(p. 24, 28) likewise are believed to have formed from
saussuritically generated CaO.

Judging by observable alterations and similar tex-
tures, the secondary chlorite, sphene, and actinolite of
the greenstone formed as they did in the keratophyre.
Stilpnomelane appears to be somewhat more widely
developed in the greenstone, however, than in the felsitic
metavolcanic rocks. As might be expected, it is gen-
erally more abundant in both silicic rocks and green-
stones that have a high ratio of iron oxides to magnesia
(Turner, 1948, p. 97). (See table 3, columns 4, 5, and
6 and table 5, column 9.)

Although saussuritization of calcic plagioclase ap-
pears adequately to explain the origin of the albite in
most of the Spruce Top greenstone, a special problem
is presented by rocks with an ophitic texture, with fresh
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pyroxene enclosing albite laths that are generally some-
what mottled with chlorite (fig. 12). Saussuritization
of calcic plagioclase seems inadequate to explain the al-
bite ophitically enclosed by pyroxene because the ex-
pected association of epidote minerals are not found
within the ophitic parts of the fabric (fig. 12) but only
in the surrounding groundmass of the rock. If saus-
suritization actually produced the albite enclosed in the
pyroxene, it would have necessitated the outward mi-
gration, through or from the pyroxene lattice and into
the general groundmass of the rock, of at least calcium
ions. Also, the reciprocal passage of at least magnesium
ions through or from the pyroxene into the saussuritized
plagioclase would have been necessary to produce the
chlorite which mottles the ophitically enclosed albite.
An alternate hypothesis to saussuritization or soda
metasomatism in explaining the origin of the ophitic
albite greenstone of the Maple and Hovey Mountains
area is that they are rocks crystallized directly from a
spilitic magma. The existence of spilitic magmas, or
spilitic melts formed through assimilation of sodic con-
stituents by a normal basaltic magma, have been seri-
ously questioned on physicochemical grounds. How-
ever, the rather wide distribution of albitic diabases as
reported in the geologic literature strongly suggests
that a magmatic origin cannot be entirely ruled out for
such rocks. Turner (1948, p. 124) aptly summed up this
situation when he stated, “On the whole, however, the
hypothesis of simultaneous magmatic crystallization of
albite and augite as a high-temperature equilibrium as-
semblage appears to be at least equally probable.”
Although most of the rocks in the Maple and Hovey
Mountains area have been subjected to temperatures
and pressures representative of the lower part of the
greenschists facies, some proved more susceptible to
metamorphism than others, as described above in com-
paring graywacke with interbedded slate. Also, some
higher rank minerals have persisted as unstable relicts
(Turner, 1948, p. 18) within some of the rocks. The
augite in many of the greenstones, for example, is par-
tially or wholly altered to pseudomorphs of chlorite
(see fig. 14), but occurs as fresh crystals in many others
(see fig. 12). Likewise, possibly the sodic oligoclase in
some of the graywacke and aphanites, and probably the
andesine (?) in some tuffs are unstable relicts because
the normal plagioclase of the greenschists facies is com-
monly highly albitic, and may even approach pure al-
bite. The persistence of pyroxene and calcic plagio-
clase as unstable relicts reflects disequilibrium. Among
the factors responsible for failure to reach equilibrium

is the possibility that the pressure-temperature condi-
tions during metamorphism did not persist long enough
for complete chemical equilibrium to be attained,
especially since retrogressive chemical reactions pro-
ceed at an extremely slow velocity as compared with
progressive metamorphic reactions (Turner, 1948, p.
16). Also, the inherent physical properties of rocks,
such as their ability to transmit stress or heat, may
have been a factor contributing to the apparent chemi-
cal disequilibrium eventually attained.

CONTACT METAMORPHISM

Fine-grained spotted hornfels crops out near a small
mass of coarse-grained garnet porphyry. (See p. 30
and pl. 1.) The hornfels is not shown on plate 1 be-
cause it is too small a unit to show at the scale of this
map.

The spotted hornfels is a finely granular gray-green
rock. Some rocks have a distinct purplish cast but in
others this color is barely perceptible. Small round
spots, normally a dark dull-purplish color, are a com-
mon megascopic feature. Small grains of porphyrob-
lastic garnet and aggregates of garnet are chiefly re-
sponsible for the spotted appearance of the rock.

Thin sections show spotted hornfels consists of
rounded to angular quartz grains, small amounts of feld-
spar, and fine grains of muscovite and reddish-brown
biotite. Some of the quartz gains contain small flakes
of biotite as inclusions. Large poikilitic garnets con-
taining inclusions of biotite and quartz form conspicu-
ous porphyroblasts. The garnet porphyroblasts nor-
mally have dodecahedral outlines but some garnet
occurs in subhedral to anhedral habit in subspherical
knots or clusters. The garnet is commonly highly
fractured and its fractures are generally filled by mus-
covite. Other minerals are also present as fracture-
filling constituents, but these are too fine grained and
ill defined to be resolved in thin section.

Biotite and muscovite, in some of the spotted horn-
fels, have a decussate groundmass structure. In such
rocks small garnets are intimately associated with red-
dish-brown biotite and quartz in small knots and clus-
ters. A small amount of green biotite is present in one
such garnetiferous knot. Much of the reddish-brown
biotite has finely granular aggregates resembling leu-
coxene-coated sphene along cleavage. Randomly dis-
tributed rutilelike needles are common inclusions in
reddish-brown biotite. In some garnetiferous clusters,
biotite has altered to penninite (?) and to muscovite in
places.
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The spotted hornfels is probably a thermally meta-
morphosed clastic rock such as graywacke sandstone.

GENERAL GEOLOGY OF THE MANGANESE DEPOSITS

The bedded manganese deposits of Maple and Hovey
Mountains are of two primary lithologies, namely,
those consisting of manganiferous hematitic rocks and
those with manganiferous siliceous carbonate rocks. In
many respects, these rocks are similar to the sedimen-
tary iron-formations of the ILake Superior region.
They belong to the oxide facies and to the carbonate
facies as described by James (1954). Metamorphism
(described later) has locally modified the two primary
lithologies into magnetite-bearing rocks. All the rocks
in the region have been intensely deformed; the man-
ganese deposits are in highly contorted, faulted folds
with steep to vertical bedding. The lenses or parts of
lenses that form the deposits are enclosed by green and
gray-green slate. Their stratigraphic positions are
partly deductible from the fault relations shown on the
geologic map. (Seepl.2.)

Most of the information concerning the deposits
comes from trenches and diamond-drill holes. The
original trenches of the Manganese Ore Company were
dug by pick and shovel; those of the U.S. Bureau of
Mines were dug by bulldozer and hand-cleaned with
pick and shovel and compressed air prior to sampling
(Eilertsen, 1952, p. 11-12). The ends of the trenches
shown on plate 2 for the most part expose bedrock and
are not coincident with the ends of the bulldozed cuts,
if bedrock was not exposed at these cuts. Inasmuch as
many of the critical faults shown on plate 2 are inferred,
the stratigraphic sequence assumed here is only as cor-
rect as the interpretation of the structure may be.

STRATIGRAPHY

The manganese- and iron-bearing rocks that form the
deposits of Maple and Hovey Mountains are actually a
series of lenses of different sizes which apparently lie
at five different stratigraphic levels within green and
gray-green slate in the upper part of the Hovey forma-
tion. (See explanation, pl. 2.) The order in which
these lenses are described, namely, starting with the
youngest and going to the oldest, is the reverse of the
order normally followed. This organization is neces-
sary, however, because a knowledge of the stratigraphy,
distribution, and structural relations of the youngest
and largest lens is fundamental in establishing the stra-
tigraphic and structural relations of the other lenses.

The bedded manganiferous rocks on Maple and Ho-

vey Mountains have been divided into four groups of
deposits for purposes of description and reference in
this veport. This grouping has been made on the basis
of structural, lithologic, and stratigraphic features com-
mon to the different deposits. The deposits so defined
are the Maple-Hovey deposit, the Central Hovey
deposit, the Southern Hovey deposit, and the small
lenticular deposits. (See index map, pl. 2.)

UPPER SLATE

The slate immediately overlying the main manganif-
erous lens is referred to here for convenience as the
upper slate. No upper stratigraphic limit is set for
this rock and most of the description that follows deals
with no more than 100 feet of slate immediately over-
lying the main manganiferous lens. This slate is
generally grayish green to light green; it is unevenly
interlayered with variably calcareous laminae. Small
caleareous pellets or pods generally alined with the bed-
ding are also common. Pyrite, which is sparse and
sporadically distributed, occurs mostly as slightly dis-
torted cubes as much as one-eighth of an inch in size.
Cubes of pyrite commonly are alined within laminae
and in some places are sufficiently abundant to form
discrete thin layers. Ina very few places, pyrite occurs
as polished films along planes of rock cleavage. These
films may be metacrysis smeared along planes of intense
slippage.

The green and gray-green slate above the main man-
ganiferous lens contains only a fraction of a percent of
manganese.

MAIN MANGANIFEROUS LENS (MAPLE-HOVEY DEPOSIT)

The rocks that constitute the main manganiferous
lens have been subdivided into three units designated
the upper, middle, and lower manganiferous units, in
order of increasing age. The Maple-Hovey deposit
contains the most complete section of this lens. The
units have fairly persistent chemical features and their
stratigraphic boundaries coincide with certain man-
@anese cutoff values. The thickness of each unit varies
along strike in different parts of the deposit, probably,
bacause of thickening and thinning of layers during de-
formation. The chief rock types in the three manganif-
erous units of the main lens in the Maple-Hovey
deposit are gray and gray-green slate, purple and red
slate, red hematitic shale, and banded hematite
ironstone.

The columnar sections of diamond-drill holes 12, 26,
28, 37, 38, 40, 41, and 42 from the Maple-Hovey deposit
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was thickened, thinned, or totally eliminated by
attenuation.

Middle manganiferous wnit—Although composed
dominantly of banded hematite ironstone, the middle
manganiferous unit also contains intercalated layers of
green, purple, and red slate. (See pls. 3 and 44.)
The slate is generally thin laminae within layers of
banded hematite, but in a few places there are beds of
green slate several feet thick. Layers of interbedded
green, purple, and red slate as much as several feet
thick also occur in different parts of the unit, but not
as commonly as those of the green slate alone.

The middle manganiferous unit, like the upper man-
ganiferous unit, also has an average thickness of 57
feet. The contact between the lower and middle man-
ganiferous units is placed where the lithology changes
from banded hematite ironstone to a sequence of regu-
larly interbedded green slate and red hematitic slate.

Lower manganiferous unit.—The lower manganifer-
ous unit consists mostly of regularly interlayered green
slate and hematitic slate. In many places, the slate is
unevenly interlayered, the green slate being thicker
and more abundant than the hematitic slate. Manganif-
erous banded hematitic ironstone is present in some
places in the lower part of the unit. (See pl.3.) Lay-
ers of this rock commonly are 1 to 5 feet thick, but may
be as much as 14 feet thick. They also contain the
rhodonite-bearing veinlets that are typically localized
within this lithology. Layers of green laminated silic-
eous carbonate rock or ironstone also occur in the lower
manganiferous unit. They are interlayered both with
green slate and hematitic slate. The hardness of the
hematitic layers of the lower manganiferous unit is
markedly different from that of typical manganiferous
banded hematite ironstone. They are readily scratched
by a knife blade whereas the banded hematite ironstone
is not. This feature proved useful in locating the con-
tact between the middle and lower manganiferous units,
particularly when logging diamond-drill cores.

The lower manganiferous unit has an average thick-
ness of approximately 33 feet. The base of the lower
manganiferous unit is placed beneath the last hematitic
layer noted in the section.

Siliceous carbonate rock layers—A thin and discon-
tinuous zone from 0 to 23 feet thick, and with variable
manganiferous tenor, of siliceous carbonate rocks, im-
mediately underlies the lower manganiferous unit of
the Maple-Hovey deposit. (See pl. 44.) The siliceous
carbonate rocks are mainly green, well-bedded ironstone
composed of irregularly interlayered carbonate-rich

and chlorite-rich beds and laminae. Locally these rocks
contain conspicuous amounts of pyrite with pronounced
stratiform distribution. (See fig. 29.) This differs
markedly from the generally random distribution of
pyrite metacrysts in the slate enclosing the deposits.
The pyrite in this zone of siliceous carbonate rocks also
forms massive microcrystalline pods or beads, ranging
in size from those barely visible to those one-half an
inch in greatest dimension. In some rocks, widely sep-
arated pyrite cubes are seen along bedding.

MAIN MANGANIFEROUS ZONE IN OUTLYING AREAS

The main manganiferous lens, in addition to crop-
ping out in the Maple-Hovey deposit, also makes up
the Central Hovey deposit. (See pl. 2) For the most
part the three units of the lens in the Maple-Hovey
deposit are also present in the Central Hovey deposit.
The lens bounded by trenches 93 and 99 and designated
by Z' on plate 2 is considerated to be separate from the
main manganiferous lens, but to occupy the same
stratigraphic horizon.

CENTRAL HOVEY DEPOSIT

For purposes of description the four fault blocks
of the Central Hovey deposit are designated by the let-
ters A, B, O, and D. (See pl. 2.) The deposit lies
within a northeastward-trending belt, about 1,500 feet
long and 500 feet wide in maximum dimensions (pl. 2).
It contains the three manganiferous units described
above, and is believed to be a faulted, more highly
metamorphosed outlier of the main manganiferous lens.
The physical and mineralogic differences between the
Maple-Hovey and Central Hovey deposits may be due,
in part, to differences in original sedimentary facies
along strike as well as to modifications imposed by
different degrees of metamorphism. The more
thorough metamorphism that the Central Hovey de-
posit as a whole has undergone as compared to the
more localized metamorphism in the Maple-Hovey de-
posit has impressed marked physical and mineralogic
modifications on its rocks. These modifications also
are present in the Maple-Hovey deposit wherever sim-
ilarly metamorphosed (indicated by hachures on pl. 2).
The purple and red colors of the slate in the upper
manganiferous unit are pale and dull as compared to
the hues of the typical slate of the upper unit in the
Maple-Hovey deposit. Some of the interlayered green
slate, on the other hand, is a deeper green than the
normal slate in the Maple-Hovey deposit. In the mid-
dle manganiferous unit of the Central Hovey deposit
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the red banded hematite ironstone is a black banded
magnetite-bearing ironstone or dull-red ironstone in
which magnetite is disseminated in a hematitic ground-
mass. Laminations and banding in the ironstone, in-
cluding features such as fluxion structure, are faithfully
preserved. The lower manganiferous unit also has
black iron-rich layers and interlayers of deep-green
slate.

Because of the faults and changes of sedimentary
and metamorphic facies, it is not everywhere possible
to differentiate the three units within the Central
Hovey deposit or to correlate them with the equivalent
units in the Maple-Hovey deposit.

Segment A of the Central Hovey deposit is bounded
by a fault at its northeast end and its manganiferous
beds appear to lens out to the southwest at a point be-
tween trenches 61 and 105. (See pl. 2.) It is the only
fault block in which the upper, middle, and lower man-
ganiferous units all crop out. The middle mangani-
ferous unit of segment A thins to the southwest and
lenses out completely southwest of trench 106. A minor
strike-slip fault separates the upper and lower units
where the middle unit lenses out between them. The up-
per and lower manganiferous units also lens out
abruptly to the southwest, somewhere in the interval
between trench 61 and trench 105. The amount of each
unit present in trenches 56 and 61 is not certain.

The rocks in fault block A are believed to occupy
the northwest limb of a syncline; there, the middle
manganiferous unit is lenticular, either because of lens-
ing or because of attenuation during deformation. An
alternate interpretation of the stratigraphy and struc-
ture is possible: the rocks in this fault block could rep-
resent a tight isoclinal southwestward-plunging anti-
cline overturned approximately 25° NW. According
to this interpretation, the rocks of the present lower
unit would form the upper unit. The red and purple
slate cut in diamond-drill hole 46 support this interpre-
tation. Such an interpretation, however, would re-
quire the unlikely assumption that the lower unit has
been completely squeezed out of the core of the anti-
cline at the southwest end of the deposit, as rocks
resembling it were not cut in diamond-drill hole 46.

Fault block B contains the remnant of a southwest-
ward-plunging anticline (pl. 2). Diamond-drill holes
47 and 49 indicate that the bounding fault on the south-
east, which strikes approximately N. 65° E., dips 65°
NW. in the vicinity of trench 54. (See section D-D’,
pl. 2.) It progressively cuts off the manganiferous
rocks in block B at depth towards the north, until the
vertical fault that terminates this deposit on its north-

ern side is reached. The structure contour map (pl.
5) shows the curved nature of the trace of the inter-
section of the northwesterly dipping fault and the top
of the middle manganiferous unit as it may appear
below the surface. In this fault block, only the upper
and middle manganiferous units have been recognized
and were mapped at the surface in trenches 53 and 54.
In trench 53, approximately between 100 and 180 feet
northwest of the southeast end of the trench, the assay
values of 5.56 percent manganese and 17.45 percent
iron (Eilertsen, 1952, fig. 14) more closely resemble the
tenors of the lower manganiferous unit than those of
the upper or middle units. (Compare 4, B, and O of
table 12.) It is possible, therefore, that the lower
manganiferous unit, greatly modified by metamor-
phism, is exposed in the core of this anticline.

Fault block € is the smallest block of the deposit.
It is similar to fault block B in being a remnant of the
nose of a southwestward-plunging anticline. Only the
upper and middle manganiferous units are at the sur-
face in this fold, as ascertained in trenches 51, 52, and
57 (pL 2). The lower manganiferous unit was tran-
sected below the surface by diamond-drill hole 48. The
deposit is cut off abruptly on its northwest side by a
nearly vertical fault, adjacent to block 2D, and is
separated from fault block B to the southeast by a
northwestward-dipping fault.

Segmeut D of the Central Hovey deposit is also com-
pletely bounded by faults. It contains a thick section
of the upper manganiferous unit, which appears to
occupy the northwest part of the nose of a southwest-
ward-plunging syncline. It is assumed that the absence
of the middle and lower manganiferous units in this
limb is believed to be primarily a result of original
lensing. The manganiferous rocks of this segment
are mostly pale-purple and red slate interlayered with
green slate. Small lenses of magnetite-bearing banded
ironstone are also present but are of irregular occur-
rence and could not be correlated between trenches, or
from surface exposures, as in the northwest end of
trench 52, to possible sub-surface extensions, as tran-
sected by diamond-drill hole 48.

The overlying and underlying slates are indistin-
guishable at the southwest end of the Central Hovey
deposit where the manganese deposit lenses out. (See

block 4, pl. 2.)
LENS E BOUNDED BY TRENCHES 93 AND 99

Lens £, at about 30,000 N. and 10,500 E. on plate 2,
occupies the same stratigraphic horizon as the main
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manganiferous lens (see explanation, pl. 2) but ap-
parently does not have the three units of the main lens.
Inasmuch as it consists of an irregularly interlayered
sequence of hematitic shale and red and green slate,
however, its lithology is generally similar to that in the
main lens. A few beds of thin banded hematite iron-
stone are also interspersed in the sequence. Some of
the hematitic rocks contain magnetite which probably
formed during metamorphism. The rocks in lens £
contain less magnetite, however, than the rocks of the
main manganiferous lens in the Central Hovey deposit
or some parts of the Maple-Hovey deposit, such as those
in the syncline at the northwest end of the deposit.

The gray-green and green slate that encloses lens Z'
is megascopically similar on both sides of the lens;
however, the slate is subdivided into an upper and a
lower slate (see pl. 2) in order that the terminology
be consistent with that used in deseribing the main man-
ganiferous lens.

Lens Z is approximately 425 feet long and has a
maximum width of about 50 feet.

LOWER SLATE

The gray-green and green slate underlying the main
manganiferous lens and the small outlying lens £ is
termed the lower slate for purposes of description and
has no set lower limit. It is not as well known as the
upper slate, a considerable thickness of which was
drilled in the vicinity of the Maple-Hovey deposit.
(See pl. 2.) Rather widely spaced drill holes have
penetrated only relatively short distances into the lower
slate; hence, a continuous section is not available at
any one place. The lower slate is megascopically sim-
ilar and generally indistinguishable from the upper
slate.

The lower slate encloses manganiferous lenses at four
different horizons (see explanation, pl. 2), as well as
a limestone breccia about 100 feet below the lowermost
manganiferous lens (see pl. 4C).

SOUTHERN HOVEY LENS (DEPOSIT)

The lens of slate and ironstone that makes up the
Southern Hovey deposit lies about 200 feet stratigraphi-
cally below the horizon of the main manganiferous
lens.

The Southern Hovey deposit is the second largest in
the area. The rocks do not crop out anywhere and
float is sparse. The deposit has been explored by a
series of trenches generally spaced about 200 feet apart,
and by 8 diamond-drill holes.

Although the Southern Hovey lens is stratigraphi-
cally lower than the main manganiferous lens (Maple-
Hovey and Central Hovey deposits) its manganese-
bearing hematitic rocks are lithologically similar to
those of the main manganiferous lens and are also sub-
divided into three units. These are manganiferous
banded hematite ironstone, and both overlying and
underlying interlayered manganiferous hematitic slate
and green slate. The slates above and below the banded
hematite ironstone are here called, respectively, the
hanging-wall and footwall manganiferous slates. The
general stratigraphic sequence in the Southern Hovey
lens and its enclosing slate are summarized in plate 43,
which is a columnar section of the deposit as cut by
diamond-drill hole 51.

The rocks of the Southern Hovey deposit appear to
be lenticular, with varying thicknesses along strike,
and probably downdip. The diamond-drill holes along
the northwest side of the deposit provide that best
evidence for the order of magnitude of strikewise vari-
ations in these thicknesses. The three units of the
deposit have a combined average thickness of about 45
feet and a range of 26 to 64 feet in thickness along the
northwest side of the deposit. (See table 6.) The
hanging-wall slate averages about 13 feet in thickness,
the footwall slate about 8 feet, and the banded hematite
ironstone between the hanging-wall and footwall slates
averages about 24 feet in thickness. Considerable local
variations in thickness are characteristic of all these
units.

TABLE 6.—Calculated thicknesses, in feet, of the manganifer-
ous units in the Southern Hovey deposit

[Data from selected U.S. Bureau of Mines diamond-drill holes]

Thickness of manganiferous units in
diamond-drill holes— Arithmetic
average
60 51 50 55 56
Hanging-wall manganifer~
ous hematitic slate________ 6 8 20 13 19 13
Manganiferous banded
hematite. . ________.___.__ 45 29 33 7 4 24
Footwall manganiferous
hematiticslate.._.__._____ 13 5 10 6 4 8
Total thickness of the
deposit . ._._._____ 64 42 63 26 27 45

Hanging-wall and footwall manganiferous units—
The hanging-wall and footwall slates of the Southern
Hovey deposit generally resemble the upper and the
lower manganiferous units, respectively, of the Maple-
Hovey deposit. However, the units containing man-
ganiferous banded hematitic ironstone in the two de-
posits are less similar in their physical resemblance.
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The hanging-wall slate in the Southern Hovey de-
posit is composed mostly of red and purple slate of
various shades interlayered with gray-green slate. A
bed of volcanic ash one-half of an inch thick was cut
by diamond-drill hole 51 in the lower part of the hang-
ing-wall slate, and is very similar mineralogically to
the volcanic rock in the upper manganiferous unit of
the Maple-Hovey deposit described earlier. Similar
beds of volcanic ash are also present in the gray-green
slate stratigraphically overlying the hanging-wall slate
(diamond-drill hole 61), and in the banded hematite
ironstone within the deposit (trenches 71 and 74). The
apparent sporadic distribution of these ash beds in and
near the deposits of Maple and Hovey Mountains pre-
cludes their use as marker beds.

Manganiferous banded hematite ironstone sequence.—
The manganiferous banded hematite ironstone se-
quence of the Southern Hovey deposit has a superficial
physical resemblance to the middle manganiferous unit
of the Maple-Hovey deposit. The ironstone-bearing
units of these two deposits are similar in their light-to-
dark red color, their high specific gravity, and their
banding. The ironstone of the Southern Hovey de-
posit, however, is less brittle than that within the
Maple-Hovey deposit and it has shaly partings; it also
lacks a pronounced blocky fracture. In addition, it
has a lower effective hardness and is more readily
scratched by a knife. The banding of the ironstone in
the Southern Hovey deposit is less pronounced than
that of the other hematitic manganese-bearing rocks of
the area. Nonetheless, this banding and the presence
of light-colored layers in these rocks differentiates them
from hematitic shale. Green slate beds are also con-
tained in the manganiferous banded hematite ironstone
sequence of the Southern Hovey deposit. A thin zone
containing pyrite-bearing manganiferous siliceous car-
bonate ironstone layers is present immediately below
the manganiferous hematitic rocks, in similar manner
to the layers of siliceous carbonate rock underlying the
Maple-Hovey deposit (pl. 4B). The manganese con-
tent of these rocks, in both deposits, decreases gradually
with increasing stratigraphic depth until the tenor of
less than 1 percent manganese, typical of the country
rock slate near the deposits, is attained.

OUTLYING LENSES (DEPOSITS)

One small lens of the manganiferous hematitic var-
iety and several lenses of magnetite-bearing siliceous
carbonate rock are also interbedded in the lower slate.
Most of these lenses are clustered in two areas on Hovey
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Mountain; one group is northwest of the Central Hovey
deposit and the other group is at the southeast end of
the Southern Hovey deposit. (See pl. 2.) Also, a
deposit interpreted as a lens separate from the Maple-
Hovey deposit was penetrated in diamond-drill holes
34 and 44 on the northwest side of Maple Mountain
(See pl. 2.)

These small lenses are subdivided and described on
the basis of their lithology and structural setting. Al-
most, all of them were detected directly by magnetic
surveying, or indirectly and fortuitously in the course
of bulldozing while exploring other deposits in their
immediate vicinity. )

All of these lenses are enclosed by the lower slate as
is the Southern Hovey lens. This slate is green to
gray-green and megascopically similar to the slate en-
closing the stratigraphically higher and larger, main
hematitic lens of the area. The slate tends to change
in aspect, however, in the vicinity of the manganiferous
siliceous carbonate lenses ¢ and H exposed in trenches
63, 64, and 65 and on Hovey Mountain, as will be de-
scribed below.

HEMATITIC LENS F

The manganese-bearing hematitic lens designated by
the letter /' and centered approximately at the coordi-
nates 82,500 N. and 11,500 E. on plate 2 is believed to
occupy a separate horizon, below that of the Southern
Hovey lens. (See explanation, pl. 2.) Although this
horizon probably is some several hundred feet below
that of the Southern Hovey lens, the exact amount of
stratigraphic separation of these two horizons is uncer-
tain because of faults. The stratigraphic succession
between these two lenses described above and shown
on plate 2 is favored because it requires fewer assump-
tions than alternate interpretations do. However, the
possibility cannot be ruled out that the Southern Hovey
lens and lens 7 are actually at the same stratigraphic
horizon.

Lens F consists of thin manganiferous hematitic slate,
green slate, and siliceous carbonate layers and laminae.
In trench 104, a bed of volcanic ash one-quarter of an
inch thick is present in the green slate overlying the
lens 75 feet southeast of the upper contact of the man-
ganiferous rocks. Lithologically, this lens is similar
to the lower manganiferous unit of the Maple-Hovey
deposit. The hematitic rocks at the northeast end of
this lens, as seen in trench 62, contain magnetite.
Magnetite was not observed, however, in other expo-
sures of this lens, as in trenches 104, 69, and 121.
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SILICEOUS CARBONATE LENSES

It appears that several other small lenses of siliceous
carbonate in the area occur at two separate horizons
below the Southern Hovey lens and lens #. This is
mostly deduced from the relations as mapped on the
northwest side of Hovey Mountain. Here, two siliceous
carbonate lenses in trench 63, designated by the letters
G and H on plate 2, apparently lie below the hematitic
lens . (See explanation, pl. 2.) The stratigraphic
separation between lenses # and ¢ is on the order of
180 feet.

The two lenses ¢ and H, were discovered by a ground
magnetic survey. A magnetic anomaly, north of the
area trenched in lenses ¢ and H (see pl. 2), was not
further explored, but its size and shape suggest it may
represent another distinct lens or possibly a faulted
northwestward extension of lens ¢ or /.

The gray-green slate that overlies lenses G and H is
generally similar to the lower slate described above,
except that sparse pyrrhotite forms films on cleavage
planes in some of this slate.

Lenses ¢ and H, as seen in trenches and drill core,
are lithologically very similar; both are composed of
irregularly interlayered green chloritic slate and banded
siliceous carbonate rock. The stratigraphically lower
lens H, contains more layers of siliceous carbonate than
the upper lens .  Plate 4C is a generalized columnar
section of these lenses.

Siliceous carbonate is the most manganiferous rock
in lenses ¢ and H. It is heavy, dark green, has a blocky
fracture, and a pronounced banded structure. Com-
monly the individual bands are finely laminated. The
banding tends to be wavy, and to resemble fluxion struc-
ture in some rocks. Small microfaults commonly offset
laminae from 1 inch to microscopic distances. Small
gray to gray-white pods, many with a dull purple cast,
are common and are generally elongated subparallel
with the laminations which typically bend around the
pods. In a few places, the laminations pass through
the pods without deflection. Magnetite commonly is
abundant in the siliceous carbonate rocks.

The intercalated slate of the manganiferous lenses is
green to dark green, and in places has color banding
corresponding with bedding. The slate forms both
laminations or partings between the layers of siliceous
carbonate and beds several feet thick. The maximum
thicknesses of lenses @ and H are about 60 and 70 feet,
respectively; the intervening slate is about 110 feet
thick, If fault offsets are taken into account, the re-

spective lengths of the lenses are probably on the order
of 700 and 650 feet each.

The other lenses of siliceous carbonate in the area
are believed to be at the horizon either of lens ¢ or H
or both. The suggested correlation favored in this re-
port, between lenses ¢ and A and the other lens of
siliceous carbonate rocks on the northwest side of Hovey
Mountain, is indicated by the inferred fold pattern
shown on plate 2. Although the lenses of siliceous
carbonate rocks on the southeast end of Hovey Mountain
(see pl. 2) are believed to lie at the same two strati-
graphic horizons, the relation of these lenses to one an-
other is not clear.

The lithology of these small lenses of magnetite-bear-
ing siliceous carbonate is generally comparable to that
of lenses ¢ and H with only minor differences of no
apparent stratigraphic significance.

LIMESTONE BRECCIA

The gray-green slate cored by diamond-drill hole 52
is stratigraphically below the oldest manganiferous lens
(H) and contains a few zones with elongate and round
gray calcareous structures resembling stretched lime-
stone pebbles. Parts of this slate have a banded ap-
pearance caused by the alternation of thin layers of
light-green slate with dark-green to nearly black slate.
A gray-blue limestone breccia, about 5 feet thick, was
cut by the drill approximately 80 feet below the base
of lens ZZ. (See pl. 40.) Some of the fragments of
breccia contain a few deformed crinoid columnals. For
at least 75 feet below the limestone breccia, the slate is
gray blue and calcareous, and contains sporadically dis-
tributed pyrite.

AGE AND CORRELATION OF THE AROOSTOOK
MANGANESE BEDS

A pyritized fragment of a branch of a graptolite was
collected by the writer from about the middle portion of
the lower manganiferous unit of the Maple-Hovey de-
posit. This fossil was originally studied by the late
Josiah Bridge of the U.S. Geological Survey, who re-
ported (written communication, 1950) that, although
“#* * * the identification of the specimen cannot be
definite as several important parts that are needed for a
positive determination are not preserved * * * it
agreed very closely with Didymograptus sagitticaulus, a
form which is characteristic of the lower Middle Or-
dovician Normanskill shale (Black River) of New York
and its equivalents elsewhere.

On the basis of this identification, the deposits of
Maple and Hovey Mountains were tentatively assigned
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to the Ordovician(?) (Pavlides, 1952, p. 6). This
graptolite was subsequently examined by several
specialists and is now considered to be a Silurian rather
than an Ordovician form. (See DDH 31, table 4.)

The only other fossils found near the deposits of
Maple and Hovey Mountains are in the limestone brec-
cia cut by diamond-drill hole 52 on Hovey Mountain.
Some of the fragments of limestone breccia contain a
few nondiagnostic pelmatazoan fragments which indi-
cate a probable post-Early Ordovician age. Similar
fragmentary fossils collected from elsewhere in the area
(see table 4) probably are no older than post-Early
Ordovician.

The age relations of many of the manganese deposits
of the northern and southern manganese districts are,
for the most part, uncertain. The northern manganese
district, however, has been mapped in more detail
(White, 1943, pl. 24) than the southern district (Miller,
1947, pl. 2), and more diagnostic fossils have been found
in the northern district than elsewhere in the Aroostook
manganese belt. The deposits of the northern manga-
nese district are confined to the lower slate member of
the Aroostook limestone and to the overlying shale and
slate unit (the Ashland formation of former usage).
Both the shale and slate unit and the Aroostook are
assigned a Middle Silurian age by White. (See table
1.) The shale and slate unit is reliably dated as
Silurian. At the Dudley manganese deposit, in Castle-
ton Township, about 1.5 miles west of the town of
Mapleton, a fossiliferous limestone breccia of the shale
and slate unit is intercalated with slate and limestone
that appear to overlie the Dudley deposit conformably
(White, 1943, pl. 25). The faunule from this lime-
stone breccia or conglomerate (Miller, 1947, p. 12) was
studied by Twenhofel (1941, p. 172) who concluded
that the Ashland (shale and slate unit of White, 1943)
is of “very high Clinton or low Niagara,” or Middle
Silurian age.

The age of the manganese deposits that occur in what
was assigned as the lower slate member of the Aroostook
limestone by White (see table 1, and White, 1943, pl.
24) is less certain. In an earlier part of this report it
was shown that the middle member of the Aroostook
limestone as defined by White is of Middle Ordovician
and not of Middle Silurian age. Such an age assign-
ment necessitates inverting the stratigraphic order of
some of White’s units so as to fit the regional structure
(White, 1943, pl. 24). Therefore the slate that con-
tains the manganiferous lenses and which was thought
by White to underlie the ribbon limestone that com-

prised the middle member of the Aroostook, actually
overlies the ribbon limestone unit. It can be concluded
therefore that this slate and its associated manganese
deposits (which has been mapped as in conformable
contact with the ribbon limestone unit) is of younger
Ordovician age than the ribbon limestone unit and may
even be of Silurian age. If it is of Silurian age it may
correlate with the slate and shale unit of Silurian age
that contains manganese deposits (such as the Dudley
deposit) elsewhere in the district. This latter inter-
pretation was used by Boucot and others (1960) in a
recent compilation of the geology of northern Maine.

The age of many of the manganese deposits of the
southern manganese district in Aroostook County,
Maine, is uncertain. A reconnaissance geologic map
of the southern manganese district was made by Miller
(1947, pl. 4), but owing to the complexity of the geology
only broad generalized stratigraphic subdivisions were
made. He mapped the Ordovician and Silurian slates
as an undifferentiated unit because of the difficulty of
separating these rocks where fossils are lacking.

Both Silurian and Ordovician graptolites have been
collected from rocks located close to manganiferous
layers at Westford Hill (White, 1943, pl. 28). The
rocks at Westford Hill are highly folded and faulted
(White, 1943, pl. 28), but the Silurian graptolites there
appear to be related definitely to the manganiferous
unit and hence establish the age of the deposits at West-
ford Hill as Silurian.

The age of the Littleton Ridge deposit, approxi-
mately 5.3 miles northeast of Houlton, however, is of
Early Devonian, New Scotland age. The writer found
fossils at several localities on the southwest side of
the deposit in buff-weathering calcareous slate with
which the manganiferous rock appears to be conform-
ably intercalated. Several large collections of material
from one of these localities were prepared and studied
by A. J. Boucot, of the U.S. Geological Survey (1960).
The fauna obtained is as follows:

Coelospira? sp.

Eospirifer cf. E. macropleura
Unidentified rhynchonellid
Levenea? sp.

pelmatozoan columnals
Leptaena “rhomboidalis”
Kozlowskiellina cf. K. perlamellosus
Platyostoma? sp.
Orthoceroid

Tetracoral

Rhipidomellid

Schizophorid

Atrypa “reticularis”
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The information concerning the relative age of the
Aroostook manganese belt can be summarized as fol-
lows: (a) In the northern manganese district, the
hematitic Dudley deposit, enclosed within the slates of
the shale and slate unit of White, 1943 (Ashland forma-
tion of former usage) is of Silurian age, whereas the
two manganiferous horizons of the lower member of
what White considered to be the Aroostook limestone
may be Middle Ordovician or younger; (b) the deposits
of Maple and Hovey Mountains are probably of Silu-
rian age and most likely Early Silurian rather than
Late Silurian; (¢) the manganese deposits of the
southern manganese district may be of two or more ages.
The Littleton Ridge deposit is Early Devonian and the
deposits south of Houlton are of post-Early Ordovi-
cian age and those on Westford Hill are Silurian.

STRUCTURE OF THE DEPOSITS

The deposits of Maple and Hovey Mountains are
highly deformed and only exceptionally good natural
exposures would normally have enabled the structure to
be mapped in detail. Such exposures are sparse and
poor—a few at or near the crests of both Maple and
Hovey Mountains—as the area is covered by a mantle
of glacial till and is heavily wooded. The extensive
trenching and diamond drilling by the U.S. Bureau of
Mines provided many artificial exposures and subsur-
face cross sections from which the structure of the
deposits was worked out.

Large folds are readily recognized by stratigraphic
relation. In some places folds can be recognized by
the attitudes of the bedding and its relation to axial
plane cleavage. Faults, however, are more difficult to
recognize and direct evidence for locating them closely,
such as zones of brecciation and gouge, is sparse. Most
of the faults were mapped by indirect evidence such as
omission or repetition of beds, or anomalous attitudes
caused by drag near faults.

Detailed geologic mapping of the deposits (1 inch
equals 40 feet), supplemented by a vertical ground mag-
netometer survey, and by diamond-drill data supplied
considerable information useful in understanding the
structural and deformational history of the deposits
and of the area in general.

FOLDS

The manganiferous lenses on Maple and Hovey
Mountains (see explanation, pl. 2) occur in several large
northeastward-trending folds or parts of folds. These
lenses may outline such major folds in considerable
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detail as does the main manganiferous lens in the Maple-
Hovey deposit (pl 2), where the main lens is con-
tained in a large doubly plunging syncline extending
between Maple and Hovey Mountains. Different parts
of the Maple-Hovey deposit have previously been desig-
nated as the Hovey Mountain prospects, the Lower Ma-
ple Mountain prospect, and the Upper Maple Mountain
deposit. Miller (1947, p. 61-66) suggested that the
deposits on Maple Mountain, at least, were continuous.

A large fold, such as the one which contains the Ma-
ple-Hovey deposit, is considered to be a first-order fold,
comparable in size to the major folds of the area. The
Southern Hovey lens (deposit) probably is on the limb
of another first-order fold. Subsidiary northeastward-
trending folds are also present along the limbs and ends
of such first-order folds. The larger of these subsidi-
ary folds are classed as second-order folds, and are de-
fined more specifically as anticlinal or synclinal. The
northeast end of the Maple-Hovey deposit on Maple
Mountain contains several such second-order folds.
Such folds are synclines I, ITI, and V, and the inter-
vening anticlines IT and IV. (See pl. 2.) Some of
these second-order folds, such as syncline IIT on Maple
Mountain, in turn contain subsidiary folds, here called
third-order folds. These third-order folds appear as
circled numerals (O through @ on plate 2. Second-
order syncline III, for example, has three third-order
synclines separated by two third-order anticlines.
They are designated by circled numerals @) to &. (See
pl. 2.) The end of the deposit on Hovey Mountain is
considered to be a part of second-order fold VI, which
contains third-order folds @, @, and @.

In addition to first-, second-, and third-order folds,
there are also smaller northeastward-trending folds,
shown on the geologic map (pl. 2) as minor anticlines
and synclines. In general, these folds have a “wave-
length” of 1 to 3 feet and are classed as fourth-order
folds. The distribution of the fourth-order folds in the
deposits of the area is directly related to the degree of
recrystallization (described later in the section on meta-
morphism) the rocks in different parts of the deposits
have undergone. Thus, the fourth-order folds are in
the more highly metamorphosed parts of the deposits
such as in trench 23 of second-order syncline I on Maple
Mountain, in trench 57 of block C in the Central Hovey
deposit, and in trenches 84 and 112 in the syncline at the
southeast end of the Southern Hovey deposit (see pl. 2).

The lineations (symbols shown in pl. 2) in the man-
ganiferous rocks of second-order syncline V on Maple
Mountain (trenches 4 and 9) are the fold axes of fifth-
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order folds. Fifth-order folds, shown in plate 2 as
lineation, characteristically are the fold axes of corruga-
tions with a “wavelength” on the order of a few inches
toa fraction of an inch.

Besides the major and minor northwestward-trend-
ing folds, there are also subsidiary third order folds
whose axes lie at a fairly large angle to the axes of the
northeastward-trending folds. Such folds are classed
as cross folds. Two subsidiary cross folds ® and @,
are on the northwest limb of second-order syncline V
on Maple Mountain. (Seepl.2.)

The folds on Maple and Hovey Mountains are mainly
flexure folds. The relative competence of the different
rock units of the deposits during deformation can gen-
erally be evaluated by their thicknesses in different
parts of the folds. These differences in thickness have
been measured in trenches and in drill holes. The
cross sections cut by the drill holes have been published
elsewhere by the writer (én Eilertsen, 1952, figs. 16-28)
and only a selected few have been included in this re-
port. (See pl.2.)

The upper manganiferous unit in the Maple-Hovey
deposit, which contains mostly slate, has undergone the
most flowage towards the axial region of folds. The
thickening that this unit has undergone, however, is
relatively little. The upper manganiferous unit in
second-order syncline V on Maple Mountain has not
been thickened as much as the map pattern (pl. 2) sug-
gests. Much of the apparent thickness of the unit here
is due to repetition of beds as a result of the shallow
double plunge of the second-order syncline (which has
an inlier of upper slate along its axial region), as well
as to the bulging effect induced by the cross folds along
the northwest limb of the syncline. The upper man-
ganiferous unit is about 100 feet thick on the nose of
second-order anticline I1, approximately along the axis
of which diamond-drill holes 27 and 29 were drilled.
This is somewhat less than twice the average arithmetic
thickness of 57 feet assigned to this unit.

The middle manganiferous unit of the Maple-Hovey
deposit, composed chiefly of banded hematite ironstone,
has generally folded without appreciable thickening at
the crests and troughs of folds, suggesting that it was
competent during deformation. Wherever present
minor changes in thickness due to folding in the middle
manganiferous unit are mostly characteristic of the sec-
ond-order folds that do not have third-order folds.
Thus second-order syncline V on Maple Mountain has a
rather uniform thickness along the southeast limb,
around the nose, and in part, along the northwest limb

except for the carinate cross fold @ (in fold @ the
rocks may not actually have been thickened but only
appear so through being repeated by doming). In
second-order syncline ITI, which is corrugated by five
third-order folds (see pl. 2), the middle manganifer-
ous unit is normally thinner on the limbs of the third-
order folds and maintains about the same general thick-
ness on the noses of these folds, as it has in the less de-
formed second-order folds, such as V described above.
Apparently the middle manganiferous unit, in such
more highly deformed places as in syncline ITI, was
attenuated along the limbs of the third-order folds but
not noticeably thickened or thinned at the crests. For
example, in third-order anticlinal fold @ (see pl. 2)
thickening of the middle manganiferous unit has not
taken place at the crest insofar as could be detected in
(vertical) diamond-drill hole 18, which is located on the
fold axis. The northwest limb of the fold, however, is
thinned by about 50 percent as measured in trench 20.
In a general way, therefore, the banded hematite iron-
stone of the middle manganiferous unit apparently had
the competency to deform by bending, down to a critical
stress value, namely, approximately that stress which
prevailed when first- and second-order folds formed.
If these rocks were stressed beyond this critical value
through further folding, they then yielded by stretch-
ing along the limbs of the third-order folds.

In a few places, the banded ironstone such as that in
the middle manganiferous unit evidently was thickened
in the noses of folds as well as attenuated along the
limbs. One such place is along the southeast limb of the
Maple-Hovey deposit in the general area between
trenches 26 and 31 on Hovey Mountain. (See pl. 2.)

With the exception of the section contained in trench
25, the small measured thicknesses of the middle man-
ganiferous unit in these folds actually may be a result of
inconclusive stratigraphic identification. For example,
the rocks shown as belonging to the main manganiferous
units in the northern part of trench 24 and in trench
59 may only be banded ironstone interlayers in the
upper manganiferous unit; the rocks mapped as the
middle and lower manganiferous units may actually
be only relatively thin interbeds of banded ironstone
and hematitic shale which elsewhere characterize these
units as a whole. Irrespective of these uncertainties, the
mapping has shown that rocks in this part of the de-
posit have been closely folded and faulted, and the
middle manganiferous unit is thicker in trench 25 and
thinner in trench 31 than in less complexly deformed
parts of the deposit elsewhere. The thickening of the
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middle manganiferous unit in places such as trench 25
probably is mostly a result of faulting, whereby slices
of rocks are wedged together and repeated (the detailed
map of this trench—1 inch equals 40 feet—suggests
faulting in a few places).

Thickening of individual beds of banded hematite
ironstone in the crests and troughs of folds by flowage
from the limbs was apparently of minor magnitude at
most. The outcrop pattern of more highly recrystal-
lized magnetite-bearing ironstone in syncline I on
Maple Mountain and in the syncline at the southwest
end of the Southern Hovey deposit suggests that solid
flow may have taken place in these folds. The thick-
ness of the ironstone here is greater than its average
thickness in the deposits and thickening due to faulting
is not apparent.

The doubly plunging syncline outlined by the main
manganiferous lens (Maple-Hovey deposit) is the
dominant first-order fold on Maple and Hovey Moun-
tains. (See pl. 2.) The main manganiferous lens on
the ends of the syncline crops out on and near the
crests of Maple and Hovey Mountains. The synclinal
axis trends approximately N. 55° E., although near the
crest of Hovey Mountain its trend has been shifted
slightly northward by faulting. The plunge of the
major fold axis and of the axes of second- and third-
order folds on Maple Mountain is to the southwest,
towards Hovey Mountain, whereas on Hovey Moun-
tain the axes of the major and minor folds plunge to
the northeast, towards Maple Mountain. Diamond
drilling along the southeast limb of the syncline, be-
tween Maple and Hovey Mountains, indicates that this
limb is locally overturned to the northwest (pl. 5).
Second-order anticline II on Maple Mountain, cut
along its axis by diamond-drill holes 27 and 29 (pl. 2),
has both its northwest and southeast limbs overturned,
and in cross section is fan shaped (section A-A’, pl.
2 and pl. 5).

Overturning of most of the second-order anticlines
in the direction of their plunge characterizes both ends
of the Maple-Hovey syncline (pl. 2, diamond-drill
holes 24, 25, and 43). This overturning and the re-
sulting opposing plunges of the ends of the Maple-
Hovey syncline over such a short distance are believed
to be a result of local “cross folding” (described later),
traiisverse to the regional, northeastward-trending

folds. The small carinate fold @ outlined by the
middle manganiferous unit on Maple Mountain (cut by
trenches £, F, and @ of the Manganese Ore Company)
is a near-surface example of another type of cross fold.

45

Two small doubly plunging anticlines, related to
local faults, are present in the Maple-Hovey syncline.
One of these is between trenches 29 and 45 (pl. 2) on
Hovey Mountain; the other is in the vicinity of the
northwest end of trench 12 on Maple Mountain.

In addition to the nearly complete fold on Maple
and Hovey Mountains, parts of other folds are out-
lined by the manganiferous lenses of the area. The
Central Hovey deposit is exposed in the faulted rem-
nants of two anticlines (see pl. 2, fault blocks B and
(), part of the northwest limb of a syncline (fault
block D), and at the end of a lens (fault block A).
These folds plunge to the southwest.

The Southern Hovey lens is less deformed than the
main manganiferous lens in either the Maple-Hovey or
Central Hovey deposits. It evidently lies along the
limb of a first-order fold which was broken by the
faults northwest and southeast of the Southern Hovey
deposit (pl. 2). The southwest end of the deposit is
folded into a northeastward-plunging syncline (pl. 2).
The southeast limb of this syncline lenses out within a
relatively short distance from the nose of the fold.
This syncline may be a third-order fold similar to
those in the Maple-Hovey deposit. The length and
relative staightness of the limb of the fold along which
most of the Southern Hovey deposit lies make it unique
when contrasted with the faulted and crumpled char-
acter of the rocks throughout most of the area. The
northeast extremity of the Southern Hovey deposit
terminates against a fault; southwest of the fault the
deposit is in a sigmoidal flexure and locally the bedding
is slightly overturned to the northwest.

Small manganiferous lenses on Hovey Mountain have
undergone different degrees of deformation. The
amount of deformation is believed to be a function of
position on the limbs or the noses of large folds. Such
large folds, however, were not recognized in the field.
The slate that encloses the lenses is poorly exposed,
lacks marker beds, and could not be mapped in sufficient
detail to outline accurately such possible major folds.
The fold involving the possible horizons between the
lenticular deposits on the northwest side of Hovey
Mountain (pl. 2) is therefore conjectural. It is based
partly on the relative position of the lenses to each
other and assumed stratigraphic correlation between
the different siliceous carbonate lenses, and in part, on
the pattern of folding known to exist in the district,
such as that at the southwest end of the Maple-Hovey
deposit. For example, the small anticline that is out-
lined by siliceous carbonate rocks near coordinates
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32,000 N. and 11,500 E. has its axial plane inclined to
the southeast in similar manner to that of third-order
fold @ of the Maple-Hovey deposit on Hovey
Mountain.

CLEAVAGES

Slaty cleavage is well developed in the argillaceous
rocks enclosing, and contained within, the manganese
deposits of the area; the banded ironstone of hematite
or magnetite and the banded siliceous carbonate rocks
of the deposits, however, lack cleavage. The regional
strike of the slaty cleavage is generally from N. 50°-70°
E. and its range from vertical to 60° NW. or SE. Most
commonly, however, its dips are vertical or nearly
vertical (85° or more).

The regional slaty cleavage is generally parallel to
the axial planes of some of the northeastward-trending
folds, although it deviates from rigid parallelism in
many places. It also clearly lacks even rough parallel-
ism to axial planes in some folds. For example, the
trend of the cleavage in the Central Hovey deposit cuts
across the trend of the axes of the folds in blocks B, O,
and D at a small angle, although it maintaing an over-
all regional trend (pl. 2). Such deviations may be the
result of the cleavage having formed as a late-stage
structure after folding. Some faulting evidently also
occurred before cleavage developed.

Bedding-plane cleavage is also present at a few
places, particularly in some of the green slate inter-
layered with the hematitic rocks of the different man-
ganiferous units. Such bedding-plane cleavage was
seen in trench 86, which exposes the lower manganif-
erous unit in third-order fold thirteen on Hovey
Mountain. Bedding-plane cleavage also parallels the
east limb of fold (@) which crosses second-order fold
V in the upper manganiferous unit on Maple Mountain.

Regional slaty cleavage that is more or less parallel
to the axial planes of the folds proved very useful as a
clue to local structure during the exploration of the
Maple-Hovey and Southern Hovey deposits. It was
particularly helpful in interpreting structural relations
in the deep vertical drill holes within the Maple-Hovey
deposit. These holes deviated progressively both in
azimuth and inclination with increasing depth. The
azimuth and the inclination of the holes were measured
at intervals ranging from one to several hundred feet
(Eilertsen, 1952, table 3, p. 53). By using cleavage
and lineation produced by the axes of minor corruga-
tions it was possible to orient this core completely.
These structures were usable because the strike of cleav-
age and the general strike and plunge of the lineation

were known from surface geologic mapping. Thus,
drill core could be oriented in two possible positions,
by using cleavage alone. Generally, on the basis of
stratigraphy, or by projecting the axes of known folds
mapped at the surface, the correct orientation of these
two possible orientations could be deduced. If crenula-
tions are also present, then the orientation of the core
was determined immediately, as one of the two posi-
tions obtainable from cleavage alone would indicate a
plunge opposite to that known from surface evidence.
These criteria could not be used in parts of folds over-
turned by cross folding. At such placesy the structure
was interpreted from the repetition of stratigraphic
units and the relation of bedding to the axes of the drill
cores. (See pl. 2, sections of diamond-drill holes 24,

25,and 43.)
LINEATIONS

Only two types of lineation are widely enough devel-
oped in the deposits to be readily recognizable and of
practical use. These are: (a) axes of minor crenula-
tions or corrugations (fifth-order folds), and (b) a
lineation resulting from the intersection of bedding
and cleavage. On the geologic map (pl. 2) only the
former is shown. Lineation plunging conformably
with the major folds was useful in orienting drill core,
as mentioned above. The microcorrugations in the
Maple-Hovey deposit strike N. 57°-85° E. and plunge
70°-78° on Hovey Mountain, wheras on Maple Moun-
tain they strike S. 56°-85° W. and plunge 35°-65°.
The bedding-cleavage intersections, especially the trace
of bedding on vertical cleavage partings at the noses of
folds, was useful in directly determining the amount
and direction of plunge of the folds where the clevage
parallels the axial planes. Lineation formed by cleav-
age-bedding intersections has not been shown on the
geologic map (pl. 2), but it can be determined readily
from the attitudes of bedding and cleavage recorded on
the map.

The lineations described above are restricted to
specific types of rock. Lineation caused by the inter-
section of bedding and slaty cleavage is well developed
in the argillaceous slate that contains primary lamina-
tions, whereas microcorrugations are confined mostly
to thin-bedded hematitic slate that is interbedded with
the argillaceous slate. The fourth-order folds also
show localization based on lithology. For example,
those in trench 23 within second-order syncline I of
the Maple-Hovey deposit on Maple Mountain, and in
trench 84 in the syncline at the southwest end of the
Southern Hovey deposit on Hovey Mountain (pl. 2)
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are developed in the more heavily bedded and compe-
tent banded ironstone.

JOINTS

Joints were not mapped in detail and few are shown
on the geologic map (pl. 2). A conspicuous set of
fractures in the deposits dips steeply or is vertical. For
the most part, these are cross joints, perpendicular or
nearly perpendicular to fold axes. Poorly developed,
gently inclined joints are also present. Joints are
especially conspicuous in the brittle, banded hematite
and banded magnetite-chlorite ironstone and in sili-
ceous carbonate rocks, and consequently these rocks
fracture into blocks. A rhombic fracture pattern oc-
curs in some places, such as in trench 14, along the
northwest limb of second-order syncline TIT on Maple
Mountain. There, well-developed oppositely dipping
cross joints cut steeply dipping banded hematite iron-
stone. Rhombic blocks of banded ironstone are com-
mon in many parts of the deposits.

Well-developed intersecting conjugate fractures in
trench 44 near fold @ on Hovey Mountain are
probably shear fractures related to the small folds in
this area. These folds, in turn, are considered to be
wrinkles related to local faulting. The average strikes
of these conjugate fractures is N. 62° E. and N. 71°
E., so that they intersect at an acute angle of about
47°. The fractures dip southward, 82° to 87°. The
trace of the acute bisectrix of the intersecting fractures
is not parallel with the trend of the axis of the small
doubly plunging anticline, although these fractures are
developed in the axial region of this fold. (See pl
2.) Nonetheless, the acute bisectrix is alined in the
general direction of the axes of wrinkles in this area.

FAULTS

Faults are recognized with difficulty in the deposits
of Maple and Hovey Mountains, and most are shown
as inferred.

Strike-slip faults are probably the most important
faults in the district. Most of these faults also had a
vertical component of movement, but as the net slip
commonly cannot be determined the order of magnitude
of this component is not readily assessed. The ap-
parent displacement on some of these faults suggests
that the vertical component is smaller than the strike-
slip ecomponent in most places.

The largest and most important inferred strike-slip
fault cutting the deposits bounds the Maple-Hovey
deposit on its northwest flank. Diamond-drill holes

34 and 44 on Maple Mountain and diamond-drill hole
45 on Hovey Mountain intersect this fault. (See pl
2.) From this and the fact that the position of the
fault at the surface is known in the immediate vicinity
of diamond-drill hole 45 (see pl. 2), a steep southeast
dip of the fault at both ends of the deposit is evident.

The map pattern suggests the likelihood that the
rocks of the Central Hovey deposit have been displaced
southwestward relatively, from an original position
much closer to rocks now exposed at the northwest end
of Maple Mountain. Minor fold axes in both places
plunge southwestward, as would be expected near the
northeasterly nose of a doubly plunging syncline. The
rocks in the Central Hovey deposit, furthermore, are
more similar in lithology to the highly metamorphosed
rocks at the northwest end of Maple Mountain (fold
I) than to those elsewhere in the Maple-Hovey deposit.
The northwest block of this fault, therefore, probably
moved to the southeast toward Hovey Mountain, in
order to have displaced the Central Hovey deposit from
its original position on the southwestward-plunging,
northeast end of the Maple-Hovey deposit, to its present
position on Hovey Mountain. The inferred fault that
bounds the Central Hovey deposit on its northwest side
may also be a strike-slip fault with horizontal displace-
ment of the northwest block to the southwest.

The fault blocks in which the Central Hovey deposit
lies need not necessarily have been offset from the exact
end (present erosion surface) of the large fold on the
northwest side of Maple Mountain (pl. 2), but may
have been displaced from some position down plunge
along the northwest flank of the Maple-Hovey fold.
Thus, the movements along the fault would have had
an appreciable vertical component and the rocks north-
west of the fault would have been displaced relatively
upward. The possible relative horizontal displacement
of the northwest block to the southwest along the
major fault bounding the Maple-Hovey deposit is esti-
mated to range from 2,500 to 4,500 feet. The maximum
value is based on measurements from the geologic map
(pl. 2) ; the minimum value is deduced from a consid-
eration of the structure contour map (pl. 5) whereby
allowance is made for the minimum reasonable displace-
ment that would affect rocks from the southwestward-
plunging end of the Maple-Hovey syncline.

The southeast flank of the Maple-Hovey deposit has
also been locally faulted. A part of the deposit on
Hovey Mountain, between trenches 27 and 38 in the
area of folds @ and @ (see pl. 2), has been displaced
along two major faults. These faults occurred at dif-
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ferent times and caused displacement in different direc-
tions. Apparently, a large anticlinal flexure was ini-
tially broken, approximately along its axis, by the
northeastward-trending fault bounding the west side
of fold @), and later by the fault between folds @ and
@. The present northwest limb of fold @ was the east
limb of the original anticlinal flexure. The west
block here was horizontally displaced southward rela-
tive to the east block. Folds @ and @ are separated
by the later eastward-trending fault south of which
the west limb of the original anticlinal flexure, pre-
viously displaced to the south, moved relatively east-
ward. A change in strike of the strata from northeast
to north in fold @ is probably a consequence of drag.
Apparently this drag caused a rotation in strike of
nearly 90° and possibly an appreciable rotation of the
dip of the strata, as the beds exposed in trench 43 were
structurally the west limb of the earlier anticlinal
flexure. The nose of the original anticlinal flexure is
missing in fold @ and suggests that either or both
faults had an appreciable vertical component rather
than simply horizontal movement.

The wrinkling in the upper manganiferous unit near
fold @, expressed, for example, by the small northeast-
ward-trending, doubly plunging anticline intersected
by trench 38, is believed to be related to the fault sep-
arating folds @ and @.

The small faults separating blocks 4, B, C, and D of
the Central Hovey deposit are believed to be complex
strike-slip faults developed during the displacement
of this deposit by faulting. Movement along the smaller
faults may have been confined mostly to the zone in-
cluded between the principal strike-slip faults bounding
the Central Hovey deposit. Unequal horizontal move-
ment within this zone contemporaneous with the major
faulting could have fragmented the rocks into the four
fault blocks, before the major movements along the
large bounding faults ceased. The assumed intersection
of these faults with the top of the middle manganifer-
ous unit in the fault blocks is shown in the structure
contour map (pl. 5).

Each of the fault blocks of the Central Hovey deposit
has rather unique lithologic and structural features, even
though the rocks within these blocks are presumed to
have been structurally continuous at one time. One
feature common to all of the blocks, however, is the
discordance of cleavage with the axial planes of the
major folds. The cleavage generally strikes from about
N. 60° E. to east and dips steeply southeast or is verti-
cal, whereas the axial planes of the folds strike N. 30°-
55° E. and dip steeply northwest or are vertical.

Differential movements along cleavage in fault block
A4 developed large, deformed pyrite cubes, in whose
pressure shadows quartz and calcite have crystallized.

Faults involving smaller displacements have been
recognized elsewhere both in the Maple-Hovey and
other deposits. These include the northeastward-trend-
ing faults between trenches 24 and 31 on Hovey Moun-
tain where an attenuated part of the southeast limb of
the Maple-Hovey deposit was deformed by folding and
faulting. (See pl. 2.) The faults on Maple Mountain,
such as those along the southeast limb of third-order
folds @ and ® in trench 1 and in trenches 10 and 11,
strike in the same direction as the local slaty cleavage.
They may have formed by slip along cleavage. The
inferred fault cutting the two siliceous carbonate lenses
G and H between trenches 63 and 64 on Hovey Moun-
tain is probably a strike-slip fault along which the
northwest block moved southeastward relative to the
northeast block, but possibly is a normal fault down-
thrown to the northeast.

Actually, however, only two faults that cut the de-
posits are believed to be of the gravity or normal type.
These are on Maple Mountain. The sliver of the lower
manganiferous unit exposed in trench 5 appears to have
been down dropped between two intersecting arcuate
normal faults. (See pl. 2.) The large arcuate fault
extending through trenches 12, 15, and 21 is believed
to be a hinge fault; the axis of the hinge lies between
trenches 6 and 12 with the northwest block of the fault
having scissored downwards towards the southeast
(pls. 2 and 5). The small doubly plunging anticline
at the northwest end of trench 12 may be a wrinkle
caused by this hinge fault.

DEFORMATIONAL HISTORY

The structural features of the deposits on Maple
and Hovey Mountains are believed to have formed dur-
ing one of two periods of deformation and in a con-
tinuous episode. This deformation, which affected all
of the rocks of the area, produced folds with north-
eastward-trending axes. Irrespective of the ultimate
nature of the forces that imposed the deformation, the
net resultant of the stresses involved was compression
essentially perpendicular to the axes of the folds.

Although compression adequately explains the gross
fold patterns, the rather pronounced overturning of
second-order folds at the opposite ends of the doubly
plunging syncline outlined by the Maple-Hovey deposit
cannot have formed from compression alone. Actually,
this overturning is considered to be a special modifica-
tion of compression, imposed on this particular fold
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by the nature or degree of competence of the rocks
that surround and enclose it on Maple and Hovey
Mountains.

As described earlier, the deposits are enclosed by a
thick sequence of slate of the upper part of the Hovey
formation and the slate is underlain by lenticular but
rather extensive volcanic rocks. (See fig.3.) Further-
more, the structural setting around the deposits is such
that they are nearly enclosed on three sides by these
and other volcanic rocks as well as by the Spruce Top
greenstone on Meduxnekeag Mountain. (See pl. 1.)
The deposits, or at least parts of them, such as the
middle manganiferous unit (banded hematite iron-
stone) of the Maple-Hovey deposit, may be visualized
as having been prior to folding, generally thin, com-
petent, flat lenses enclosed in incompetent argillaceous
rocks underlain by competent layered extrusive and in-
trusive rocks. (See fig. 8.) When this section of
rocks was folded, the ultimate distribution of the com-
petent igneous rocks was such that the slate and its
associated manganiferous deposits were enclosed in a
syncline that was bounded almost continuously on three
sides by the competent igneous rocks (pl. 1). The
manganese deposits and slates of the Hovey formation
probably were folded directly by compression until
complimentary elongation parallel to the fold axes re-
sulted in a significant space problem. Elongation
parallel to major fold axes by lateral movement in the
incompetent slates of the Hovey formation eventually
must have been restricted by the resistance of the
competent masses of Dunn Brook volcanic rocks north-
east and southwest of the deposits. Thus, such elon-
gation became directed upward near the ends of such
folds as the one containing the Maple-Hovey deposit,
and especially in the slate immediately underlying it,
resulting in an inwardly directed compression from the
northeast and southwest.

The second-order folds on the ends of the Maple-
Hovey deposit had probably developed initially as
subsidiary folds on the larger Maple-Hovey syncline
during original compression. The upward flow of slate
near the ends of the Maple-Hovey deposit probably
resulted in accentuating as well as overturning these
second-order folds. The small cross folds, such as
those along the northwest flank of second-order syn-
cline V on Maple Mountain (see pl. 2), probably were
also formed as wrinkles in response to the compression
induced by the masses of Dunn Brook volcanic rocks
northeast of the Maple-Hovey deposit. The distribu-
tion of such cross folds probably was uneven and sub-
ject to irregularities in the relief of stress in different

parts of the deposit during the sharp upturning of the
ends of the syncline. The more competent ironstone
layers of the middle manganiferous unit of the deposit
probably determined the ultimate shapes of the second-
and third-order folds.

The banded hematite ironstone layers of the middle
manganiferous unit preserved a fairly uniform thick-
ness during most of the folding and principally under-
went stretching along the limbs of third-order folds as
described earlier. When the rocks of this unit were
stretched beyond their elastic limit they ruptured.
The slate in the upper manganiferous unit of the
Maple-Hovey deposit, however, underwent plastic de-
formation and was somewhat thickened at the crests
and troughs of folds.

At places where conformable layers of igneous rocks
are not present as competent rock barriers, such as to
the southwest of the deposits, the faults produced within
the deposits had an appreciable strike-slip component
and reflect a further compensation by stretching in the
trend direction of fold axes. Where faulting due to
stretching could not take place, the rocks fractured
across the strike of the regional fold axes in faults such
as those described along the southeast flank of the
Maple-Hovey deposit near folds @ and @.

Cleavage probably developed as a late feature, after
the major folds and faults had formed in the deposits.
Tt strikes at a small angle to the axes of some folds,
such as those in the Central Hovey deposit (see pl. 2)
and maintains the same general trend throughout the
area irrespective of the large offset and rotation under-
gone by different fault blocks of the deposits. Cleav-
age must have formed, however, during a compressive
phase of deformation. Judging from its regional
strike, such compression was generally or nearly per-
pendicular to the major fold axes of the region, as some
of the slaty cleavage has approximate axial plane sym-
metry to several of the folds in the deposits. Later,
some normal faulting, such as on Maple Mountain,
terminated the deformational history of these deposits.

The age of the deformation in the Maple and Hovey
Mountains area is not known. At least three periods of
deformation, however, have affected the rocks of the
northern manganese district, where angular uncon-
formities separate Middle Ordovician from Middle
Silurian rocks, Middle Silurian from Lower Devonian
rocks, and probably Lower Devonian from Upper
Devonian rocks. Probably at least the last two orogen-
ies also affected the rocks in the Maple and Hovey
Mountains area. The intense deformation of the de-
posits of Maple and Hovey Mountains predates the
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post-Mapleton (Upper Devonian) deformation of the
northern manganese district, as the disturbance involv-
ing the Mapleton sandstone there developed broad open
folds, whereas the rocks underlying the Mapleton sand-
stone were affected by an earlier deformation and are
closely folded comparable in degree to the rocks of the
Maple and Hovey Mountains area.

PETROLOGY OF THE MANGANESE DEPOSITS
LITHOLOGY AND MINERALOGY OF THE DEPOSITS

By Louis Pavripes and CHARLES M1LTON

The manganese deposits of Aroostook County are of
two principal rock-types: (a) red hematitic shale, slate,
and banded ironstone; and (b) green siliceous carbon-
ate rocks. These will be referred to respectively as the
oxide and carbonate facies. Hematitic and siliceous
carbonate rocks occur together within many deposits
but commonly one type of lithology is dominant. Rocks
formed by metamorphism of the hematitic and siliceous
carbonate types are characterized by abundant mag-
netite and chlorite; these rocks, which vary in color
from dark green to black, are present only on Maple
and Hovey Mountains and in the southern manganese
district. The colors of the rocks, in all the deposits
throughout the Aroostook manganese belt, may be lo-
cally obscured by black oxides of manganese which
stain and replace both the manganiferous rocks and the
enclosing country rock.

The lithology and mineralogy of the northern and
southern manganese districts have been described by
White (1943, p. 132-137 and 139-142) and by Miller
(1947, p. 21-25), who also gave a brief description of
the manganiferous rocks on Maple and Hovey Moun-
tains (Miller, 1947, p. 24). The present report is
concerned mainly with the deposits on Maple and Hovey
Mountains and the reader is referred to the reports
of White and Miller for details of the lithology and
mineralogy of the northern and southern manganese
district deposits not discussed herein.

The deposits on Maple and Hovey Mountains,
namely, the Maple-Hovey and Southern Hovey de-
posits of this report, are chiefly of the hematitic type
(oxide facies). The more highly metamorphosed
magnetite-bearing equivalent of the hematitic type is
chiefly exemplified by the Central Hovey deposit. The
siliceous carbonate type (carbonate facies), except
where it occurs without magnetite in the thin zones
below the manganiferous units of the Maple-Hovey
and Southern Hovey deposits, is magnetite-bearing
throughout the area. The magnetite-bearing siliceous
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carbonate deposits of this area occur mainly as small
lenses on Hovey Mountain (pl. 2).

The mineralogy of the manganiferous rocks in the
Aroostook belt is difficult to decipher because of the
extreme fineness of grain, the intimate admixture of
manganese minerals and gangue, the masking effect
of the oxides, and because of the complex and variable
composition of many of the manganese minerals.
Nevertheless, even though it is difficult if not impossible
to isolate the minerals of these rocks, it has been pos-
sible through optical study, X-ray diffraction, and
chemical analysis to determine the essential minerals
with reasonable certainty.

The layered manganese-bearing rocks of Maple and
Hovey Mountains are cut by thin veinlets, which nor-
mally have a different characteristic mineral suite
within each of the three types of deposits. The min-
eral suites of the veinlets also appear indirectly to re-
flect the mineral and chemical composition of the
enclosing wallrock. The mineralogy and origin of
these veinlets will be discussed separately, following
the description of the lithology and mineralogy of the
bedded oxide and carbonate facies rocks, and their mag-
netite-bearing equivalents.

OXIDE FACIES

HEMATITIC SLATE, SHALE, AND IRONSTONE

The manganese-bearing hematitic rocks of Maple and
Hovey Mountains are chiefly slate and banded iron-
stone. Some reddish hematitic layers (1 to 2 inches
thick) are interbedded with green slate, as in the lower
manganiferous unit of the Maple-Hovey deposit. These
lack the cleavage that cuts the interbedded argillaceous
layers; hence, they resemble shale rather than slate.

The most abundant manganese minerals of the
hematitic manganese deposits commonly are braunite
and ferroan rhodochrosite. Spessartite and bementite
are generally present in relatively small amounts; a
minute quantity of hausmannite was identified at only
one place.

PRINCIPAL MINERALS

Braunite—Braunite (3Mn,0;-MnSiO;) is an im-
portant manganese mineral in the hematitic manganese
deposits. It is found both in hematitic shale and slate
and in banded hematite ironstone, mixed with other min-
erals in laminae of paper thinness to an eighth of an
inch thick. It occurs also in pods as much as an inch
across which are in places connected by thin layers.
Such pods are more common in the hematitic shale and
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TaBLE 11.—The relation of wallrock to mineralogy and shape of veinlets localized within it, M aple-Hovey deposit

Mineralogy of the veinlets

Wallroek ! Vein forms
Major minerals Minor minerals
% Quartz Chlorite 1. Sharp wallrock boundaries
= Carbonate (chiefly cal- 2. Lens shaped (gash veinlet)
5 cite)
é Plagioclase (alkalic)
P Hematite (rare) Irregular stringers
o (Exclusive of manganiferous | Quartz Chlorite 1. Sharp wallrock boundaries
3 banded hematite iron- Carbonate: 2. Lens shaped (gash veinlets)
g= stone) Calcite
a5 Dolomite
g 2 Manganiferous cal-
3 cite
2 ) Plagioclase (alkalic)
&
=] Hematite (rare) Irregular stringers
Rhodonite Apatite 1. Sharp wallrock boundaries
Manganiferous banded Carbonate Specularite (a) with wallrock inclusions
hematite ironstone (manganiferous calcite- | Barite (breceia fillings)
rhodochrosite) Carbonate: (b) without walirock inclu-
Plagioclase (alkalic) Dolomite sions (replacement vein-
Ankerite lets

Bementite-type minerals
Stilpnomelane (rare)
Phlogopite (rare)

Quartz (rare)
Pyrophanite (rare)

)

2. Irregular wallrock boundaries—
commonly with wallrock in-
clusions (breccia fillings)

3. Lens shaped (gash veinlets)

Middle manganiferous unit

Rhodonite (rare)

Bementite- and ganophyl- | Carbonate Thin stringers (commonly satel-
lite-type minerals Quartz iitic to rhodonite-bearing vein-
ets)
Neotocite Thin stringers or along joints
Manganiferous banded mag- | Chlorite Apatite 1. Sharp wallrock boundaries
netite- and chlorite-bearing | Carbonate Bementite-type minerals (a) with wallrock inclusions
ironstone Quartz and ganophyllite (breccia fillings)
Plagioclase (b) without wallrock inclu-

sions (replacement vein-
lets)

2. Irregular wallrock boundaries—
commonly with wallrock in-
clusions (breccia fillings)

3. Lens shaped (gash veinlets)

Lower
slate

Carbonate (mostly cal-
cite)
Plagioclase

, (Exclusive of manganiferous | Carbonate Chlorite 1. Sharp wallrock boundaries
b= banded hematite iron- Calcite (a) with wallrock inclusions
g - stone) Rhodochrosite (rare) (breccia fillings)
W Plagioclase (b) without wallrock inclu-
i Quartz sions (replacement vein-
g3 lets)
52 2. Irregular wallrock boundaries—
B¢ commonly with wallrock in-
.3 clusions (breccia fillings)
3. Lens shaped (gash veinlets)
Quartz Chlorite 1. Sharp wallrock boundaries

2. Lens shaped (gash veins)

1 Lithology of the wallrock units is desoribed on pages 34-39.
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hypothesis. Assuming that the invading solutions
contained CaHCO, and SiQ., the conversion of brau-
nite to rhodonite may have been as follows (equation
2):
3Mn.O; - MnSiO;*6¢ HCOy*NSi0Q,———7MnSi0;
+6CaCO;*3H.0.

Equations 1 and 2 are suggested only as indicating the
possible reactions that may have produced rhodonite,
as inferred from petrographic relations and the litho-
logic localization as well as field distribution of the
rhodonite-bearing veinlets and breccia fillings.
Limited ionic substitution of Fe* for Mn* probably
produced the ferroan rhodonite intermediate between
rhodonite and pyroxmangite. Chemical reactions be-
tween wallrock and invading solutions may also have
produced some of the other minerals in the veinlets
associated with these manganese deposits, such as the
ganophyllite- and bementite-type minerals, pyrophan-
ite, stilpnomelane, and manganiferous carbonates.

Some of the minerals in the various replacement vein-
lets, such as apatite, probably formed by recrystalliza-
tion of wallrock residuum containing cryptocrystalline
apatite. Apatite is absent in quartz-carbonate-feld-
spar veinlets contained in the slate enclosing the de-
posits, but it is present. as euhedral or subhedral grains
(fig. 36) in almost all veinlets cutting the manganifer-
ous rocks, in most of which phosphorus is abundant
(see table 8).

Chlorite, particularly in chlorite-rich veinlets em-
placed in chloritic rocks, is also considered to be mostly
a recrystallized original constituent of the replaced
wallrock, rather than of introduced origin or a reaction
product of replacement, as in the case of rhodonite.
Likewise, specularite in the rhodonite-bearing veinlets
is also regarded as recrystallized iron oxide derived
from the immediately replaced wallrock.

The hematitic veinlets (described earlier), in the
enclosing relatively iron- and manganese-poor slate,
however, are believed to represent iron taken into solu-
tion and deposited elsewhere during the emplacement
of the manganese-bearing veinlets by replacement in
the structurally underlying manganese- and iron-rich
rocks. The iron-rich solutions moved up into an en-
vironment of iron-poor rocks before precipitating out
their iron as hematite.

Some of the minerals in the veinlets and cemented
breccia may have been formed partly by solution and
redeposition of selected chemical components of the
rocks immediately enclosing the veinlets during meta-
morphism, rather than by replacement reactions in-

volving introduced solutions. Presumably, rhodonite,
apatite, and numerous of the other minerals could have
formed in this manner, when pore solutions, mobilized
during metamorphism, dissolved and redeposited their
constituents in fissures of various types. At two dif-
ferent places within manganiferous banded hematite
ironstone, small (144 to 14 inch long) irregular knots
containing rhodonite and some barite have been seen
in thin sections. These structures may have formed
by metamorphic differentiation on a small scale. Tt is
possible that some cemented breccia may have formed
this way, but the veinlets with clear-cut replacement
structures such as the one in figure 31 are undoubtedly
replacement veins as described earlier. The mineral
constituents of the very small gash veinlets, which are
strictly confined to laminae whose competence favored
the development of gash fractures, and which closely
reflect the mineralogy of their enclosing layers, might
also be extremely local and small-scale products of
metamorphic differentiation. On the whole, meta-
morphic differentiation probably affected the rocks of
the district in a very limited and minor fashion.

Miller (1947, p. 35) briefly mentions the presence of
“veins and replacements of manganiferous carbonate
and bementite” in his general description of the Aroos-
took manganese deposits and believes they were formed
by “migration and redeposition of manganese” during
regional metamorphism. He does not report rhodonite
in any of the veinlets, and rhodonite has not been found
anywhere outside of the deposits on Maple and Hovey
Mountains. The Dudley deposit in the northern man-
ganese district, however, has braunite and might be
expected to carry rhodonite-bearing veinlets. It is pos-
sible that such veinlets are absent in this deposit because
it was not invaded by silica-rich solutions so that reac-
tions such as indicated by equation 1 could not take
place. Also, the solutions affecting the Dudley may
have been of more local origin and, representing small-
scale solution and redeposition of manganese (Miller,
1947, p. 35), were not as highly charged with constit-
uents capable of breaking down the braunite as were
the solutions in equation 2.

CHEMICAL CHARACTER AND MINERALOGY OF THE
DEPOSITS

The manganese- and iron-bearing deposits of Maple
and Hovey Mountains are distinctive for the persistence
of relatively uniform amounts of manganese, iron, phos-
phorus, CaO, MgO, SiO., Al,O;, and sulfur through
specific units of the deposits. These characteristics are
brought out by partial chemical analyses that have been
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compiled mainly from the analyses of composite samples
made by Lerch Brothers of Hibbing, Minnesota, for
the U.S. Bureau of Mines and reported by Eilertsen
(1952, p. 52, 117-118). Some of the composite samples
overlap stratigraphic boundaries as mapped by the
writer. The part of the unit generally represented by
these analyses is given by footnote on all the tables in
this report. The coincidence is generally good between
the composite samples determined by Eilertsen (com-
bined on the basis of assay cutoffs), and the map units
such as the upper, middle, and lower manganiferous
units of the Maple-Hovey deposit established by the
writer in the field on the basis of lithology. Composite
samples with considerable overlap into adjacent strati-
graphic units have been omitted in compiling the tables
for this report; those with only slight overlap have
been used at the discretion of the writer. The metallic
iron and manganese and elemental phosphorus of the
analyses as given by Eilertsen have been recast here into
the oxide form. Although the analyses are only partial,
the chemical character of the unanalyzed fraction is
generally deducible from petrographic information and
by comparison with some of the complete rock analyses
of selected specimens, as well as from the qualitative
spectrographic analyses (tables 20-24) made available
to the writer by the U.S. Bureau of Mines.

CHEMISTRY AND MINERALOGY

OXIDE FACIES

Among the manganese deposits on Maple and Hovey
Mountains, by far the largest part of the rock is of the
oxide facies, and only small segments contain magne-
tite. The Central Hovey deposit is also of the oxide
facies type but it has apparently been more thoroughly
reconstituted by metamorphism and most of its orig-
inal hematite has been converted to magnetite.

Numerous partial chemical analyses both for trenches
and diamond-drill cores are available from which the
chemical character of the Maple-Hovey deposit can be
evaluated. The three units into which the deposit has
been subdivided on the basis of lithology have persistent
chemical features along strike and downdip. Table 12
contains the partial chemical analyses of the upper,
middle, and lower manganiferous units of this deposit.
Similar analyses of composite samples from trenches
directly overlying, or nearly overlying diamond-drill
holes, are placed in the same column in table 12 for com-
parative purposes. The column of arithmetical aver-
ages in table 12 summarizes the chemical character of
each manganiferous unit. The difference between the

total oxides listed and 100 percent probably represents
mostly H;O and CO, (see tables 8 and 18) with variable
amounts of Na,O and K,O (see table 21). Some of the
unanalyzed residuum also represents oxygen, since an
appreciable amount of the manganese is present in a
higher valence state than that of the MnO assumed in
recalculating these analyses. Unless otherwise stated,
only the chemical analyses of diamond-drill core cited
in these tables will be used in the following discussion.

As described earlier, the Maple-Hovey deposit con-
sists of three mappable manganese-bearing hematitic
units. A discontinuous layer of pyritic, manganese-
bearing siliceous carbonate rock underlies the lower
manganiferous unit. Otherwise the deposit is enclosed
by green slate. (See pl. 44.)

The columnar section of the deposit (pl. 44) has
been generalized from selected diamond-drill holes;
the listed assay values of manganese and iron and the
thicknesses of beds are weighted averages; the thick-
nesses of the units are arithmetic averages of sections
cut by diamond-drill holes and trenches.

As can be seen from plate 44, the manganese con-
tent in the different beds of the upper manganiferous
unit varies with the iron content, but not in a rigorous
and systematic manner. The manganese content gen-
erally increases progressively with the amount of hema-
tite. The green slate beds are the least manganifer-
ous, commonly containing less than 1 percent of
manganese. In order of increasing manganese content,
the manganiferous beds vary in color and lithology
from various shades of purple slate (1-4 percent),
through various hues of red slate (2-8 percent), and
red hematitic slate (8-12 percent), to red banded hema-
tite ironstone (10-14 percent). The manganese tenors
cited for these beds indicate the range of contained
manganese that can be expected within a particular
rock and color type. The variation in iron content
within the manganiferous beds is greater, but the order
of abundance and distribution of the iron can be vis-
ualized from the composite assays listed in plate 4A4.
Partial chemical analyses of samples representing the
entire upper unit are listed in table 124.

The generalized section of the middle manganiferous
unit in plate 44 indicates the approximate position of
the thicker layers of slate interbedded with the banded
hematite ironstone of this unit. The green slate beds
generally contain less than 2 percent of manganese, the
layers composed of interbeds of green, red, and purple
slate contain about 3 to 5 percent of manganese, and
the intervals of banded hematite average between 9 and
14 percent of manganese (pl. 44). The iron tenor of
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TABLE 12.—Partial chemical analyses of the wupper, middle, and lower manganiferous wunits from composite samples of
diamond-drill cores and trenches, Maple-Hovey deposit.

[Trenches overlying drill holes are listed in the same column as the drill hole. Compiled from Eilertsen, 1952, table 2, p. 52, and table 6, p. 117. See plate 2 for location of
drill holes and trenches]

A. UPPER MANGANIFEROUS UNIT

Diamond-drill holes
112 22 122 272 373 392 40?2 41112 453 Arithmetic
average
4,66 6.48 6. 56 6.80 7.56 6. 51 8.88 8.49 588 | 6. 86
9.57 12.10 15.84 15.07 14.03 13.30 13.98 15.78 10.10 | __.__. 13.31
222 .345 . 486 . 465 . 468 .384 . 459 . 551 V315 |l .411
6.02 8.37 8.47 8.78 9.76 8.41 11.47 10. 96 7.53 |_______.. 8.86
13.68 17.30 22,65 21. 55 20. 06 19.02 19.99 22, 56 14.44 | ___ 19.03
1.114 1. 065 1.072 . 1.052 1.262 722 . . 830
49. 44 45.23 40. 54 41. 51 39.23 40.87 38.02 35,14 43.81 {__.______ 41. 53
48 1.10 1.70 1.88 3.12 1.94 2.40 3.09 2.03 | ... 1.97
2.43 2.27 1.43 2,35 .93 1.15 2.11 2.07 2.64 | ..C 1.92
16.25 14. 58 14,14 9.69 13.28 13.93 12. 93 12,17 16.25 |oooo_.._ 13. 69
070 . 050 012 015 037 054 . 025 10 (. _.__ .049
88.88 89. 69 90. 06 86.84 87.52 86.24 88.03 87.28 87.43 87.88
Trenches
142 312 472 73 Arithmetic
average
4.92 6. 31 6.28
9. 54 13.23 11.91
.186 372 .419
6.35 8.15 8.11
13.64 18.92 17.03
. 426 852 . 959
46.99 41.80 43.88
.73 1.41 1.06
2.06 2,51 1.76
18.03 14.15 14. 47
.013 . .016
Motal. . eiiaas 85.36 88.24 87.80 87.29
B, MIDDLE MANGANIFEROUS UNIT
Diamond-drill holes
1 and 248 12 24 274 3567 37 40 41 45 Arithmetic
average
12.04 11.46 12.04 11.36 9.98 9. 90 11.00 11.22 11.12
27.27 26.06 26. 62 24,38 21.22 22,32 25.47 24.74 24.09
1.059 1.110 1.062 1.116 . 803 . 852 1.098 1.038 . 980
15. 56 14.80 15. 55 14,67 12.89 12,78 14.20 14.49 14.37
38.99 37.24 38.06 34.86 30.34 31.91 36. 41 35.37 34.4
2.426 2, 543 2.433 2. 557 1.840 1. 952 2. 516 2.378 2. 246
22. 60 23.64 19.61 2467 27.85 28. 80 20.43 23.67 24,70
3.37 3.43 4.14 4.07 3.21 5.69 4.48 4.07 4,07
1.17 1.53 1.15 1.73 1.66 1.41 1.73 .76 1.40
5.27 6.78 6. 64 5.01 9.34 9.28 6. 56 7.22 7.35
.010 .014 . 052 .016 .028 . 032 .053 . 063 .033
89.39 89.98 87.64 87.58 87.16 91.85 86. 38 88.02 88.61
Trenches
45 146 29 316 478 7% 1967 Arithmetic
average
13.67 10.96 13.95 11.68 12,59
23.12 18.27 24.32 21.87 23.62
1.098 . 678 .912 1.080 1.018
17.65 14.15 18.01 15.08 16. 26
33.06 26.12 34.77 31.27 33.77
2. 516 1. 553 2. 090 2.474 2. 333
23.20 31.45 23. 63 29. 20 25. 26
6.17 2.79 3.30 3.01 3.51
.69 1.18 .92 1.35 .96
7.32 10.86 6.45 5.07 6.99
.011 . 026 . 009 .018 . 014
90. 62 88.13 89.18 87.47 89.10

See footnotes at end of table,
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TABLE

12.—Partial chemical analyses of the upper, middle, and lower manganiferous units from composite samples of

diamond-drill cores and trenches, Maple-Hovey deposit—Continued
C. LOWER MANGANIFEROUS UNIT
Diamond-drill hole

land 245 125 278 3187 3587 41 Arithmetic
average

6. 80 6.57 6. 46 6.69 5.39 6. 52
22, 54 18. 04 16.78 17.00 26.79 20. 24

.891 . 600 . 578 . 654 . 960 L747
8.78 8.48 8. 34 8.64 6. 96 8.42
32.23 25.79 23.99 24. 31 38.30 28.93

2.041 1.375 1. 324 1.498 2. 200 1.711
31.60 36.41 36. 86 32.71 28.95 33.26
2. 51 1.78 2.20 2. 54 2.90 2.65
1.83 1.15 2.73 3.33 1.98 220
9.11 11. 60 11,66 11.57 8.60 10.41

. 158 .201 .133 .116 .490 .216
88. 26 86.79 87.24 84.71 90. 38 87.80

Trenches
45 14 6 26 8 1967 298 31 Arithmetic
average

6. 92 6. 88 5.70 6.92 5.14 6.31
27.34 23.23 22.24 20. 66 19. 89 21.56

.930 .984 . 834 . 876 . 948 . 868
8.94 8. 88 7.36 8.94 6. 64 8.14
39.09 33.21 31.80 29. 54 28. 44 30. 82

2,131 2. 255 1.911 2. 007 2.172 1. 989
29.40 33.97 37.18 35.69 35.99 35.36
1.76 2.24 177 2.71 2.64 2.07
1.76 2.16 1.58 1.36 1.76 1.72
7.86 8.59 8.91 10. 13 11. 44 9.85

.024 .028 . 037 .044 . 032 . 089
90. 97 87.82 91.33 90. 55 90. 42 89,11 90. 04

1 Composite calculated from two samples.

2 Includes only the lower part of the unit.

3 Does not represent the entire unit.

4 Arithmetic average of two holes drilled from the same collar.

5 Sample contacts not preciselv included within nor ecoincident with stratigraphic contacts of unit.

8 Weighted average of three samples.
7 Contains magnetite-bearing zone.
8 Includes only the upper part of the unit.

these rocks closely reflects the manganese content; in
other words, the most manganiferous rocks are also
the most ferruginous. Table 128 is a compilation of
partial chemical analyses of the middle manganiferous
unit. It illustrates the persistence of the chemical fea-
tures of this formation. The only exception to this is
in the northwesternmost second-order syncline, I, on
Maple Mountain (see pl. 2), where metamorphism,
probably 1n conjunction with original sedimentary
facies differences, has produced rocks with somewhat
different chemical features from the average for the
unit.

The middle manganiferous unit has the highest man-
ganese and iron tenor of the three units (table 12) of
the Maple-Hovey deposit. The upper and lower strati-
graphic boundaries of this unit generally coincide with
an assay cutoft of approximately 10 percent manganese.
The manganese tenor of the middle manganiferous unit
is fairly restricted. ranging between 9.90 and 12.04 per-

cent, but its iron content is more variable, and ranges
from a minimum of 18.76 to a maximum of 27.27 per-
cent. The manganese and iron content of some of the
ironstone of this unit, however, are highly variable. In
individual specimens of ironstone (table 8) iron ranges
from 3.96 to 39.64 percent and manganese, from +.89
to 26.08 percent. These values represent the total spread
in the metal content of the analyzed ironstone; they
are not coupled maximum and minimum values of
manganese and iron for any one specimen.

The upper and middle manganiferous units generally
contain the same manganese- and iron-bearing minerals,
although the abundance of these minerals is markedly
greater in the middle unit. The manganese in these
units is mostly in braunite and ferroan rhodochrosite.
The braunite occurs in extremely fine laminae and in
thicker layers in both the laminated hematitic slate and
in banded hematite ironstone. It also occurs as discrete,
semicircular to elliptical pods or beadlike structures
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(see fig. 184), especially in the more poorly hematitic
red slate. The ferroan rhodochrosite occurs in layers
as well as in pellets or pods (fig. 21). It is most abund-
ant in the banded hematite ironstone. Spessartite gar-
net also occurs in both the upper and middle units.

The iron of the upper and middle manganiferous
units is mostly in the form of hematite. A little iron
is contained in ferruginous rhodochrosite.

The lithology of the lower manganiferous unit has
been described earlier; the manganese and iron tenors
of the different rocks constituting this unit is given in
plate 44 and the partial chemical make-up of the unit
is indicated by table 12¢. The manganese tenor of
the lower unit is roughly comparable to that of the
lower portion of the upper unit, but its iron content is
about twice that of the latter. (Compare tables 124
and 120.)

The mineralogy and chemical features of the lower
unit of the Maple-Hovey deposit differ somewhat from
that of the upper and middle units. The manganese
of the lower unit is contained mostly as carbonate which
ranges in composition from ferroan rhodochrosite to
manganoan siderite. The carbonate occurs in thin
impure layers and laminae interbedded with red hema-
titic slate and green slate. Braunite is present in the
banded hematite beds, but is less abundant than in the
higher units. It has not been found in the hematitic
shale. Spessartite garnet has not been seen in any of
the rocks of the lower manganiferous unit. Some,
however, may be present in the banded hematite iron-

stone interbeds, inasmuch as this type of rock contains
spessartite in the middle manganiferous unit of the de-
posit. A dearth of spessartite in this unit is suggested
by the high content of acid-seluble manganese in the
unit as compared to that of the overlying units of the
deposit (see table 25) and by microscopic examination.

Although the iron of the lower manganiferous unit is
mostly in hematite, the unit contains considerably more
ferruginous carbonate than the overlying units, and its
ratio of iron to manganese is greater. See plate 3, and
also compare table 124, B, and C.

Table 12 also demonstrates a characteristic variation
of the other chemical constituents within the three units
of the Maple-Hovey deposit. The general exceptions
to this are MgO and sulfur. Although the middle
manganiferous unit apparently has the least amount of
MgO of all three units, the MgO is not as strikingly
different in abundance as most of the other constituents
are between the three units. Sulfur also has different
distribution characteristics than most of the other con-
stituents in table 12 in that it is present in about equally
minor amounts in the upper and middle manganiferous
units, but is considerably more abundant in the lower
manganiferous unit.

Partial chemical analyses are available for only the
upper and lower manganiferous units of the Central
Hovey deposit. (Seetable13.) Asthe Central Hovey
deposit is chiefly an outlying but more thoroughly meta-
morphosed fragment of the same manganiferous lens
which forms the Maple-Hovey deposit, the general

TABLE 13.—Partial chemical analyses of the upper and wmiddle manganiferous units from composite samples of diemond-
drill cores and a trench, Ceniral Hovey deposit

[Compiled from Eilertsen, 1952, table 2, p. 52, and table 6, p. 118. See plate 2 for location of drill holes and trenches]

Upper manganiferous unit Middle manganiferous unit
Diamond-drill holes Diamond-drill holes
Trench 52 2 Arithmetic Trench 5223 | Arithmetic
average average
461 48 463 48
Mn.___ o 5. 67 5. 52 . 76 5. 98 8. 60 10. 61 8. 26 9. 16
Fe e 11. 96 11. 39 10. 67 11. 34 20. 63 23. 22 18. 99 20. 95
P el . 303 370 . 306 . 326 735 . 930 691 . 785
MnO._ e 7.32 7.13 . 73 7.73 11. 10 13. 70 10. 65 11. 82
FeaOs_ - o 17. 10 16. 28 . 26 16. 21 29. 50 33. 20 27.15 29. 95
PeOs_ - . 694 . 848 . 701 . 748 1. 684 2. 131 1. 583 1. 799
SiOs e 42. 53 42. 53 42. 85 42. 64 29. 60 22. 70 32. 31 28. 20
CaO. . o___ 2.73 1. 68 .15 1. 85 3.79 4. 07 2. 87 3. 58
MgO__ . 2. 08 2. 69 . 24 2. 34 1. 58 2. 23 1. 68 1. 83
ALOs_ . 14. 85 14. 77 . 02 14. 88 10. 02 8. 96 10. 54 9. 84
_______________________________ . 046 091 068 . 068 295 160 . 173 209
Total . ___ 87. 35 86. 02 . 02 86. 47 87. 57 87. 15 86. 96 87. 22

1 Mostly from the lower part of the unit. .
2 Contacts do not exactly correspond with stratigraphic units.
3 Represents calculated composite of two or more samples,
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chemical features of these two deposits should be simi-
lar. Chemical analyses of individual rock types are
not available for this deposit, but the partial chemical
analyses in table 13 illustrate the general chemical fea-
tures of the upper and middle manganiferous units of
the Central Hovey deposit. A comparison of the
analyses from the Central Hovey deposit with those
for the same though less metamorphosed units of the
Maple-Hovey deposit listed in table 124 and B, dis-
closes that the biggest difference between them is the
higher sulfur content in the Central Hovey deposit,
which in the middle manganiferous unit is about eight
times the sulfur in the middle manganiferous unit of
the Maple-Hovey deposit. The average sulfur content
of the upper manganiferous unit is also about twice as
great as that of the corresponding unit in the Maple-
Hovey deposit. These differences may be a result of
metamorphism rather than of original chemical
differences.

The manganese in the Central Hovey deposit occurs
chiefly as a carbonate close to rhodochrosite in compo-
sition. Braunite and spessartite have not been found
in this deposit although they are present in the Maple-
Hovey deposit. The absence of spessartite in the Cen-
tral Hovey deposit is indicated by a greater amount of
acid-soluble manganese than in comparable units of
the Maple-Hovey deposit. For example, over 95 per-
cent of the manganese is acid soluble in the upper and
middle manganiferous units of.the Central Hovey de-
posit ** as compared to an arithmetic average of only
14 percent for the comparable units in the Maple-Hovey
deposit. (See table 25.)

The three manganiferous units of the Southern
Hovey deposit also have distinet chemical features.
Table 14 is a compilation of partial chemical analyses
of this deposit. Unfortunately, the footwall manganif-
erous sequence (table 144) is represented by only one
analysis from diamond-drill hole 51. The manganese,
iron, and phosphorus of this analysis suggest that the
unit is most comparable, chemically, to the upper man-
ganiferous unit of the Maple-Hovey deposit. The
other four analyses in table 144 represents the hang-
ing-wall manganiferous hematitic slate sequence, and
their tenors of manganese, iron, and phosphorus most
closely resemble those of the lower manganiferous unit
of the Maple-Hovey deposit. Table 148 is a compila-
tion of partial chemical analyses of the manganiferous

18 Based on diamond-drill holes 46 and 48. Calculated from ratio of
soluble manganese determined by hydrochloric acid method to total man-
ganese as obtained by fusion method. Data abstracted from Eilertsen
(1952, table 6, p. 118).

banded hematite sequence of the Southern Hovey de-
posit; the analyzed samples do not, however, begin and
end exactly at stratigraphic boundaries, but the bulk
of each sample does come from within the unit. This
unit has a striking chemical similarity to the middle
manganiferous unit of the Maple-Hovey deposit,
especially in its manganese, iron, and phosphorus.
The principal manganese mineral of the manganif-
erous banded hematite ironstone sequence in the South-
ern Hovey deposit is a manganiferous carbonate close
to rhodochrosite in composition. The manganiferous
carbonate occurs mostly in impure laminae of which it
is the dominant constituent; it is also disseminated in
hematite-rich laminae. Hematite occurs in distinet

TABLE 14.—Partial chemical analyses of manganiferous inler-
bedded hematitic and green slate, and banded hematite
ironstone from composite samples of diamond-drill cores
and trenches, Southern Hovey deposit

[Trenches overlying drill holes are listed in same column. Compiled from Eilertsen,

1952, table 2, p. 52, and table 6, p. 118. See plate 2 for location of drill holes and
trenches]
A. INTERVAL OF HEMATITIC AND GREEN SLATE

Diamond-drill holes

5112 553 563 Arithmetic
average
Mn__ ... 6. 24 7.14 7. 86 7. 08
Fe .. 13. 39 17. 03 19. 24 16. 55
P . 438 728 732 . 633
MnO_._______________ 8. 06 9. 22 10. 15 9. 14
FeoOyo o _______ 19. 14 24, 35 27. 51 23. 67
PoOs_ . 1. 004 1. 668 1. 677 1. 450
SiOg. .. 39. 36 35. 00 31. 42 35. 26
CaO._ . ___ 2. 65 3. 42 2.79 2. 95
MgO_ ... 2. 41 2. 02 2. 17 2. 20
ALOs . 14. 23 11. 57 10. 63 12, 14
____________________ . 120 . 068 . 290 159
Total__________ 86. 97 87. 32 86. 64 86. 97
Trenches
723 822 Arithmetic
average
Mn._ . 7.92 1 __.____ 8. 37 8. 15
Fe o ___ 21.27 | _____ 20. 93 21. 10
) .864 . _______ 918 . 891
MnO________________ 10023 | ___.__ 10. 81 10. 52
FeeOg oo _____ 30.41 |_______._ 29. 92 30. 17
PoOs . 1.980 |________ 2. 103 2. 042
SiOg .. 31.39 |________ 31. 01 31. 20
CaO___ .. 2,67 __.__.____ 2.78 2.73
MgO_________ . .52 | __ .- 191 172
ALOs . 10.98 | ___.___ 11. 11 11, 05
S . . 048 |________ . 022 . 035
Total__________ 89. 23 89. 67 890. 47

See footnotes at end of table,
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TaBLE 14.—Partial chemical analyses of magniferous inter-
bedded hematitic and green Sslate, and banded hematite
ironstone from composite samples of diamond-drill cores
and trenches, Southern Hovey deposit—Continued

B. INTERVAL OF BANDED HEMATITIC IRONSTONE

Diamond-drill holes

51 ¢ 55 5645 Arithmetic
average
Mn__._____________. 11. 20 10. 20 9. 16 10. 19
Fe . . 24. 84 19. 24 21. 46 21. 85
P . 978 . 843 . 915 . 912
MnO_______________. 14, 46 13. 17 11. 83 13. 15
FeoOg o ____ 356. 51 27. 51 30. 68 31. 23
POs. . 2. 241 1. 931 2. 096 2. 089
SiOg oL 19,13 26. 86 26. 69 24. 23
CaO____ . ___________ 2. 54 4. 28 3. 94 3. 59
MgO______ T 5.27 | 1.33 1. 44 2. 68
AlOs 7.36 8 74 7. 95 8. 02
___________________ . 029 . 085 125 . 080
Total__________ 86. 54 83. 91 84. 75 85. 07
Trenches
720 77 828 Arthmretic
average
Mn______ . ___ 10. 64 10. 63 9. 92 10. 40
Fe . 28. 92 19. 73 23. 68 24. 11
P 1. 206 960 . 876 1. 014
MnO___.____________ 13. 74 13. 73 12 81 13. 43
FeyOs oo 41. 35 28. 21 33. 86 34. 47
90 2. 763 2. 200 2. 007 2. 323
SiOg oo 18. 45 28. 93 25. 93 24. 47
CaO. . 3. 63 3. 29 2. 38 3.10
MgO._ . 1. 33 1. 37 1. 41 1. 37
ALOs oo . 7. 64 8. 38 9. 96 8. 66
___________________ . 014 . 016 . 012 014
Total ... ____ 89. 92 86. 13 88. 37 87. 84

1 Corresponds to same interval in columnar section (pl. 4).

2 Represents the manganiferous footwall hematitic slate sequence.

3 Represents the manganiferous hanging-wall hematitic slate sequence.

4 Includes some manganiferous siliceous carbonate rocks underlying the footwall
hematitic slate sequence.

¢ Composite of two samples.

6 Tnelndes the mranganiferous footwall hematitic slate sequence.

laminae as well as being sparsely disseminated in the
carbonate-rich laminae. In a few places, spessartite
garnet is the chief constituent of several laminae.
Braunite was not identified in any of the rocks of this
deposit, although it occurs in the otherwise lithologi-
cally comparable Maple-Hovey deposit.

The tenor and variability of distribution of acid-
soluble manganese in the different units of this deposit
correspond well with the distribution of spessartite, a
minor constituent of irregular occurrence, and the only
known manganese mineral of these rocks not readily
soluble in acid. Table 26 gives the acid-soluble man-

ganese content of the enclosing hematitic slate and of
the banded hematite- or ironstone-bearing unit. The
average percentage of acid-soluble manganese in these
rocks is appreciably greater than that in the upper and
middle manganiferous units of the Maple-Hovey de-
posit (table 254 and B). It is also highly variable
along the strike length of the deposit.

The only information on the chemistry of the two
small lenticular hematitic deposits £ and 7 on Hovey
Mountain (see pl. 2) is their manganese and iron tenor
as determined from channel samples across trenches
and from the core of drill-hole 59 in the case of lens %'
Composite assays across lenses £ and F are given in
table 15.

Most of the manganese in the rocks of these deposits
probably is in the form of carbonate. The bulk of the
iron probably is in hematite although some also occurs
in magnetite in lens Z and in the northeast end of lens
F,as observed in trench 62. (See pl. 2.)

TasLE 15.—Calculated composite assays, in percent, of the
manganiferous hematitic lenses E and F on Hovey
Mountain

{Compiled from Eilertsen, 1952, p. 44, 46, 49, 50, 51, and 115. See plate 2 for location
of drill holes and trenches]

Lens E
Trenches
Diamond-
89 % drill hole 59
Manganese_ ______________ 8. 29 8. 61 8. 87
Iron_._ . _______________ 22. 34 23. 49 19. 74
Lens F
Trenches
Arithmetic
average
62 104 69 121
(North)
Manganese . _ __________ 5.90 | 820 (11.70 | 7.27 8. 27
Iron__________________ 18. 39 [17. 90 |26. 70 |20. 13 20. 78

CARBONATE FACIES

There are only two partial chemical analyses available
of the siliceous carbonate deposits from the Maple and
Hovey Mountains area (table 16), and these are both
from the same magnetite-bearing lens A, which is in-
tersected by diamond-drill hole 52 on the northwest
slope of Hovey Mountain (pl. 2). Of these two
analyses, one is from farther downdip than the other
and includes some rock from outside the lens. For
purposes of comparison, six analyses of both magnetite-
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free as well as magnetite-bearing siliceous carbonate
beds from the Littleton Ridge deposit of the southern
manganese district are also given in table 16.

TABLE 16.—Partial chemical analyses of a 8iliceous carbonate
lens on Hovey Mountain, and of the S8iliceous carbonate
deposit on Littleton Ridge, southern manganese district,
Aroostook County, Maine, from composite samples of
diamond-drill cores

[Compiled from Eilertsen, 1952, table 6, p. 118; and Eilertsen, 1954, table 5, p. 30-
Analyses by Lerch Bros. for U.S. Bureau of Mines]

Hovey Littleton Ridge deposit
Diamond- Mountain
drill hole
5212 | 5223 624 63 4 64 65 4 66 2 68 2
Mn. ... 8.24 6.64 8.16 7.12 5.71 6. 62 8.26 6.82
Fe .. 19.93 | 14.15 | 19.47 | 16.67 | 17.56 | 13.37 | 22.31 16. 27
P . 732 . 496 . 750 . 612 . 558 411 . 756 . 519
10. 64 8.57 | 10.54 9.19 7.37 8.55 | 10.67 8.81
25.64 | 18.20 | 25.05 | 21.45 | 2259 |17.20 | 28.70 20.93
1.677 | 1.136 | 1.718 | 1.402 [ 1.278 .942 | 1.732 1.189
28.48 | 39.00 | 27.81 | 30.57 | 33.85 | 3591 | 21.41 35.60
3.28 3.64 1.82 1.72 1.60 1.63 2.20 1.31
2,21 2.62 .43 .93 1.57 .75 .43 1.60
11.11 | 12,03 7.90 9.38 | 11.36 | 13.02 6. 50 12.38
. 390 . 160 . 360 . 260 . 310 . 960 . 320 . 150
n.d. nd. | 1494 | 1473 |10.94 | 10.28 | 17.52 8.19
83.43 | 85.36 [690.21 |[#89.38 [¢90.56 |[088.28 |089.16 8.90.01

L Represents the stratigraphically lower lens.

2 Magnetite bearing.

3 Represents the stratigraphieally lower lens, further downdip than the first sample,
4 Magnetite free. .

& Loss of ienition at 1,000°C determined by U.S. Bureau of Mines. .

¢ Summation excludes sulfur as this is included with the loss on ignition fraction.

The amounts of manganese, iron, and the other con-
stituents of the deposits on Hovey Mountain and Little-
ton Ridge are closely comparable. The figures for loss
on ignition partly reflect the carbonate fraction of these
deposits. As loss on ignition was run at 1,000° C, it
also includes water and sulfur. Excluding sulfur, the
residual constituents represented by the difference in the
summation of the analyses from 100 percent for the Lit-
tleton Ridge deposit are probably mostly H.,O, Na,O,
KO (see tables 10 and 24) and oxygen (for the portion
of the iron that occurs in the trivalent state, especially
in the analyses of the magnetite-bearing samples). The
difference of the summation from 100 for the Hovey
Mountain siliceous carbonate lens also includes COs,,
which had not been reported in these analyses, as part
of the unanalyzed residuum.

In addition to characteristic amounts of iron and
manganese, siliceous carbonate deposits also differ from
the hematitic type of deposit in their low MgO, rela-
tively high sulfur, and high CO, contents. CO, is prob-
ably lower in the hematitic manganese deposits by in-
ference from the CQ, content of individual hematitic
rocks; see tables 84 and 18. The low MgO content of
these deposits is reflected in their mineralogy; the
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abundant chlorite in siliceous carbonate rocks in many
cases is iron rich rather than magnesian.

The tenors of manganese and iron listed in plate 4C
indicate the general grade of these metals in lenses ¢
and A as well as in the enclosing slate. The higher
manganese content of the lower lens, A, reflects the
greater abundance of siliceous carbonate layers in this
lens. Although the analyses of lens A given in table 16
do not represent comparable samples, they nonetheless
point out some distinctive chemical features of this de-
posit. The most notable of these is the relatively high
sulfur content. The lower manganiferous unit of the
Maple-Hovey deposit and the middle manganiferous
unit of the Central Hovey deposit are the only other
formations in the area with a comparable sulfur con-
tent. In addition, 99 percent of the manganese, by
calculation, is acid-soluble in lens H, and this value is
comparable to that for the lower manganiferous unit
of the Maple-Hovey deposit (table 25).

The manganese of these lenticular deposits is prob-
ably almost entirely contained in carbonate minerals,
which are more abundant in the banded siliceous carbon-
ate rocks than in the associated slate within the lenses.

Magnetite, pyrite, and pyrrhotite are the only
recognizable opaque minerals in the siliceous carbonate
rocks of this deposit. The magnetite is distributed in
different amounts throughout the siliceous carbonate
layers. It is mostly octahedral and occurs in layers.
Pyrrhotite also occurs oriented along bedding in these
rocks either as semitabular crystals or as elongate ag-
gregates of many crystals. Distorted cubic metacrysts
of pyrite are commonly alined within or along bedding.
Magnetite occurs with both pyrite and pyrrhotite.

The intercalated chloritic slate is composed domi-
nantly of a mat of chlorite with detrital quartz em-
bedded in it. Carbonate, in small amounts, occurs in-
terstitially in the chloritic groundmass as well as in
distinet rhombs alined along banding or bedding.

MANGANESE DEPOSITS

Analyses only of the manganese and iron in almost
all of the other lenses of siliceous carbonate rocks in the
area are available. Only three of these lenses, however,
have been sampled at more than one place, either along
strike or downdip. (See table 17.) Two of these lenses
lie on Hovey Mountain ; one is the lens on the west slope
of Hovey Mountain which was sampled in trenches 67
(west half) and 102 and which lies at the nose of an
anticline plunging to the northeast; the other is on the
south end of Hovey Mountain (immediately southeast
of lens £') and was sampled in trenches 88, 95, 96, and
97. The third siliceous carbonate lens, whose metal
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tenor is known from more than one sample, lies on
Maple Mountain. It was cored by diamond-drill holes
34 and 44, which were drilled along the northwest flank
of the Maple-Hovey deposit. (See pl.2.) The lens lies
northwest of the fault bounding the Maple-Hovey de-
posit here and is not believed to crop out at the bed-
rock surface. (Seepl. 2.)

TaBLE 17.—Calculated composite assays,in percent, of lenses of
magnetite-bearing siliceous carbonate rock on Maple and Hovey
Mountains

[See plate 2 for location of trenches and drill holes. Compiled from Eilertsen, 1952,
p. 46, 49, 50, 91, 92, 101, and 102]

A. Trenches, Hovey Mountain

67 (west 102 Arithmetic

half) average
Manganese_ _ - _________________ 7. 84 9. 22 8. 53
TOD . _ .. 19. 96 22,10 21. 03

B. Trenches, Hovey Mountain

88 95 97 Arithmetic

average
Manganese_._._________ 7.75 8. 09 3. 52 6. 45
Iron___________________ 19. 95 14. 50 8. 89 14. 45

C. Diamond-drill holes, Maple Mountain

34 4 Arithmetic

average
Manganese - - ___________________ 6. 07 8. 02 7.05
o) « S 14. 99 17. 98 16. 49

Three lenses of siliceous carbonate rock on Hovey
Mountain have been sampled in only one trench each.
One of these lenses is on the west side of Hovey Moun-
tain and was exposed and sampled in the central part
of trench 69. (See pl. 2.) The combined analyses of
the samples from across this lens assay 7.25 percent
manganese and 19.67 percent iron (Eilertsen, 1952, fig.
14). The other lenses of siliceous carbonate rock that
have been sampled lie near the south end of Hovey
Mountain, One of these was exposed and sampled in
trench 86 and the calculated composite assay for this
deposit is 8.07 percent manganese and 16.55 percent
iron; the other was exposed and sampled in trench 98
and has a calculated composite tenor of 6.81 percent
manganese and 12.23 percent iron (Eilertsen, 1952, p.
49, 50).

Although the siliceous carbonate rocks underlying the
lowermost hematitic units of the Maple-Hovey (pl. 44)
and Southern Hovey deposits (pl. 48) do not form
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distinct deposits in themselves, they are of particular
interest because they are the only rocks of the carbonate
facies that are generally free of primary magnetite in
the area. Wherever they contain magnetite in the
Maple-Hovey deposit, the magnetite is apparently
authigenic and formed through structurally localized
metamorphism (described later).

The siliceous carbonate zone below the lower man-
ganiferous unit of the Maple-Hovey deposit consists
of a sequence of green chloritic slate, unevenly inter-
layered with thin green beds of manganiferous, finely
banded and laminated siliceous carbonate rock. Pyrite
is intimately associated with these layers. (See fig. 29.)
The manganese in this zone is chiefly contained as car-
bonate, which for the most part has optical properties
close to manganoan siderite. Most of the iron in this
zone is also contained as carbonate, although some of it
may be contained in chlorite.

The rocks of this zone have not been as completely or
systematically chemically analyzed as the other units of
the deposits in the area. An assay cutoff of 1 percent
manganese has been considered as coinciding with the
lower limits of this zone. Based upon selected values
obtained from the diamond-drill hole assay data
tabulated by Eilertsen (1952, table 5, p. 55-116), the
writer has calculated an arithmetic average thickness
of 7.8 feet for this zone and a weighted average content
of 3.84 percent manganese and 11.66 percent iron. The
underlying typical green slate country rock contains less
than 1 percent manganese and less than 7 percent iron.

The thickness and tenor of the siliceous carbonate
rock differ considerably in relatively short distances
along both the strike and dip of the bedding. The
range in metal content is equally variable, the highest
assay for manganese being 10.71 percent with a cor-
responding iron content of 13.43 percent, whereas the
sample with the most iron contained 23.57 percent iron
and 7.80 percent manganese.

VARIATION OF CHEMICAL CONSTITUENTS WITH
PHOSPHORUS

One of the striking features of the chemical con-
stituents of the three units in the Maple-Hovey deposit
(table 12}, exclusive of MgO and sulfur, is their marked
linear variation with respect to phosphorus. Plate 6
shows scatter diagrams with Fe, Mn, CaO, SiO,, and
ALO; plotted along the ordinate and phosphorus along
the abscissa. In addition to such variations of com-
posite samples within the Maple-Hovey deposit the
diagrams show similar variations for the Southern
Hovey deposit (table 14) and the Central Hovey deposit
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(table 13), and for individual specimens of hematitic
and of magnetite-bearing ironstone (table 8) and slate
(table 18) from the middle and upper manganiferous
units of the Maple-Hovey deposit.

TABLE 18.—Chemical analyses of red and purple slate from
the upper manganiferous unit of the Maple-Hovey deposit

[Analyses by Wilbur J. Blake]

Red slate Purple slate
Laboratory No..__.....__ 51-1636-CD | 51-1637-CD | 51-1638-CD | 51-1639-CD
Field No._.._____._.______ T-5-A T-12-C T-19-A T-19-B
60. 00 55.71 56. 31 60. 65
16.73 17.28 17.98 18.34
7.64 8.56 6.54 8.03
1,00 1,00 .94 i
2.99 2.98 3.29 1.20
.17 .13 .27 .08
4,38 7.21 .27 .11
3.65 2.97 5.77 6.33
.13 .16 .15 .13
2.25 .99 3.53 3.02
.75 .93 .75 .78
.05 .16 .00 .00
.10 .07 07 11
1.23 2.91 4.26 .52
100. 07 100. 06 100.13 100. 07

1 Enough higher valent manganese was present to oxidize ferrous iron completely,
if present.

The scatter diagrams obtained by plotting only the
analyses from the Maple-Hovey deposit generally have
the appearance of an elongate cloud or path, which
suggests that the variables considered in each graph
have a linear relation. A test of the significance of
this apparent linearity was made, wherein phosphorus
was considered as the independent variable and the re-
spective metals, oxides, and sulfur of the tabulated anal-
yses (table 12) were treated as the dependent variables.
The equation of the regression line y=a+bx(y=de-
pendent variable, x=independent variable) for each
scatter diagram was calculated. The statistical
methods outlined by Brownlee (1953, p. 61-65) were
used in deriving the equation for the regression line,
the correlation coeflicient, the residual variance about
the regression line, and the confidence limits on either
side of the regression line. These factors are explained
below and summarized in table 19.

Regression line y=a+ ba, “is the line which gives the
squares of the deviation of every point, measured paral-
lel to the y axis in units of y, summed for all points, as
a minimum. * * * [it is] the formula for deducing

TABLE 19.—Regression lines, correlation coefficients, residual variance, and confidence limits of the chemical constituents
of the Maple-Hovey deposit

[n.d.=not determined]

Independent Dependent Regression line Correlation Residual 95 percent con-
variable (z) variable (y) coefficient variance fidence limits
P Fe y=-419. 1324 5. 50 +0. 98 1.14 +2. 36
P Mn y=- 6.18z+ 3. 99 + .75 1. 60 +3.31
P Ca0 y=+ 3.184+ .67 + .75 .81 +1. 68
P MgO y=— .8z+ 2. .40 - .39 n.d. n.d.
P Si0, y=—28. 10x+453. 10 - .97 2.03 +4.20
P Al 04 y=—11. 04x+418. 33 — .96 .94 +1. 95
P S y=++ .03z+ .06 + .08 n.d. n.d.

the most probable value of y corresponding to a given
value of @ * * *’ (Brownlee, 1953, p. 64). Correla-
tion coefficient (7) “has the characteristics such that if
the relationship between the data can be represented
exactly by a straight line then »=z=1, positive if the
straight line has a positive slope and negative if the
line has a negative slope; if on the other hand there is
no relation at all between the variables then =0
(Brownlee, 1953, p. 62). Residual variance about the
regression line or the standard error of estimate “is a
measure of the variation or scatter about the line of re-
gression” (Arkin and Colton, 1939, p. 76). Confi-
dence limits are the limits within which there is reason-
able chance of being correct in predicting values of ¥
for given values of # (Brownell, 1953, p. 65). Confi-
dence limits depend upon what probability level is con-
sidered significant; “for many purposes the 5 percent

level is accepted * * *” (Brownlee 1953, p. 24). Thus, a
5 percent level of significance will correspond to 95
percent confidence limits; that is, “95 percent chance of
being right is equivalent to a 5 percent chance of being
wrong” (Brownlee, 1953, p. 33).

In general, the regression lines for the variation of
Mn, Fe, CaO, SiO., and Al;O; have a correlation co-
efficient well above that listed in the “Table of Correla-
tion Coefficients” by Fisher and Yates (given by Brown-
lee, 1953, p. 187) for 22 degrees of freedom. Degree of
freedom in this case is 22, or 2 less than the number of
paired variables used to derive the regression line. The
correlation coefficients of the regression lines of MgO
and sulfur with relation to phorphorus are lower than
this minimum correlation number and are not consid-
ered to be significant. Scatter diagrams have not been
attempted for these two constituents. Scatter diagrams
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with regression lines and their respective confidence
limits for the Maple-Hovey deposit analyses (table 12)
have been drawn (pl. 6) only for Fe, Mn, CaO, SiO,,
and Al,Qs, the constituents whose correlation coefficients
indicate significance.

The comparable units for which diamond-drill hole
analyses are available in the Central Hovey deposit
(table 13) all plot within the confidence limits of the
Maple-Hovey deposit regression line and fall within
the cluster, or cloud of points, of their equivalent units;
that is, the two analyses of the upper manganiferous
unit of the Central Hovey deposit plot within the field
of the analyses of the upper manganiferous unit of the
Maple-Hovey deposit and the two analyses of the mid-
dle manganiferous unit also plot within the field of
the middle manganiferous unit of the Maple-Hovey
deposit. This correlation of chemical features sub-
stantiates the conclusion that the Central Hovey de-
posit is a more highly metamorphosed segment of the
lens that forms the Maple-Hovey deposit, and is not a
genetically different deposit.

The analyses from the interval of banded hematite
ironstone of the Southern Hovey deposit (table 145)
also plot within the field of the middle manganiferous
unit of the Maple-Hovey deposit. The manganiferous
hanging-wall slate sequence of the Southern Hovey de-
posit (table 144), however, plots within the field of
the lower manganiferous unit of the Maple-Hovey de-
posit, and the manganiferous footwall hematitic slate
sequence of the Southern Hovey plots within the field
of the upper manganiferous unit of the Maple-Hovey
deposit.

The only available comparable partial chemical anal-
yses of a manganiferous hematitic deposit (oxide
facies) outside of those on Maple and Hovey Mountains
is the one analysis cited by Miller (1947, p. 25) for the
Dudley deposit of the northern manganese district.
This analysis * is as follows:

MO 12.81
Fe e 20. 8
P e 676
MnO . 16. 54
FeeOs 29.74
PO 1. 549
Si02 oo 26.3
AlLOs 8.3
Ca0 1.27
MgO 1.33(7)
S .52
Total . 85. 55

14 Analysis by the Manganese Ore Co,

The metallic iron and manganese and the elemental
phosphorus have been recast into the oxide form, as
in the case of the partial chemical analyses of the
Maple and Hovey Mountains area. The unanalyzed
residuum is assumed to be similar to that postulated
for the Maple and Hovey Mountains oxide deposit
analyses: H,O, CO,, Na,O, K.O, and oxygen (in man-
ganese oxide of higher valence than the MnO of the
tabulation). Points representing this analysis from
the Dudley deposit lie close to the regression line on
the Fe and CaO diagrams (pl. 64 and C), but are
more distant on the Mn, Si0O, and Al,O, diagrams (pl.
68, D, and £). On the whole, the Dudley deposit, in-
sofar as can be inferred from this one analysis, has
some chemical features that are intermediate between
those of the middle and lower manganiferous units of
the Maple-Hovey deposit, although on the basis of its
manganese tenor it is very similar to the middle man-
ganiferous unit of the Maple-Hovey deposit (see table
12B).

The corresponding analyses for the relatively un-
reconstituted as well as more highly reconstituted
banded hematite ironstone (table 8) and red and pur-
ple slate (table 18) from the Maple-Hovey deposit
generally scatter widely around the regression lines
(pl. 6) except for the CaO: P scatter diagram, in which
case all the analyses fall within the confidence limits of
the regression line.

Aside from their obvious quantitative chemical dif-
ferences from the hematitic manganese deposits, the
Fe, Mn, Ca0, AlL:O; and SiO, content of the siliceous
carbonate manganese deposits vary in much the same
way with respect to phosphorus as the hematitic types
do. Comparable paired analyses from these deposits

"obtained from table 16 have been plotted on the ap-

propriate scatter diagrams (pl. 6) of the Maple-Hovey
deposit. The diamond-drill hole samples representing
entire segments of a deposit are shown by asterisks, and
analyses of individual rock specimens are plotted
simply as plus signs. With the exception of SiO, and
ALO; (pl. 6D and '), all the analyses of composite
samples plot within the confidence limits of the regres-
sion line calculated for the Maple-Hovey deposit. In
some cases, such as the iron and manganese scatter
diagrams, the analyses of the siliceous carbonate de-
posits fit the regression lines much more closely than do
the analyses from the hematitic deposits. (See pl. 64
and B.) The poorer correspondence of the analyses of
the siliceous carbonate deposits to the Al,O;: P regres-
sion line (pl. 6Z'), however, is marked ; only 5 of the 8,
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or 62.5 percent, of the points fall within the 95 percent
confidence limits of the regression lines. However, a
visual examination of the plot of these points indicates
that 7 of the 8 points are alinable along a path for
which a straight line with a steeper slope than the plot-
ted regression line can be drawn. This suggests that
ALO; decreases with increasing phosphorus at a
greater rate in the siliceous carbonate deposits than in
the hematitic deposits. The points obtained by plot-
ting the corresponding analyses of individual siliceous
carbonate rocks (table 10) on the different diagrams
have a scatter about the respective regression lines that
is comparable to the scatter of the hematitic rock
analyses, but in the case of manganese, the scatter of
the siliceous carbonate rocks is strikingly smaller.

The variation of iron and manganese with phos-
phorus content in the Aroostook manganese deposits
was initially noted by Miller (1947, p. 25). The
analyses of samples of the Dudley deposit from drill
hole 2 of the Manganese Ore Company indicated to
Miller that the “phosphorus appears to be associated
with the iron, for samples * * * that are high in iron
but low in manganese are high in phosphorus, whereas
samples high in manganese but with an average amount
of iron have an average amount of phosphorus.” Ac-
tually, the manganese variation with respect to phos-
phorus may also be linear or nearly so in the Dudley
deposit, but the difference in the rates of variation of
manganese and of iron with respect to phosphorus may
be the reason why the variation of manganese with
phosphorus was not as readily apparent.

Eilertsen (1952, p. 16, fig. 30) also commented on the
linear relation of iron and phosphorus in the deposits
of Maple and Hovey Mountains. He has plotted their
ratio, using phosphorus as the ordinate and iron as
the abscissa. His curve is based on 5 points, which
are the weighted averages at specified manganese assay
cutoffs. If Eilertsen’s points are plotted on the iron
scatter diagram (pl. 64), they form a line with a
steeper slope than in the regression line calculated by the
writer. This difference in slopes stems from the differ-
ence in the data used; Eilertsen used both trench and
diamond-drill hole assays of all the different types of
deposits on Maple and Hovey Mountains whereas the
regression line in plate 64 was calculated only from
diamond-drill hole information from the Maple-Hovey
deposit.

MINOR CHEMICAL CONSTITUENTS

Numerous geochemists have called attention to the
relatively high concentrations of various metals and

metalloids generally contained in sedimentary iron and
manganese deposits. Notable amounts of lithium,
potassium, calcium, barium, boron, titanium, cobalt,
nickel, copper, zine, thallium, lead, and tungsten are
commonly present in manganese-rich sediments, and
iron ores are enriched in such elements as scandium,
vanadium, arsenic, bismuth, and lithium (Rankama and
Sahama, 1950, p. 428, 516, 603, 650, 741). Goldschmidt
(1937, p. 668) also found that molybdenum is con-
centrated by oxidate manganese compounds. The en-
richment of these elements is generally attributed to the
phenomenon of sorption at the time the iron and man-
ganese deposits are being laid down as colloids in an
aqueous environment. The hydrosols of manganese and
iron, with their respective positive and negative charges,
pick up suitable charged cations and anions that may
be in solution and in some cases are thereby neutralized
and flocculated. Freshly precipitated gels with an un-
balanced charge also are capable of picking up suitably
charged elements from solution. Goldschmidt (1937,
p. 667-668) felt that the sorption effected by hiydroxides
of manganese and iron of such poisonous substances
as selenium, arsenic, lead, antimony, and bismuth has
been the mechanism which prevented the oceans from
becoming toxic. Otherwise, the probable great amounts
of such elements that have been supplied to the oceans
throughout geologic time would have resulted in serious
poisoning of the oceans.

An attempt has been made to evaluate whether the
iron- and manganese-rich rocks of Aroostook County
contain any significant concentrations of metals and
metalloids. The available analyses from which to make
such a comparison, although limited in number as well
as being partial and qualitative, can nonetheless be
used to some extent to evaluate possible sorption en-
richment. The minor constituents for two samples of
banded ironstone from the Maple-Hovey deposit are
listed in table 20. Partial qualitative spectrographic
analyses of the different units in the Maple-Hovey, Cen-
tral Hovey, and Southern Hovey deposits and of a
siliceous carbonate lens from the central manganese dis-
trict are listed in tables 21, 22, 23, and 24. These
spectrographic analyses correspond to some of the
partial chemical analyses of diamond-drill hole samples
listed in tables 12, 14, 13, and 18 and 16.

The partial qualitative spectroscopic analyses in
tables 21, 22, 23, and 24 represent a reconnaissance ex-
amination of the samples listed. The analytical preci-
sion and techniques used in making the spectroscopic
analyses are such that it is reasonable to consider that
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TABLE 20.—Quantilative spectrochemical analyses for minor
elements in two samples of manganiferous banded ironstone
from the Maple-Hovey deposit

[Spectrochemical analyses by A. A. Chodos. Data exvressed as decimal fractions

of 1 percent. See table 8 for analyses of major constituents]
Banded hematite | Banded magnetite-
chlorite rock

Field No.. . T124142E T114-270W
Laboratory No_ oo 51-558C 51-548C
Ni . 0. 005 0. 03
Coo . . 005 .02
Cro .. . 005 01
CUoo . . 001 . 003
Vo .01 02
Se_ . . 0006 0009
Ba__ . ___ .01 01
Sr_ .. .08 08
Yo .. .02 02
Ybooo . . 002 . 002
La__. . ________ . .02 02
r. o ___ .03 04
T ___ 1 2

Looked for but not found: Ga, Pb, Be, Ag, Au, Pt, Mo, W,
Ge, Sn, As, Sb, Bi, Zn, Cd, Ti, In, Nb Ta Th, U, B!

only about 80 percent of the samples fall within the
ranges given, and about 20 percent of the analyses
might actually overlap into the next higher or lower
range; for example, an analysis given as 0.005-0.05
may possibly extend down to 0.003-0.03 or up to 0.008-
0.08 (oral communication, M. J. Peterson, U.S. Bureau
of Mines, 1955).
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For the most part, neither the analyses of the two
banded ironstones (table 20) nor those of the diamond-
drill hole composites (tables 21 through 24) show any
appreciable concentration of minor constituents over
the amount of these constituents in sedimentary iron
ores as compiled by Rankama and Sahama (1950, p.
498, 441, 447, 482, 483, 491, 517, 529, 564, 601, 623, 650,
685, 700, 713, 741). The only constituents in tables 21
through 24 which are present in fairly large amounts
are K,0, Na,0O, and Rb,O. The potassium and sodium
are believed to be contained chiefly in fine-grained feld-
spar and mica. The amount of the alkali that may have
been introduced as detrital feldspar and mica and the
amount which may have been fixed in the original sedi-
ments through sorption cannot be evaluated. The
rubidium is probably substituting for potassium in the
detrital feldspar and mica.

The analyses of minor constituents in individual iron-
stones are much less significant for comparative pur-
poses, inasmuch as they represent only two samples
from rocks known to have a fairly wide range in their
major constituents. (See table 8.)

The apparent lack of enrichment in expectable minor
elements in the Aroostook deposits, as suggested by
these spectrographic analyses, is in part a matter of
degree. It has previously been shown that there is a
tenfold concentration of barium and a sixfold con-

TABLE 21.—Partial qualitative spectrographic analyses of the upper, middle, and lower manganiferous wunits from
composite samples of diamond- drill cores and trenches, Maple-Hovey deposit

[Analyses by M. J. Peterson, U.S. Bureau of Mines; published by permission. See table 12 for analyses of major constituents.

See pl. 2 for location of drill holes and trenches.

n.d.=not determined]

A. Upper manganiferous unit B. Middle manganiferous unit
Diamond-drill holes Trenches Diamond-drill holes
37 40 41 45 31 47 24 40 41
E 833 E 8361 E 847 E 896 E 879 E 828 E 834 E 838
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
.003—. 03| .002—.02 002—. 02 001—-.01 001—.01 . 002—. 02 001—.01 .001—.01
.002—.02( .002—.02 001—.01 001—.01 001—.01 003—.03 002—.02[ .002—.02
<.01 <.01 <.01 <.01 <.01 <.01 <.01 .01
L01—.1 01—.1 .01—-.1 n.d. .01—-.1 .01—.1 .01—.1
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
L02—.2 .01—.1 .03—.3 .01—.1 .03—.3 L02—.2 005—.05| .0056—.06
005—. 05 . 002—. 02 005—. 05 002—. 02 002—.02[ .005—.05 005—.05] .002—.02
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
002—.02{ .002—.02 001 —. 01 001,01 001—. 01 002—. 02 002—.02( .002-.02
001—.01 .002—.02 002—. 02 001—. 01 <.01 001—.01 .001—.01 .002—.02
<.01 .01 <.01 <.01 <.01 <.01 .02—.2 .005—.05
<.01 .005—.05 .01—.1 01—-.1 02—.2 <.01 005— 05 005—. 05
1. —10. .08—.8 1. —10. L1-1, .08—.8 .05—.5 .08—.8 .5—b5.
.05—.5 .005—.(]5 1. —-10. L02—.2 .056—.5 <.01 >b 1. —10.
.01—.1 .01—.1 . 005—~. 05 001—. 01 .01 005—. 05 01-.1 L02—-.2
.03—.3 .01—.1 L02—.2 .01—-.1 01—-.1 .01—-.1 .01-.1 .02—.2

See footnote at end of table,
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TABLE 21.—Partial qualitative spectrographic enalyses of the
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upper, middle, and lower manganiferous wnits from composite

samples of diamond-drill cores and trenches, Maple-Hovey deposit—Continued

B. Middle manganiferous unit C. Lower manganiferous unit
Diamond-drill holes Trenches Diamond-drill holes Trenches
37 45 31 29 47 31 35 41 31 29
E 841 E 848 E 870 E 874 E 877 E 824 E 832 E 839 E 87 E 875
<0.01 <0.01 <0.01 <0.01 <0. 01 <0.01 <0.01 <0.01 <0.01 <0.01
002—. 02 001—,01 001—,01 001—.01 001—.01) .002—.02{ .002—.02 001—.01 001—. 01 001—. 01
001—.01 001—.01 001—.01 001—. 01 001—.01| .002--.02| .002—.02 001~.01 001—, 01 001—,01
<.01 <.01 <.01 <.01 <. 01 <.01 .01 <.01 <.01 <.01
L01-.1 .01-.1 . n.d. 01-.1 .01-.1 L01-.1 n.d. d.
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
.03—.3 L01—-.1 .01—-.1 003—. 03 .01—-.1 .05—~.5 L01~.1 01—.1 01-.1 01—.1
005—. 05 005—.05 .002—.02 001—.01| .001--.01 005—.05 .005—. 05 005—.05] .002—.02| .003—.03
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 .01
001—.01f .001—.01 005~.05| .003—.03| .002—.02| .002—.02[ .005—.05| .002—.02 005—.05 .005—.05
002—.02| .002—.02 001—.01/ .001—.01 <.01f .001—.01f .002—.02 .002—.02 001—,01| .001—.01
.01—-.1 . 008—. 08 <.01 <.01 <.01] .005—.05 .01-.1 . 005—. 05 <.01 <.01
01—.1 .03—.3 L01-.1 011 02—.2 <.01 L01-.1 .02—.2 <.01| . 008—.08
.55, .2=-2. .056—.5 .06—.5 L01-.1 08—.8 1. —-10. . 5~5. .05~.5 .05—.5
>5. >5. 005—. 05 01—.1 -1, 1. ~10. >5. L1-1, <.01 002—. 02
.005—.05] .005—.05 <.001) .001—.01 <.01 .01-.1 1-1. . 005—. 05 . 001 . 001
L02—-.2 .02-2.2 L01—-.1 .01—-.1 .01—-.1 .01-—-.1 .03-.3 .02—.2 01—.1 01—-.1

1 Includes only a small part of the unit.

TABLE 22.—Partial qualitative spectrographic enalyses of the
upper and middle manganiferous wunits from composite
samples of diamond-drill cores and a trench, Ceniral
Hovey deposit

[Analyses by M. J. Peterson, U.S. Bureau of Mines; published by permission. See

table 13 for analyses of major constituents. See pl. 2 for location of drill holes and
trench. n.d.=not determined]

Upper manganiferous unit Middle manganiferous unit
Diamond-drill Diamond-drill
holes Trench holes Trench
Laboratory No.
52 52
46 48 46 48
E 850 E 855 E 883 E 8511 E 856 E 885
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01
.001~-.01 | .001-.01 | .001-.01 | .001-,01 | .001-.01 | .001- 01
.001-.01 | .001-,01 | .001-. 01 | .002-.02 | .001-.01 | .001- 01
<.01 <.01 | .001-.01 <.01 <.01| .001-01
n.d. n.d, n.d. n.d. nd. n.d.
.01 <.01 <.01 <.01 <.01 <.01
.02-.2 .02-.2 .02-.2 005-.05 | .01-.1 .02-.2
. .05 | .002-.02 | .002-.02 | .002-.02 | .002-.02 | .002-.02
.01 <.01 <.01 <.01 <.01 <.01
.01 <.01 <.01 <.01 <.01 <.01
. .01 | .001-,01 | .001-.01 | .001~.01 | .001- 01 | .002- 02
. .02 | . 002-.02 <.01 } .001-.01 | .002-.02 <.01
. .02 | . 002-.02 <.01 | .002-.02 <.01 <.01
.01 .01-.1 005-. 05 <.01 | .005-.05 | .002- 02
. 5-5. .5-5. .05-.5 .1-1, .08-.8 .03-.3
>5. . 5-5. .02-.2 L01-.1 .01-.1 .008-. 08
. 005-. 05 | .002-. 02 <.0 005-.05 | .001-.01 <.01
.02-.2 .01-.1 .01-.1 .01-.1 .01-.1 .01-.1

1 Includes only a small part of the unit.

centration of boron in a braunite-rich pellet from the
Dudley deposit as compared with the red slate en-
closing the pellet. However, thisis a relative concentra-
tion between two selected analyses (table 7) and the
actual concentrations effected, namely, 0.66 percent BaO
and 0.12 percent B,O; are not sufficiently large to carry

through into samples representing formations many
feet thick. Such a selective concentration of minor con-
stituents would be masked by the diluting effect of the
unenriched and more abundant enclosing wallrock, such
as the red slate of the Dudley deposit. Therefore, al-
though some geochemical concentration undoubtedly
did take place during the formation of the Aroostook
iron- and manganese-rich deposits, it probably was on
a small scale and selective in distribution so that gross
samples from deposits such as those on Maple and
Hovey Mountains do not show it.

ACID-SOLUBLE MANGANESE

Differences in the amounts of manganese contained
in a form soluble in mineral acids, such as concentrated
hydrochloric acid, is a conspicuous chemical feature of
both geologic and economic importance that char-
acterizes the deposits on Maple and Hovey Mountains.
The differences in acid-soluble manganese exist not only
between different deposits but also between different
units within a deposit. Table 25 summarizes the dis-
tribution of acid-soluble manganese in the three manga-
niferous units of the Maple-Hovey deposit. This table
and similar tables for other deposits have been compiled
from the figures published by Eilertsen (1952, tables
2 and 6), wherein the total manganese content of the
samples, as determined by the fusion method, and the
total manganese soluble in hydrochloric acid are given.
The percent of acid-soluble manganese in the sample,
therefore, is expressed by the ratio of the amount of
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TABLE 23.—Partial qualitative spectrographic analyses of the intervals consisting of manganiferous interbedded hematitic
and green slate and banded hematite ironstone from composite samples of diamond-drill cores and trenches, Southern

Hovey deposit

[Analyses by M., J, Peterson, U.S. Bureau of Mines, published by permission. See table 14 for analyses of major constituents. n.d.=not determined]

A. Interval of hematitic and green slate B. Interval of banded hematite ironstone
Diamond-drill holes Trenches Diamond-drill holes Trenches
51 55 56 72 82 51 55 56 72 7 82
E 804 E 864 E 866 E 887 E 890 E 895 E 865 E 8671 E 888 E 889 E 891
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
. 001-, 01 . 001-.01 001-.01 .001-.01 001-, 01 001-.01 001-, 01 001-. 01 . 001-. 01 001-.01 001-.01
.001-. 01 . 001-,01 001-. 01 .001-.01 001-. 01 002-. 02 002. -02 001-.01 . 002-. 02 002-. 02 001-.01
. 001-. 01 <.01 <.01 . 001-,01 001-. 01 001-. 01 <.01 <.01 n.d. 001-. 01 001-. 01
nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. d.
<.01 <.01 <.01 <.01 <. 01 <. 01 <.01 <. 01 <.01 <.01 <. 01
.01 -1 .01~ 1 .01 -1 .02 -2 01 -1 005-. 05 .01 -1 002-. 02 .01 -1 .01 -1 .01 -1
. 002-. 02 . 003-.03 003-.03 . 002-. 02 002-.02 001-. 01 001-, 01 001-. 01 002-. 02 . 002-. 02 001-. 01
<.01 <. 01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
001-. 01 005-. 05 . 005-. 05 002-. 02 002-. 02 001-. 01 .003-.03 005-. 05 002-. 02 . 002-. 02 001-. 01
<.01 001-.01 .001-, 01 <.01 <. 01 <.01 .002-.02 001-. 01 <.01 <.01 <. 01
<.01 <.01 <.01 n.d. <.01 <.01 . 005-. 05 <.01 <.01 <.01 <.01
02 -2 .01 -1 . 002-. 02 . 005~ 05 <.01 .02 -2 .03 -.3 . 005-. 05 <.01 . 005-, 05 <. 01
.05 -5 .05 -5 .05 -5 .02 -2 02 -2 .05 -5 .05~ .5 .03 -.3 008-. 08 .02 -2 .01 -1
1-1. .08 -.8 .01 -1 . 003-.03 . 005-. 05 1-1. .05 -5 .01 -1 .01 -1 . 005-. 05 005-. 05
<.01 . 001-, 01 . 001~ 01 <.01 <. 01 <.01 . 001-, 01 . 001-. 01 <.01 <.01 <. 01
.01 -1 .01 -1 .01 -1 .01 -1 .01 -1 .01 -1 .01 -1 .01 -1 .01 ~1 .01 -1 .01 -1

1 Includes only & small part of the unit,

TABLE 24.—Partial qualitative spectrographic analyses of a siliceous carbonate lens on Hovey Mountain and of the
siliceous carbonate deposit on Littleton Ridge, southern manganese district, from composite samples of diamond-drill
cores

[Analyses by M. J. Peterson, U.S. Bureau of Mines, published by permission; I:iilgertggﬁi 1955, table 5A, p.31. See table 16, for analyses of major constituents. n.d.-not

etec!
Lens on Hovey Mountain Littleton Ridge deposit

Diamond-drill hole._...__._..__.._____. 52 52 62 63 64 65 66 68

Laboratory NO_ _ oo ooococcmmoaoe E 862 E 863 E 961 E 962 E 963 E 964 E 965 E 966

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
.001—. 01 .001—. 01 .001—.01 002—. 02 . 002—. 02 002~. 02 001—.01 . 002—. 02
.001—. 01 . 001~ 01 . 002—. 02 001—. 01 001—. 01 001—. 01 001—. 01 .001—. 01

<.01 <.01 .001—. 01 <.01 <.01 <.01 <.01 <.01
n.d. n.d. nd. d. n n. n.d.

<.01 <.01 .01 <.10 <.01 <.01 <. 01 <.01
.005—. 05 .01 ~.1 . 005—. 05 005—. 05 .01 =1 .01 ~.1 005—. 05 .02 —.2
.001—. 01 .001—. 01 . 002—. 02 002—. 02 005—. 05 005~, 05 001—. 01 . 005—.05

<.01 <.01 <. 01 <.01 <.01 <.01 <.01 <.01

<.01 <.01 <.01 <.01 <.01 <.01 <.01 <.01
.001—.01 .001—. 01 .001—. 01 <.01 <.01 <.01 <.01 <.01
.001—. 01 .001—. 01 <.01 <.01 <.01 <.01 <.01 <.01

<.01 <.01 .01 <.01 n.d. n.d.
. 002—. 02 .001—. 01 . 005—. 05 .005—. 05 <.01 <.01 <.01 <.01
.05 —.5 .03 —.3 .01 —.1 .03 -.3 .01 -1 .03 -.3 .01 —.1 .03 —.3
.01 —.1 . 005—.05 <.01 . 002—. 02 <.01 <.01 <.01 .005—.05
.001—. 01 .001—. 01 <.01 <.01 <.01 <.0 <.01 01
01 —.1 .01 —.1 .01 —.1 .01 —.1 .01 —.1 .01 —.1 .01 —.1 .01 —.1

manganese determined by the acid method compared to
the total manganese content of the sample obtained by
the fusion method. This ratio has been calculated and
expressed in percent in table 25. In similar manner, the
percentage of acid-soluble manganese for the South-
ern Hovey deposit has been calculated and is listed in
table 26. Acid-leach tests by the U.S. Bureau of Mines
achieved a maximum percentage extraction of approxi-
mately 60 percent manganese (Conley, 1952, p. 17, 20)

on material which presumably was taken mostly from
the middle manganiferous unit; it reportedly assayed
11 to 14 percent manganese (see table 12B), and is con-
sequently chiefly of manganiferous banded hematite
ironstone.

The differences in acid-soluble manganese content be-
tween manganiferous units are directly related to the
mineralogy of the deposits. Specifically, deposits or

units within deposits that are spessartite-bearing con-
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tain less acid-soluble manganese than those without
spessartite. In this respect, it is of interest that a speci-
man of manganiferous banded hematite such as T-43-A
in table 9 has a calculated “normative” content of 21
percent spessartite. Microscopic examination of this

TABLE 25.—Percentages of acid-soluble manganese in the
manganiferous wunits of the Maple-Hovey deposit

[Compiled from Eilertsen, 1952, table 2, p. 52 and table ¢, p. 117-118}
A. UPPER MANGANIFEROUS UNIT

Diamond-drill holes

Total Mn Soluble Mn Percentage
(Fusion (Acid acid-soluble
method) method) Mn
12 4. 66 3. 78 81
2 .. 6. 48 4 44 69
122 .. 6. 56 5. 23 80
27 . 6. 80 5. 00 74
37 .. 7. 56 5. 20 69
392 .. 6. 51 4. 86 75
402 . _. 8. 88 6. 96 78
4124 - 8. 49 6. 23 73
453 __ .. 5. 83 4. 16 71
Arithmetic average. _ 6.86 | _________ 74
Trenches
R 6. 31 5. 71 90
4. 6. 48 5. 27 81
31 .. 7. 40 6. 20 84
47 o .__ 4. 92 3. 80 77
Arithmetic average_ _ 6.28 |- _____ 83
B. MIDDLE MANGANIFEROUS UNIT
Diamond-drill holes
land 245________________ 12. 04 9. 68 80
12 . 11. 46 8. 43 74
24 .. 12. 04 8.91 74
274 . 11. 36 8. 04 71
3587 _ .. 9. 98 8. 30 83
37 . 9. 90 6. 40 65
40 . 11. 00 9. 45 86
41 .. 11. 22 8. 03 72
45 . 11. 12 7. 00 63
Arithmetic average_ _ 1112 | . 74
Trenches

44 .. 14. 92 11. 95 80
(TP 13. 95 10. 80 77
144 . 12. 38 9. 87 80
1947 __ ... 11. 68 10. 75 92
29 .. 13. 67 9. 20 67
314 .. 10. 56 8. 80 83
478 .. 10. 96 8. 72 80
Arithmetic average. _ 12569 | . _____ 80

See footnotes at end of table,
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TaBLE 25—Perceniages of acid-soluble manganese in the manga-
niferous units of the Maple-Hovey deposit— Continued

C. LOWER MANGANIFEROUS UNIT

Diamond-drill holes

Total Mn Soluble Mn Percentage
(Fusion (Acid acid-soluble
method) method) Mn
land 245 _______________ 6. 80 6. 22 91
124 . 6. 57 6. 31 96
27 . 6. 46 6. 38 99
3148 _ 6. 69 6. 62 99
3548 .. 5. 39 5. 31 99
41 ____ 7.21 6. 88 95
Arithmetic average._ _ 6.52 | ________ 97
Trenches
44 6. 92 6. 72 97
144 6. 27 5. 68 91
194 . 5.70 5. 66 99
264 . ___ 6. 88 6. 63 96
204 . ___ 6. 92 6. 60 95
31 . - 5. 14 5. 10 99
Arithmetic average_ _ 6.31 [ ________ 96

1 Includes only the lower part of the unit.

2 Composite of two samples,

3 Does not represent the entice unit.

4 Sample contacts not precisely included within, nor coincident with stratigraphic
contacts of unit.

5 Arithmetic average of 2 holes drilled from the same collar,

¢ Weighted average of 3 samples.

7 Contains more highly metamorphosed, magnetite-bearing zone.

8 Includes only upper part of the unit.

specimen verifies the abundant content of spessartite.
Approximately 30 percent of the total manganese of this
rock (29.9 percent MnO) may, therefore, be bonded in
spessartite garnet.

Quite probably spessartite is an important manganese
mineral in some of the deposits of Maple and Hovey
Mountains, although it is not readily detectable in all
types of ironstone. Perhaps it is more abundant in only
certain types of ironstones and slates which, in gross,
may constitute a large and important part of some of
the formations or units.

The bonding of appreciable manganese in other acid-
insoluble minerals such as rhodonite is less likely, be-
cause rhodonite occurs almost exclusively in very thin
veinlets, which volumetrically are minor in comparison
with the formations, such as the middle manganiferous
unit of the Maple-Hovey deposit.

The high content of acid-soluble manganese in the
lower manganiferous unit of the Maple-Hovey deposit
suggests that spessartite is totally absent and that the
bulk of the manganese is in the form of carbonate. This
does not imply, however, that the acid-soluble manga-
nese is contained exclusively as carbonate, because the
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TABLE 26.—Percentages of acid-soluble manganese in the
Southern Hovey deposit

[Compiled from Eilertsen, 1952, table 2, p. 52, and table 6, p. 118]
A. SEQUENCE OF ROCKS CONTAINING IRONSTONES

Diamond-drill holes

Total Mn Soluble Mn Percentage
(Fusion Acid acid-soluble
method) method) Mn
5 11. 20 9. 74 87
55 ... 10. 20 10. 10 99
562 ___ . 9.15 7. 34 80
Arithmetic average. _ 10. 18 |- ____. 89
Trenches
723 _ . 10. 64 8.92 84
77 10. 63 10. 50 99
823 . 9. 92 9. 79 99
Arithmetic average._ _ 10.40 |- _______ 94

B. SEQUENCE OF ROCKS CONSISTING OF INTERBEDDED HEMA-
TITIC AND GREEN SLATES

Diamond-drill holes

514 .. 6. 24 5. 84 94
556 .. 7.14 7.08 99
565 _ . 7. 86 7. 40 94
Arithmetic average. _ 7.08 | _______ 96
Trenches
725 . 7.92 6. 91 87
825 _ ... 8. 37 8 17 98
Arithmetic average_ _ 815 | _______ 93

1 Composite of two samples.

2 Includes some footwall manganiferous siliceous carbonate rock.

3 Includes the manganiferous footwall hematitic slate sequence.

4 Represents the manganiferous footwall hematitic slate sequence.

5 Represents the manganiferous hanging wall hematitic slate sequence.

acid-soluble mineral, braunite, is known to be present in
the manganiferous banded hematite interbeds of the
lower manganiferous unit. (See pls. 3 and 4.)

The chemical analyses of the Central Hovey deposit
indicate that over 95 percent of the manganese is in an
acid-soluble form in the upper and middle manganifer-
ous units of this more highly metamorphosed deposit,*
as compared to an arithmetic average of only 74 percent
manganese ** for comparable units in the Maple-Hovey
deposit (table 25). Spessartite hasnot been observed in

15 Based on analyses of U.S. Bureau of Mines diamond-drill holes 46
and 48 (Eilertsen, 1952, table 6, p. 118).

16 This represents the arithmetic average of only the diamond-drill
holes in table 25,

the manganiferous rocks of the Central Hovey deposit
and the manganese of this deposit is apparently con-
tained chiefly as carbonate. Although the mineralogy
adequately explains the high content of acid-soluble
manganese, the absence of spessartite is somewhat
anomalous, as comparable units in the genetically simi-
lar Maple-Hovey deposit evidently contain appreciable
amounts of this garnet. It ispossible that unique condi-
tions of metamorphism in the Central Hovey deposit
not only destroyed braunite, but also resulted in the
breakdown of spessartite.

The amounts and distribution of acid-soluble manga-
nese in the Southern Hovey deposit are summarized in
table 26. The average amount of acid-soluble manga-
nese in the different units constituting this deposit is
greater than the average for the Maple-Hovey deposit,
but is more variable in amount along strike than in the
Maple-Hovey deposit. The distribution of acid-soluble
manganese in the Southern Hovey deposit is intimately
related to the amount and distribution of spessartite as
in the Maple-Hovey deposit. Spessartite, in addition
to being present in lesser amounts than in the Maple-
Hovey deposit, is also spotty in distribution within the
Southern Hovey deposit.

Acid-soluble manganese in the siliceous carbonate
deposits is high as a consequence of both the absence of
spessartite and because the manganese of these deposits
is almost entirely in carbonate. In the Maple and
Hovey Mountains area, analyses usable for calculating
acid-soluble manganese are available only from the
segment of the northwesternmost lens, H, on Hovey
Mountain cut by diamond-drill hole 52. (See pl. 2.)
This deposit contains 99 percent acid-soluble manga-
nese. The calculated acid-solubility of the siliceous
carbonate deposit of Littleton Ridge is listed in table 27
for purposes of comparison.

TaBLE 27.—Percentages of acid-soluble manganese in the Littleton
Ridge deposit, southern manganese district, Aroostook County,
Maine

[Compiled from Eilertsen, 1955, table 5, p. 30}

Total Mn Soluble Mn_| Percent acid-
Diamond-drill bole (Fusion (Acid method)| soluble Mn
method)
62 . __ . 8 16 8. 06 99
63 ... 7.12 7.12 100
64 . 5. 71 5.70 99
65 .. 6. 62 6. 60 99
66 __ . 8. 26 8. 20 99
68 . 6. 82 6. 80 99
Arithmetic average._ - 7.12 | ____ 99
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ORIGIN OF THE DEPOSITS

The Aroostook deposits are sedimentary iron- and
manganese-rich rocks which are believed to have
formed in a nearshore marine or brackish environment.
There is no evidence that hydrothermal solutions
emanating from the igneous rocks in the Aroostook
manganese belt have directly formed any of the de-
posits by replacing favorable beds with iron and man-
ganese. The differences in chemical composition
between the upper, middle, and lower manganiferous
units of the Maple-Hovey deposit are persistent over
the whole deposit. Although the delicate banding of
the ironstone (fig. 16) might have been largely pre-
served even with a considerable amount of replacement
of an earlier banded rock, replacement could hardly
be expected to operate over as large a vertical and
horizontal distance as the Maple-Hovey deposit en-
compasses with the uniform addition and subtraction
of constitutents in the three hematitic units of the
deposit. If the Maple-Hovey deposit is unfolded and
projected on to a horizontal plane as a lens, it has a
minimum diameter of about 5,400 feet. As this diame-
ter only represents the present outlines of the lens up
to the edges beveled by erosion after folding, the Maple-
Hovey lens apparently was originally more extensive
than 5,400 feet. In a deposit this large, some unre-
placed residuals of the original host rock should remain.

Possible ways in which the Aroostook deposits may
have formed as sediments are (a) direct precipitation
either with or without the active participation of
organisms or organic matter, and (b) deposition of
suspended colloidal particles. Actually, available in-
formation on the Aroostook deposits permits only
speculation as to the extent of precipitation from true
solution or as colloids, but it is tentatively assumed that
at least iron, manganese, phosphorus, and calcium oxide
were precipitated from true solution. The principles
governing the formation of chemical sediments outlined
by Krumbein and Garrels (1952) pertain mainly to
deposits formed by chemical reactions involving true
solutions. An evaluation of the evidence for chemical
precipitation is, therefore, of importance before a given
sediment can be interpreted in terms of the specific
conditions of pH (hydrogen-ion concentration) and
Eh (oxidation-reduction potential) they have outlined.
As to the possibility of an organic process having
formed the Aroostook deposits, a distinction between
chemical and biochemical processes is difficult to make.
Probably these processes are completely interdependent
in most circumstances. For biochemical reactions to

take place, such as the precipitation of iron and manga-
nese by bacterial action, it is probably necessary to have
a sufficient and constant supply of the metals in sea
water in order to support the large population of bac-
teria necessary to effect an accumulation of significant
amounts of the metals through their biological
processes.

No one line of evidence at hand is independently sig-
nificant in supporting the hypothesis that the Aroostook
deposits formed from true solution rather than from
colloidal suspension, although on the whole the evidence
available seems more readily to support the hypothesis
of true solution. For example, the absence of unusual
concentrations of metals and metalloids in the Aroos-
took deposits, which reportedly are present in marine
sedimentary iron and manganese deposits elsewhere
(described earlier), suggests true solution. Had the
Aroostook deposits, particularly the hematitic varie-
ties, formed from the deposition of colloidal particles,
the relatively high manganese and iron content of some
of them, such as the middle manganiferous unit of the
Maple-Hovey deposit (table 12B), should have re-
sulted, through sorption, in relatively high concen-
trations of metalloids and other constituents. As
previously stated these elements are not present in
unusually large amounts in the Aroostock deposits.

Furthermore, if the Aroostook deposits formed as
impure chemical sediments from colloidal suspensions
rather than from true solution, chemical scavenging of
certain ions from solution should be reflected in the
deposits, in proportion to their iron and manganese
tenor. For example, Goldberg (1954, figs. 1, 3-6 and
p. 249, 253, 255-256) found that, “In the ferruginous
sediments of the Pacific Ocean, iron oxides are accom-
panied by titanium, cobalt, and zirconium in amounts
proportional to the iron content. Similarly, copper and
nickel are linearly related to the manganese content.”
The middle manganiferous unit of the Maple-Hovey de-
posit has almost double the amount of manganese and
twice to one and a half times as much iron as the upper
and lower manganiferous units. (See table 12.) On
the basis of Goldberg’s data, it would be expectable to
note a linear relation between titanium, cobalt, zir-
conium, and copper, and iron-manganese in the Maple-
Hovey deposit, if that deposit were of colloidal origin.
The distribution of the trace constituents in the three
units of the Maple-Hovey deposit, however, is rather
uniform, (See table 21.) Thus, the lack of any linear
variation of the minor constituents with variations in
manganese and iron appears indirectly to suggest an
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ionic rather than colloidal chemical origin for the
Aroostook deposits.

If the waters in the basins of deposition were im-
poverished in such poisonous elements as molybdenum,
selenium, arsenic, and lead at the time of deposition of
iron and manganese then these minor elements could
not have been concentrated by adsorption. In such
case, the absence of significant concentrations of minor
elements in the Aroostook deposits would not rule out
the possibility of the deposits having been formed from
colloidal particles of iron and manganese.

The small concentration of boron and barium in the
braunite ovoid from the Dudley deposit may repre-
sent both ionic substitution as well as a small amount
of sorption. This enrichment in boron and barium
could have taken place at the depositional interface
between water and sediment or between sediment and
entrapped water. Considering the rock as a whole, the
amount of enrichment represented by the trace ele-
ment composition of this ovoid is quantitatively insig-
nificant but it shows that the trace elements were pres-
ent in the surrounding water and that their absence in
the rock as a whole cannot be attributed to their ab-
sence from the depositional environment.

Other chemical features of the deposits also suggest
that precipitation of the manganese and iron probably
was not a result of colloidal or organic reactions. The
striking covariance of iron, manganese, CaO, SiO,,
and Al,O,; with phosphorus of the deposits on Maple
and Hovey Mountains has been demonstrated earlier.
This feature is of particular interest because phospho-
rus in sea water is a strongly pH-dependent constituent
(Krumbein and Garrels, 1952, p. 9). Assuming that
the phosphorus in the Aroostook deposits is roughly
an index of chemical sedimentation related to fluctua-
tions in pH, the systematic variations of such constitu-
ents as iron and manganese with pH—phosphorus—
(pL. 64 and B) are more likely to have resulted from
ionic rather than colloidal reactions. Less systematic
precipitation would be expected to result from floccula-
tion of a dispersed system undergoing Eh-pH changes
owing to the inherent variability of charges on
colloids.

The inverse relation of the silica- and alumina-
phosphorus curves (pl. 6D and £') as compared to the
iron-, manganese-, and CaO-phosphorus curves (pl.
64, B, and O) also conform with the hypothesis that
the deposits formed as impure chemical sediments.
These curves indicate a gradual change from a chemical
environment to one in which clastic dilution was taking
place. Such an interpretation corresponds both to the

field relations as well as the nature of the data on which
the scatter diagrams were constructed. The rocks that
in large part are of detrital origin, such as those in the
upper manganiferous unit of the Maple-Hovey deposit,
have the least phosphorus and the most AL,O; and SiO,.
The detrital nature of at least the quartz in such rocks
is shown by its roundness under the microscope.

The scatter diagram of manganese with respect to
total manganese and iron (pl. 7) also reflects the effects
of detrital dilution. This diagram was constructed
from the coupled assays of manganese and iron in dia-
mond-drill core (Eilertsen, 1952, table 5) from the
Maple-Hovey deposit exclusive of analyses of
magnetite-bearing rocks. Separate regression lines
have been calculated for the analyses from the threea
units. Each of these regression lines has a high correla-
tion coefficient. (See explanation, pl. 7.)

If all the points in plate 7 are considered together
it is apparent that the analyses converge from a region
of great scatter near the higher values of total manga-
nese and iron to a very limited scatter near the low
values of total manganese and iron. The region of
high scatter in plate 7 is almost entirely defined by
the manganiferous banded hematite ironstone of the
middle manganiferous unit, which originally probably
formed as slightly impure chemical sediments, whereas
the detrital rocks, such as the red, purple, and green
slate of the upper manganiferous unit, define the part
of the diagram with the least scatter. As the chemical
sediments (manganiferous banded hematite ironstones)
formed from solutions with many constituents, the
precipitation of these constituents (chiefly as admixed
oxides, carbonates, and phosphate) undoubtedly varied
considerably in quantitative proportion between in-
dividual layers due to differences in such factors as con-
centration, Eh or pH, and rates of reaction at the time
each layer was formed. The manganese: phosphorus
diagram (pl. 68) shows the greatest variability among
the individual ironstone analyses of all the phosphorus
scatter diagrams (pl. 6). This suggests that of the con-
stituents graphed, manganese was most susceptible to
wide fluctuations in its quantitative precipitation from
layer to layer. As conditions of sedimentation at the
time the Maple-Hovey lens was formed changed from
chemical to detrital, the range in chemical composition
of the sediments was less susceptible to the fluctuations
inherent in chemical processes and was governed more
rigorously by the more constant factors of a detrital en-
vironment. The rocks formed under a detrital regi-
men have a smaller scatter of chemical constituents,
therefore, than strictly chemical sediments. Hence, the
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scatter diagram (plate 7) reflects probable detrital dilu-
tion in going from the chemical end members (high
scatter—high total manganese plus iron) to the detrital
rocks (low scatter-low total manganese plus iron).

The weight of evidence, therefore, although not con-
clusive, suggests that the iron and manganese were
contributed to the Aroostook deposits from true solu-
tion. The following discussions will be based on the
assumption that the Aroostook deposits formed from
ionic reactions in true solution, with colloidal reactions
probably being minor factors, particularly insofar as
the accumulation of manganese, iron, phosphorus, and
calcium oxide is concerned.

SOURCE OF METALS AND SITES OF DEPOSITION

Although it is generally agreed that the iron and man-

ganese in the Aroostook deposits are syngenetic and the

deposits are of sedimentary origin (White, 1943, p. 142;
Miller, 1947, p. 33) there is some question as to the
physical conditions under which the deposits formed
as well as to the ultimate source of the iron and man-
ganese. White (1943, p. 142-143) thought that the
lithologic features and stratigraphic relations of the
Aroostook deposits suggested a shallow marine
geosynclinal environment of deposition greatly removed
from the shore. Miller (1947, p. 85), evidently felt
that the deposits could have been laid down in either
seas or lagoons,

There is actually no direct evidence to support either
a nearshore or offshore environment for the deposition
of the Aroostook deposits. Nearshore basins with
restricted circulation are believed to offer the most
adequate environment, however, to achieve the balance
between the factors needed—such as Eh, pH, and the
transportation and concentration of the metals in true
solution—to produce chemical sediments. Barred
lagoons or estuaries distributed along a shoreline are
therefore favored as the sites of deposition of the Aroos-
took deposits. Such basins may have included a sill
on the seaward side which restricted ingress of marine
waters into the basins, and one or more clastic traps
on the landward side to limit the amount of detritus
that entered them. Streams emptying into these basins
could have supplied the iron and manganese in true
solution, and at the same time kept the lagoonal or
estuary waters sufficiently fresh, or possibly brackish
(Castafio and Garrels, 1950, p. 767) and prevented the
precipitation of the iron and manganese at or close to
the mouth of the rivers, as would normally happen if
the rivers emptied directly into the sea.

In addition, the basins were shallow enough to come
within the zone of effective wave action. The oolitic
habit of some of the braunite-rich pellets of the Dudley
deposit in the northern manganese district probably
resulted from the pellets being gently rolled about on
the basin floor. Miller (1947, p. 34), has also found
ripple marks in parts of this deposit. As the total
thickness of any of the Aroostook deposits is less than
200 feet it is not probable that any of the basins they
formed in were excessively deep at any time. This
presupposes that the basin floors were free of marked
vertical oscillations and that eustatic changes in sea
level were negligible.

The iron and manganese of the Aroostook deposits
probably were derived through terrestrial weathering
of a volcanic terrane where, through the chemical break-
down of iron- and manganese-bearing minerals, the
metals were taken into true solution by streams, possibly
as bicarbonate, and transported to nearshore basins of
sedimentation. Some of the greenstone of the Maple
and Hovey Mountains area contain as much as 0.26 and
0.33 percent MnO and abundant iron oxide. (See table
5.) Weathered rock of this type readily could have
supplied the iron and manganese to the streams trib-
utary to the Aroostook depositional basins. Streams
capable of transporting, in true solution, salts of iron
(Huber and Garrels, 1953, p. 354-355) and manganese
(Savage, 1936, p. 289-290) have a relatively low pH.
Furthermore, for a well-aerated stream to carry the
minimum reasonable concentration of iron in true solu-
tion in order to form a sedimentary iron deposit
(5X10-° mols per liter), it is necessary for the water to
have distinctly acid characteristics (pH 5 or 6) (Huber
and Garrels, 1953 p. 354). The amount of iron in true
solution would be appreciably greater if the stream
waters were reducing.

Volcanic activity has been proposed as the ultimate
source of the iron and manganese for the closely related
deposits near Woodstock, New Brunswick (Caley, 1936,
p- 19), as well as for the Aroostook deposits (Trefe-
then, 1943, p. 28-29). Thick lava flows and ash beds
have been reported from the Silurian and Ordovician
in New Brunswick and eastern Quebec, respectively,
and in southeastern Maine. Volcanic rocks are also
present in the post-Lower Ordovician sequence of the
Maple and Hovey Mountains area. It is evident, there-
fore, that volcanism was going on for at least part of
the time when the Aroostook manganese- and iron-
rich deposits were forming, even though some of the
centers of volcanic activity were apparently quite far
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from the sites of iron and manganese accumulation.
Direct contributions of metals through volcanism, how-
ever are considered to be a less likely source for the
metals, because with the exception of thin volecanic ash
beds in the Dudley deposit of the northern manganese
district (Miller, 1947, p. 33) and in several of the de-
posits on Maple and Hovey Mountains volcanic rocks
are nowhere known to be in direct association nor in
similar stratigraphic position with the manganese de-
posits of either Aroostook County or those in New
Brunswick. Although volcanism may not have di-
rectly contributed the metals to the Aroostook deposits,
it may possibly have affected the pH of the sea water
in the restricted basins of chemical sedimentation as
well as the water of the streams emptying into such
basins, by locally contributing large amounts of CO.
gas to the atmosphere and thus upsetting the CO; equi-
librium between atmosphere and surface water. In
order for equilibrium to have been achieved again be-
tween the partial pressures of CO, in water and atmos-
phere, the water would have had to take up some of
the volcanically generated CO,, thus causing an in-
crease in the hydrogen-ion concentration of the water.
However, volcanism, being of a sporadic nature, prob-
ably was a minor factor in governing the pH character-
istics of terrestrial and sea waters through CO,
exhalations into the atmosphere during the epochs in
which the Aroostook deposits formed.

Certain chemical features of the Aroostook deposits
which will be described later, strongly suggest that
the waters of the depositional basins probably were
acid, or at most, very midly alkaline, throughout much
of the time in which the deposits of Maple and Hovey
Mountains were being laid down. The acidity of the
basin waters must have resulted from the low pH of
the tributaries debouching into them, irrespective of
the conditions leading to the acidity of such stream
waters. In order for the basin waters to have main-
tained the low pH induced by their feeder tributaries
for any appreciable time, they must have had restricted
circulation. These conditions seem to be best fulfilled
where a generally unidirectional flow of water from
the basins out to the sea occurs without considerable
return inflow of marine waters. Such a restricted
circulation could be set up and maintained in basins or
estuaries bounded by a low sill or bar on the seaward
side. The water of the basins, being fresher and con-
sequently lighter than normal marine sea water, would
float on the marine water as it spilled over the low bar
into the open sea. If, however, the lighter waters spil-
ling into the open sea reached buoyant equilibrium at
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a depth somewhat greater than the depth of the bar-
rier sill, they would act as a seal, preventing the un-
restricted inflow and mixing of marine waters with
the basin waters (Fleming and Revelle, 1939, p. 97).

The absence of coarse clastic material in the Aroos-
took deposits may reflect an additional structural fea-
ture of the basins of deposition, or more probably, the
physiographic condition of the landmass drained by
the streams or rivers that emptied into the basins. For
example, a clastic trap (Huber and Garrels, 1953, p.
356) may have existed between the mouths of the feeder
streams and the part of the basin where chemical sedi-
mentation took place. A small barrier bar or sill close
to the mouth of the debouching streams could have
decreased the velocity sufficiently so that the incoming
waters were largely cleansed of their detritus. Ac-
tually, however, because waters carrying large amounts
of dissolved salts probably drained low-lying land-
masses, the clastic load of such streams probably always
was small (Guild, 1953, p. 654-655). The absence of
coarse clastic lenses close to and at the same strati-
graphic level as the Aroostook deposits and the absence
of appreciable coarse detritus within them suggests
such a low-lying landmass at the time they were ac-
cumulating as sediments. Clastic traps, therefore, may
have controlled only the amount of fine detritus that
entered the basins of deposition and thereby the extent
of detrital dilution of the chemical sediments.

PHYSICOCHEMICAL CONDITIONS OF DEPOSITION

The abundance of phosphorus as sedimentary
cryptocrystalline apatite (includes collophanite of
White, 1943, p. 134, and Miller, 1947, p. 23), and the
absence of sedimentary calcite in most of the Aroostook
deposits are the best clues for an acid or mildly alkaline
depositional environment. (The calcic carbonate as-
sociated with the deposits of Maple and Hovey Moun-
tains is found only in veinlets and not in sedimentary
laminae. Most of the material examined from the
northern and southern manganese districts also has this
distribution of calcic carbonate. The sedimentary car-
bonate in the Aroostook deposits is generally close to
ferroan rhodochrosite or manganoan siderite in
composition.)

The absence or dearth of syngenetic sedimentary
calcite and the relative abundance of calcium phosphate
in the Aroostook deposits are significant as indicators
of relative pH conditions in the waters ¢f the basins
of sedimentation. Krumbein and Garrels (1952, p. 9)
point out that the controls governing phosphate deposi-
tion in a marine environment are strikingly similar to
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those for calcium carbonate; namely, both of these con-
stituents are pH dependent, they are soluble in acid
solutions, their solubility decreases with increasing
alkalinity, and “both the carbonate ion and phosphate
ion are in equilibrium with the same calcium ion in
sea water.” Furthermore, the solubility-pH curves of
calcium phosphate and calcium carbonate are nearly
parallel but the absolute solubility of calcium phosphate
is much lower than that of calcite so that a

pH increase of sea water saturated with both compounds will
result in a sediment composed almost entirely of calcite and
with only a trace of phosphorite.

A sediment high in calcium phosphate and low in calcium
carbonate can be formed only where conditions permit the
continuous removal of calcium as the phosphate and in which
the activity product of the carbonate is not exceeded. This
might well occur in a restricted basin with a relatively low
pH (7.0-7.5). 1In this environment calcium carbonate would
not be expected to form. The carbonate ion remains low and
constant because of its dependence on pH and the CO: partial
pressure in the atmosphere. On the other hand, the phosphate
ion might well be supplied as ‘soluble phosphate’ in association
with sodium or other cation, and the phosphate-ion concentra-
tion could easily become sufficient to precipitate phosphorite,
for it has no upper limit determined by formation of a gas
phase, as does carbonate. (Krumbein and Garrels, 1952, p. 9).

The physicochemical conditions for phosphate pre-
cipitation outlined above appear, in general, to offer
an adequate explanation for the occurrence of apatite
and absence of calcite as sedimentary constituents in
the Aroostook deposits. The antipathetic relation of
calcite and apatite seems clearly to place the pH en-
vironment under which most of the manganese- and
iron-bearing rocks of the Aroostook deposits formed on
the acid side of the limestone fence (Krumbein and
Garrels, 1952, fig. 8, p. 26), namely, at a pH less than
7.8.

Stability field diagrams for oxides, carbonates, and
sulfides of iron and manganese have been developed by
many investigators in recent years (Krumbein and
Garrels, 1952; Huber and Garrels, 1953; Moussard,
[and others], 1954; Huber, 1956; Marchandise, 1956
and Krauskopf, 1957). Krauskopf’s Eh-pH diagrams
for anhydrous manganese and iron compounds with
some modifications are shown in figure 37. These
diagrams outline “only the maximum extent of the
stability fields under natural conditions and [show]
alternative precipitates that may form in response to
various anion concentrations” (Krauskopf, 1957, p. 68).
The published diagrams of the other investigators differ
from those of Krauskopf in that “they show the par-
ticular compounds that would exist at equilibrium

under specific conditions of Eh, pH, and concentrations
of various anions.”

The lines on the Eh-pH diagrams of figure 37 “are
drawn for (a) total carbonate=CO,+HCO;+CO; -
=0.002M (equilibrium with atmospheric CO, at pH 8),
(b) total sulfur=H,S+HS + 8- -+S0, -=0.1M, and
(¢) total silica=chiefly H,Si0,=0.002M (amount
soluble at 25°). Amounts by which these lines would
be shifted by a decrease in concentration are indicated
by the vertical lines with crossbars” (Krauskopf, 1957,
p. 63). The calculations necessary to construct Eh-
pH diagrams will not be discussed here. Krauskopf
(1957, p. 80-82) briefly summarizes the primary cal-
culations for the diagrams in figure 87, and the general
principles of constructing Eh-pH diagrams are dis-
cussed and described by Krumbein and Garrels (1952).
Of all the lines of the two diagrams in figure 37, the
FeS, boundary of the iron diagram is the least certain
(Krauskopf, 1957, p. 82).

Eh-pH diagrams have certain inherent short-
comings—for example, the rates of reaction cannot be
evaluated from them—and cannot be used to strictly
define the precise conditions under which observable
mineral assemblages formed. Nonetheless, the dia-
grams in figure 37 provide a useful framework in at-
tempting to visualize the general physiochemical con-
ditions under which the Aroostook manganese- and
iron-bearing sediments formed.

The following discussion is based on the assumption
that the Aroostook deposits formed mostly on the acid
side of the limestone fence, namely the pH of the basin
waters was less than 7.8. Furthermore, it seems rea-
sonable from the information available from present-
day restricted basins of circulation that the waters of
natural basins normally do not have a pH of less than
6. Arbitrarily accepting a pH of 6 as the limit of
acidity in the Aroostook basins, the range of pH
at the time the sediments were deposited is therefore
assumed to have been between the narrow limits of 6
and 7.5. Because silica in natural waters is mostly in
true solution and as the equilibrium solubility of such
silica is not appreciably affected by pH up to values of
9, and even fairly concentrated solutions of silica are
stable “in contact with the electrolytes of sea water”
(Krauskopf, 1956, p. 15-21), the possible formation of
silicate minerals as shown in figure 37 are also excluded
from the discussion because of the limits of pH used.
Within these limiting conditions the trends of the
chemical reactions in the aqueous solutions (basin
waters) in which the different lithologic facies in the
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Ficure 37.—Eh-pH diagrams for anhydrous manganese (4) and iron (B) compounds.
line separates the field of an oxidized form (above) from that of a reduced form (below).
field boundaries at lower concentrations of carbonate, sulfide and silica.

Question marks along Fe;O.~FeO boundary indicate that under these conditions FeO is unstable with respect to Fe

Modified from Krauskopf (1957).

in water solution.
and FesOq A —D; are explained in the text.

deposits of Maple and Hovey Mountains formed can be
evaluated by a comparison of the mineralogy of such
lithologic facies with figure 37.

OXIDE-CARBONATE FACIES

Manganiferous banded hematite ironstone is typically
composed of irregularly interlayered laminae that con-
tain as their chief constituents, (a) hematite or ferroan
rhodochrosite, (b) mixtures of hematite and ferroan
rhodochrosite, and (c) braunite or ferroan rhodochro-
site. There are no free primary manganese oxides in
these rocks. The manganese oxide, which forms a
black film on rocks near the surface (described later) is
formed through weathering and is not related to the
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Solid lines are boundaries of stability flelds; each
Crossbars on vertical lines show positions of
Dashed lines are limits of possible oxidation-reduction potentials

problem of the origin of the rocks as impure chemical
sediments. The Mn,O; of the braunite in the banded
hematite ironstone probably represents, however, an
original oxide of manganese of a higher valence state
than manganous oxide (MnO). Such a higher valent
manganese oxide, whieh could have been either in the
trivalent or quadrivalent state when originally formed,
eventually could have become fixed as braunite
(38Mn,0; "MnSiOs) through chemical reaction with SiO,
admixed in the muds. The chemical field in which an
aqueous solution saturated with iron, manganese, and
phosphorous could have precipated relatively pure as
well as mixed manganese and iron oxide- and carbonate-
bearing compounds must occupy a position in the area
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above the pyrite field in figure 37 (because sulfides are
not present in the manganiferous banded hematite
ironstone) and lie to the left of pH 7.8 (limestone
fence) for reasons stated earlier. For example, if 4
in figure 37 represents a saturated solution in such a
basin and precipitation takes place through addition
of excess metal ions or through slight alkalinization of
the basin waters (solution environment becomes, that
at B) hematite (Fe,O;) and rhodochrosite (MnCO;)
would normally form as the stable solid phases in equi-
librium with the basin waters. (Mild alkalinization
of the relatively neutral or acid basin waters could occur
periodically by mixing of small amounts of marine
(alkaline) waters through inflow across the sill into the
barred basin or estuary.) Precipitation under condi-
tions at A or B could readily account for the mixed hem-
atite and manganese carbonate layers of such rocks as
the banded hematite ironstone of the middle mangani-
ferous unit of the Maple-Hovey deposit. The layers
composed dominantly of hematite in such rocks may
have formed at times when the Mn** concentration was
relatively small and little or no MnCO; was being de-
posited. In similar manner, manganiferous carbonate
layers relatively free of Fe,O; could have been deposited
when the basin waters became locally undersaturated
with Fe+.

The chemical precipitation of trivalent or tetraval-
ent manganese oxides or both, as suggested by the
braunite-bearing laminae described earlier, could not
have occurred under the same physicochemical condi-
tions as those described for the manganese carbonate-
hematite layers. It is clear from a consideration of
figure 37 that such oxides of manganese could form
only if the basin waters were highly oxidizing.

The difference in oxidation potential necessary to
form ferric oxide as compared to higher valent man-
ganese oxides is considerable. Mason’s (1949) obser-
vations on the alteration of certain phosphate minerals
containing both iron and manganese is particularly in-
structive. He (Mason, 1949, p. 68) noted that these
minerals show a stepwise alteration, characterized by the com-
plete oxidation of the iron to the trivalent state before the diva-
lent manganese is affected. This alteration gives rise to a num-
ber of mineral species * * * containing divalent manganese and
trivalent iron. The oxidation potential required to convert
ferrous to ferric iron is so much lower than that required to
convert divalent manganese to the trivalent or tetravalent state
that the oxidation of the ferrous iron proceeds to completion
before the manganese is affected.

Table 28 lists the partial chemical analyses of two
samples of braunite-rich layers and one sample of a
hematitic layer from banded hematitic ironstone of the
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Maple-Hovey deposit. The manganese in the braunite-
rich layers is reported as MnO because of the analytical
procedure used. However, much of the manganese
in these layers must necessarily be present as Mn,O;,
owing to the chemical composition of braunite
(3 Mn;O;* MnSiO;). X-ray examination of the sam-
ples listed in table 28 indicates that the braunite-rich
laminae (DDH 41-10 and DDH 41-24) also contain
feldspar, rhodochrosite, and a small amount of uniden-
tified material. Apparently braunite makes up ap-
proximately 50 percent of the minerals in these lami-
nae. (See fig. 20.) On the other hand, the hematitic
lamina contains chiefly hematite and only small
amounts of unidentified minerals (X-ray examination).
In order to achieve the marked concentration and effec-
tive separation of manganic oxides from iron oxide in
the braunite-rich laminae of table 28 under a limiting
range of pH (6-7.8), it was evidently necessary there-
fore for a solution at A in figure 37 to undergo changes
in oxidation potential so as to attain an oxidizing en-
vironment as at (' or even higher. Thus, with an in-
crease in Eh from .4 towards ¢ a solution saturated
with iron, manganese, and phosphorous would precipi-
tate manganese-carbonate, hematite, and apatite; most
of the iron in solution probably would have been pre-
cipitated as Fe,O; before the MnCO;—Mn,0; boundary
was crossed. Above this boundary, therefore, the ba-
sin waters would be nearly free of Fe** and Mn,O,
would precipitate in lieu of MnCQ, Possibly even
MnO, might have formed above this boundary,
especially if manganese-precipitating bacteria were
present. Any MnQO, present would have acted as a
very effective catalyst to accelerate the rate of precipi-
tation of additional manganese oxides (Zappfe, 1931).
Possibly a lamina such as DDH 41-21 in table 28
formed when the prevailing Eh was in the hematite
field of figure 37, but below the manganese oxide fields.
The laminae represented by analyses DDH 41-10 and
DDH41-24 undoubtedly formed under oxidizing con-
ditions above the MnCQO;-Mn,O; interface of figure

TaBLE 28.—Partial chemical analyses of braunite-rich and hema-
tite-rich laminae from the Maple-Hovey deposit

[Rapid-method analysis by Leonard Shapiro}

Braunite-rich laminae Hematite-rich

laminae
DDH 41-10 | DDH 41-24 DDH 41-21
SiOp- - oo 27. 1 21.7 14. 1
MnO__ .. ____ 44. 5 45. 6 4.0
FeyOs oo 3.6 3.4 72.7
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37. The final oxidation state of the manganese oxides
in the trivalent state (braunite) probably is the result
of the diagenetic and metamorphic processes to which
the manganese oxide-bearing layers were subjected
after having been deposited as muds. It is not certain,
therefore, from the present mineralogy of the rocks
just what higher oxides of manganese were originally
precipitated. Nonetheless, the precipitation of man-
ganese oxides higher than the bivalent state must have
taken place only under relatively high Eh conditions.
Such a condition could have prevailed when the basin
was very shallow and became highly aerated, or when
highly oxygenated stream waters poured into it and
raised the overall Eh of the basin, or as a result of a
combination of both. Oxygen contributed photosyn-
thetically from marine plants could also have been
important.

CARBONATE-IRON SULFIDE FACIES

The magnetite-free siliceous carbonate rocks of the
deposits on Maple and Hovey Mountains as described
in an earlier part of this report are composed of ir-
regularly interbedded thin layers and laminae which
may be either rich in carbonate (approximately ferroan
rhodochrosite or manganoan siderite) or chlorite (fig.
27), or else contain mixtures of these minerals (fig. 28).
Pyrite is present either as an accessory or occurs in
distinct laminae (fig. 29). Apatite is also an important
constituent. The sedimentary carbonate of the siliceous
carbonate rocks of the northern district, however, is
described as a manganese- and iron-bearing calcic
variety by White (1943, p. 136). This identification
rests on bead tests for iron and manganese and the
effervescence of the carbonate when treaied by warm
hydrochloric acid. Such reactions could as easily re-
sult from carbonate close to ferroan rhodochrosite or
manganoan siderite. Nevertheless, if calcic rather than
rhodochrositic or manganoan sideritic carbonate is
actually dominant in the siliceous carbonate rocks of
the northern manganese district, it probably indicates
a more alkaline environment of deposition than the one
that presumably prevailed in the basins of sedimenta-
tion in which the manganiferous lenses on Maple and
Hovey Mountains formed.

The general Eh-pH conditions under which the
various lithologic facies of siliceous carbonate rocks
formed is also deducible from figure 87. If a solution
at A were brought into an Eh—pH evnironment as at D
the iron mineral that would form is pyrite, especially
if anaerobic bacteria were present. Sideritic carbonate
would form if the total sulfur of the system fell below

the siderite interface as at D. Thus, within a very
limited range of Eh fluctuation, either sideritic layers
or pyritic layers would form (see fig. 29), as the total
sulfur content of the system varied with respect to the
total CO; content. Apatite would also form in both
the carbonate and pyrite facies (fig. 30) and calcite
would not be precipitated for reasons outlined above.

Manganese carbonate would also precipitate out at D
along with pyrite. On the basis of the general similarity
between the manganese and iron stability diagrams, one
would assume that the manganese sulfide, alabandite
(MnS), would have formed with pyrite or sideritic
carbonate in some of the manganiferous siliceous
carbonate rocks of Aroostook County. However,
alabandite has not been identified in any of the sulfide-
rich laminae of the Aroostook manganiferous rocks;
apparently the manganese of such rocks is almost en-
tirely contained in carbonate. The absence of ala-
bandite even when the sedimentary environment was
at D, undoubtedly is attributable to the relative con-
centrations of total CO; and sulfur in the system.

A cycle of fluctuation such as D=2D), therefore could
account for the pyrite and manganese- and iron-car-
bonate interlayers as in figure 29. Undoubtedly, the
stability field boundaries in figure 37 are probably
gradational rather than sharp, so that reactions also
take place in the transition zone between the fields.
Chemical reactions along the transition zone between
the FeS, and FeCO, boundary probably formed the
layers of mixed pyrite and carbonate commonly present
in the pyritic siliceous carbonate rocks of the Maple-
Hovey deposit.

MAGNETITE-BEARING ROCKS

Recent studies of iron deposits such as those in the
Lake Superior region (James, 1954, p. 261-263; White,
1954, p. 38-40) and at Singhbhum, India (Spencer and
Percival, 1952, p. 378), have refocused attention on the
probable primary nature of magnetite in some of the
sedimentary iron-formations of the world. In the fer-
ruginous manganese deposits of Aroostook County,
however, magnetite is believed to have been formed by
metamorphism.

The localization and distribution of magnetite in
some of the deposits on Maple and Hovey Mountains
clearly demonstrates that magnetite is of metamorphic
origin here. Magnetite-bearing rocks in the Maple-
Hovey and Southern Hovey deposits, for example,
commonly are found at or near the axial planes of folds
or are in very tight folds. (See pl. 2.) At such places
the magnetite occurs in layers that correspond to
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original bedding. The layered magnetite-bearing
rocks do not, however, have stratigraphic continuity
even over relatively short distances; in fact, the mag-
netite-bearing zones apparently cut across lithologic
boundaries. The geologic sections through drill-holes
31,26 and 32, and 35 and 42 (see pl. 217) illustrate the
typical manner in which magnetite occurs in the
Maple-Hovey deposit. In the drill core of these holes,
magnetite-bearing rocks clearly occur at different stra-
tigraphic positions in different parts of the Maple-
Hovey deposit. The section through drill-holes 35 and
42 also llustrates that magnetite-bearing rocks are not
stratigraphically localized even over such very short
distances as a few hundred feet. For example, in hole
35 magnetite-bearing rocks are present at two places;
one zone is in the middle manganiferous unit and the
other, thicker zone, includes part of the rocks near the
base of the middle manganiferous unit and all the
lower manganiferous unit. These magnetite-bearing
rock zones are either absent or do not correspond strati-
graphically with magnetite-bearing rock zones in the
drill core of hole 42, which only are about 150 feet up
the dip from those in hole 35. (See pl. 2.) A similar
lack of stratigraphic continuity between magnetite-
bearing rocks in close proximity is indic¢ated by the
section through drill-holes 26 and 32. Magnetite-bear-
ing rocks are present in a thick zone within the middle
manganiferous unit in hole 32, but magnetite-bearing
rocks are absent in hole 26. (See pl. 2.)

In surface exposures, the characteristic abrupt
change along strike from magnetite-bearing to mag-
netite-free ironstone is apparent in fold @ on Maple
Mountain. (See pl. 2.) Magnetite is abundant along
the axial plane of this anticline, particularly in the
middle and lower manganiferous units of the deposit
as exposed in trench 19, but is absent in all of the man-
ganiferous units on the northwest limb of the anticline
as exposed in trench 1A, about 250 feet along strike
from trench 19.

The above examples only deal with the probable
metamorphic origin of magnetite in hematitic-facies
rocks. Similar evidence indicates that the magnetite
in the carbonate-facies rocks also formed by metamor-
phism rather than as a primary sedimentary or
diagenetic mineral.

Among the conditions probably necessary to form
sedimentary magnetite in iron-formation are “* * *

17 The collar of drill-hole 31 is near 34,850 N., 17,000 E.; the collar
of drill-holes 26 and 32 is near 33,350 N., 16,700 E.; and the collars of
drill-holes 35 and 42 are centered respectively near 33,540 N., 16,210
B, and 33,330 N., 16,160 E.

low O, and CO, atmospheric pressures at the time of
deposition * * *? (James, 1954, p. 258). Although
the Aroostook deposits were formed under the fluctuat-
ing oxidation-reductions conditions necessary to the
formation of magnetite, namely, “* * * mildly oxi-
dizing to mildly reducing * * *” (James, 1954, p.
273), the necessary pH conditions of alkalinity (low
atmospheric CO, pressure) were never attained be-
cause, judging from their apatite-calcite ratios, the
Aroostook deposits formed in more or less neutral en-
vironments. In terms of figure 378 therefore, the
basins of sedimentation in Aroostook County never
attained the Eh-pH environment of the magnetite field,
which appears on the lower right corner of the diagram.

DEPOSITIONAL HISTORY OF THE DEPOSITS

The deductions pertaining to the history of the
basins in which the Aroostook deposits formed must be
almost entirely guided by the lithology, mineralogy
and petrography, and chemical composition of the rocks
formed in them. The regional geology of the Aroos-
took manganese belt is at present only imperfectly
known and any discussion of tectonic factors that may
have controlled the physicochemical environment is for
the most part speculation.

OXIDE-FACIES (HEMATITIC) DEPOSITS

The Maple-Hovey and Southern Hovey deposits
probably furnish a good example of the sequence of
events that occurred during the development of such
hematitic manganese deposits. The following discus-
sion will be confined mostly to the Maple-Hovey de-
posit which is considered typical of the oxide facies
(hematitic) in the Aroostook manganese province. The
salient stratigraphic and lithologic features upon
which the interpretation of the depositional history of
the Maple-Hovey deposit is based are summarized in
plate 44. Plate 4B shows a closely similar columnar
section of the Southern Hovey deposit.

The Maple-Hovey deposit is underlain by green slate
of detrital origin containing small amounts of pyrite.
This pyrite, even though minor, suggests reducing con-
ditions preceding the chemical deposition of significant
quantities of iron and manganese. The green slate
grades upward into a sequence of pyritic siliceous car-
bonate rock indicating that with exclusion or restric-
tion in the amounts of argillaceous debris conditions
became favorable for chemical sedimentation. This is
believed to have resulted from the development of a
restricted lagoon. Occasional shiftings of the river
channels tributary to the basin of deposition could
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have isolated the basin from receiving fresh, oxygen-
ated waters and allowed stagnation to set in periodi-
cally. The abundant pyrite in these siliceous carbonate
rocks clearly suggests that the depositional environ-
ment was strongly reducing and, as judged by the
apatite-calcite ratio, was probably less than 7.8.
Immediately above the siliceous carbonate rocks of
the Maple-Hovey deposit is the lower manganiferous
unit of the deposit; it consists mostly of thin hematitic
layers intercalated with layers of green slate, laminae
of siliceous carbonate, and with some beds of banded
hematite. (Compare with the Southern Hovey deposit,
pl. 4B.) Probable fluctuation of Eh such as 4=0 in
figure 37 resulted in deposition of interlayered siliceous
carbonate and hematitic shale in this unit. The inter-
layers of banded hematite (see pls. 3 and 44) probably
represent more highly oxidizing conditions of limited
duration in the time interval represented by the lower
manganiferous unit. The interbeds of green slate may
be the result of periodic changes in sedimentation dur-
ing this epoch, from essentially chemical precipitation
to the deposition of fine clastic material. Such detrital
incursions may have resulted from storms that so in-
creased the volume, velocity, and loads of streams pour-
ing into a clastic trap as to destroy the efficacy of the
trap. Large amounts of mud and silt could have en-
tered the basin of deposition at such times and by detri-
tal dilution temporarily prevented the deposition of
iron- and manganese-rich rocks. It was during a
clastic phase of deposition that the graptolite found
within this unit (p. 28) was buried in a layer of green
slate; the graptolite has been preserved by pyritization.
The middle manganiferous unit of the Maple-Hovey
deposit is believed to represent fairly stable conditions
of chemical sedimentation with minor detrital dilu-
tion—low SiO2 and Al,O; in banded ironstone (see
table 84 )—and only minor incursions of clastic mate-
rial as represented by the few slate beds intercalated
within this unit (see pls. 3 and 4A). The waters of the
basin probably attained their highest oxidation state
at this time, especially while manganese oxides (brau-
nite-bearing layers) were being deposited. The level
of oxidation dropped for the periodic deposition of
manganese carbonates and hematite, as described above.
The rather high oxidizing condition prevailing during
the time of the formation of the middle manganiferous
unit is reflected in its low sulfur content (compare
table 128 with table 120), as well as that of some of
its constituent rocks (see table 84). Pyrite has not
been found in these rocks. If the absence of pyritic
layers is a reliable indicator of a constant supply of

fresh terrestrial water, then the tributary drainage
probably had also been stabilized by the time the mid-
dle unit was being deposited.

The generally high oxidizing conditions, which char-
acterized the epoch during which the middle manganif-
erous unit formed, prevailed into the time represented
by the lower part of the upper manganiferous unit of
the Maple-Hovey deposit. The contact between the
middle and upper manganiferous units is gradational.
The upward changes in the upper unit from banded
hematite ironstone to mainly red and purple slate in-
tercalated with green slate and some hematitic layers
in its upper portion (see pls. 3 and 44) indicate a
change from relatively acid and oxidizing conditions
of (impure) chemical sedimentation to conditions of
clastic sedimentation. The red slate, and to some ex-
tent the purple slate, probably represent mixtures of
small amounts of chemically precipitated iron and
manganese and large amounts of clastic material. The
lower phosphorus content of the red and purple slate
(see tables 124 and 18), compared to the banded iron-
stone (tables 84 and 128), further suggests a change
from chemical to clastic sedimentation.

Eventually, the argillaceous sediments, now repre-
sented by the green slate overlying the manganiferous
rocks, filled the basins and they ceased to exist as sites
of chemical deposition. Thus, the chemical sedimenta-
tion regimen of both hematitic (oxide facies) and
siliceous carbonate rock (carbonate facies) deposits
probably came to a close with the encroachment and
final ascendency of detrital sedimentation. This prob-
ably happened when the protective clastic traps of the
basins became filled and could no longer exclude the
fine detritus from entering the basins in large volumes.

The slopes of the regression lines of SiO, and Al,O,
(pl. 6D and E') with respect to phosphorus (described
earlier) also imply such a change. However, it is not
possible to conclusively evaluate how much of the SiO,
and Al;O; in these bulk analyses was introduced with
detrital constituents and what portion may have precip-
itated chemically. The slope of the regression line of
Si0, and Al.Q; is in the direction opposite to those of
iron, manganese, and CaO (compare with pl. 64-C).
The alumina curve is enigmatic as alumina precipitates
at the neutral point but is soluble in very acid or highly
alkaline solutions (Rankama and Sahama, 1950, p. 502).
Because the solubility of silica is not changed until a
pH of about 9 is reached (Krauskopf, 1956, p. 23), and
as the deposits on Maple and Hovey Mountains prob-
ably formed in relatively neutral or acid environments,
the silica curve (pl. 60D) may actually represent only
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detrital SiO, (fine-grained quartz and silicate minerals)
rather than any chemically precipitated SiO..

The fairly regular distribution of MgO in all three
manganiferous units of the Maple-Hovey deposit (com-
pare tables 124, B, and (') suggests that it was being
supplied at a constant rate irrespective of physico-chem-
ical conditions, if it was a syngenetic constituent.
Changes from a predominantly chemical to a more
detrital environment also had little effect on the relative
abundance of MgQO. Certainly it has no statistically
significant variation with respect to phosphorus as have
many of the other constituents.

The gray and green sparsely pyritic slate conformably
overlying the upper manganiferous unit of the Maple-
Hovey deposit is believed to represent the final changes
from partly chemical to almost entirely clastic deposi-
tion, in a mildly reducing environment, after the
restricted basin of iron- and manganese-rich sedimenta-
tion was destroyed.

The Southern Hovey deposit and the Dudley deposit
(northern manganese district) have the same
stratigraphic lithologic features as the Maple-Hovey
deposit (see pl. 4B) as well as comparable mineralogy
and chemical features (compare tables 12 and 14). The
stratigraphic section of the Dudley deposit has not been
subdivided by Miller (1947, between p. 56 and 57), but
it can be subdivided into 3 units with metal tenor and
lithology that is fairly comparable with those of the
Maple-Hovey and Southern Hovey deposits. The
writer has observed this lithology in drill cores from
the Dudley deposit, and White (1943, p. 134), has
described “a very heavy dark green beds, mostly at the
west side of the deposit [stratigraphically lower side],
consisting mainly of chlorite and slightly manganif-
erous carbonate.” Thus, the chemical sedimentary his-
tory of the three largest hematitic manganese deposits
in Aroostook County appears to have followed the same
sequence of events as outlined for the Maple-Hovey
deposit.

CARBONATE-FACIES DEPOSITS

The depositional history of siliceous carbonate rocks
(carbonate facies) has already been largely reviewed in
discussing the interval consisting of siliceous carbonate
rocks that underlies the Maple-Hovey deposit. The
ubiquitous and abundant iron-rich chlorite of the
siliceous carbonate deposits may indicate that some of
the iron was deposited as silicate. The chlorite now
present in the deposits is probably a product of
diagenesis and low-grade metamorphism subsequent to
deposition. However, its intimate association within
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laminae of carbonate, and particularly its occurrence
in conformable layers composed entirely of chlorite,
clearly demonstrates either its primary sedimentary
origin or its metamorphic origin from some primary
mineral deposited with the carbonates.

METAMORPHISM OF THE DEPOSITS

DIAGENETIC CHANGES

The problem of diagenesis of the Aroostook deposits
deserves brief mention before discussion of the
metamorphism. Diagenesis is here used, in its broadest
sense, to include all the physical and chemical processes
leading to lithification. Most geologists exclude these
processes from metamorphism. However, a clear-cut
distinction between diagenetic and metamorphic
products, especially in weakly metamorphosed rocks
such as the Aroostook deposits, is generally not pos-
sible. Chlorite, for example, forms under low-grade
regional metamorphism (Turner, 1948, p. 96), as well
as through diagenetic processes (Pettijohn, 1949, p.
245). Feldspar and stilpnomelane are other minerals of
similar uncertain origin in the Aroostook deposits.
Feldspar can form as an authigenic mineral in argilla-
ceous rocks through processes unrelated to and pre-
ceding metamorphism (Gruner and Thiel, 1937). Tyler
(1949, p. 1104-1106) favors a metamorphic origin for
the stilnomelane in the Lake Superior ores; James sug-
gests (1954, p. 266-267) that it may be metamorphic
only in part, and Gruner (1946, p. 12) considers stilpno-
melane to be a primary mineral.

Postdepositional changes in the principal iron and
manganese compounds of the Aroostook deposits are
likewise difficult to appraise. Presumably, the iron and
manganese of the hematitic manganese deposits (oxide
facies) were precipitated, in part, as oxides. The
diagenetic changes during lithification probably in-
cluded dehydration and molecular rearrangements. In
the case of iron, hematite was one of the ultimate prod-
ucts of these processes. Some of the hematite was
recrystallized into its present finely crystalline, acicular
habit by regional metamorphism. The possible trans-
formations involved in the development of braunite
from primary oxides of manganese are even more ob-
scure. As suggested earlier, chemical reactions between
manganese oxides and SiO, may have formed braunite
(3Mn;0;* MnSiO;). Whether the braunite was formed
during diagenesis or metamorphism is not clear from
its textural relation and associations with other min-
erals. The poikilitic habit of some of the braunite (see
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fig. 20) is not critical evidence as this structure could
conceivably form during either process.

Except for magnetite, whose metamorphic origin
seems certain (see p. 96-97), few of the iron and
manganese minerals occurring in primary layers in the
Aroostook deposits can be specifically attributed to a
metamorphic as opposed to a diagenetic or purely sedi-
mentary origin. The carbonates are undoubtedly
syngenetic constituents, but even these may have under-
gone some chemical change since their precipitation,
by reaction with sea water before burial, by reaction
with interstitial water after burial, or during
metamorphism. Most of the carbonate has undergone
textural modification, having recrystallized to some ex-
tent during regional metamorphism. This is generally
shown in thin section by the well-crystallized rhombic
crystals of carbonate embedded in a chloritic mat in
the siliceous carbonate rocks.

REGIONAL METAMORPHISM

The rocks of the Aroostook manganese province be-
long largely to the muscovite-chlorite subfacies of the
greenschist metamorphic facies. This mild grade of
metamorphism, however, has not equally affected the
entire Aroostook manganese belt. In some parts of the
northern manganese district, the rocks are virtually
unmetomorphosed shale and argillite. The presence
of biotite in the Dudley deposit (White, 1943, p. 134)
is, therefore, anomalous with respect to the low-rank
regional metomorphic grade of the northern manganese
district. White (1943, p. 143) has attributed the pres-
ence of magnetite and specularite in the deposits of the
southern manganese district and their absence in the
northern manganese district to regional metamorphism.
Such regional metamorphism would normally be ex-
pected to affect some of the deposits in the Woodstock,
New Brunswick, area, which lies immediately east of
the Aroostook southern manganese district. However,
the magnetite contained in the New Brunswick iron- and
manganese-bearing rocks is evidently restricted to cer-
tain parts of the deposits rather than occurring
throughout them (Anderson, 1954, p. 7). The localized
distribution of magnetite in the Woodstock area re-
sembles in its distribution the magnetite attributed to
structurally localized metamorphism in the Maple and
Hovey Mountains area. This metamorphism will be
described shortly.

Magnetite is present in all the deposits of the Maple
and Hovey Mountains area of Aroostook County,
Maine, although it is restricted to only small parts of
some of the larger deposits.
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Spessartite garnet is present in the hematitic manga-
nese deposits of the Maple and Hovey Mountains area
but has not yet been observed in the siliceous carbonate
deposits. It is an expectable constituent of manganif-
erous rocks of the muscovite-chlorite zone of meta-
morphisms, inasmuch as it forms rather readily in the
presence of only small amounts of manganese (Harker,
1939, p. 55, 217-218). However, it has not been re-
ported from either the northern or the southern manga-
nese districts of the Aroostook manganese belt. In the
northern district, regional metamorphism was probably
too mild to form spessartite. It may be present in the
southern manganese district, where the metamorphic
rank is approximately equal to that of the Maple and
Hovey Mountains area, but no detailed petrographic
study has been made of the rocks of this district.

STRUCTURALLY LOCALIZED METAMORPHISM

In a number of tight subsidiary folds, the rocks are
somewhat more highly metamorphosed (magnetite
bearing) than elsewhere within the area of the deposits
on Maple and Hovey Mountains. The more meta-
morphosed magnetite-bearing rocks, wherever mega-
scopically recognized, are indicated on the geologic
map (pl. 2) by a superposed pattern of randomly
oriented hachures. Because of its close spatial associa-
tion with particularly tight folds, this metamorphism
is here called structurally localized metamorphism.

The Maple-Hovey deposit in particular has under-
gone structurally localized metamorphism at many
places: in syncline I at the northwest end of Maple
Mountain, in the axial region of anticline @ along
trench 19 on Maple Mountain, and in flexure ®) along
the southeast limb of the major fold between Maple
and Hovey Mountains. (See pl. 2.) Syncline VI at
the southwest end of the Southern Hovey deposit is an-
other example of structurally localized metamorphism.
These subsidiary folds evidently were the foci for pro-
nounced local recrystallization.

The intensity and distribution of this metamorphism,
if judged by the amount of magnetite in the rocks,
therefore, is suggested in part by the magnitude and
distribution of magnetic anomalies (pl. 2). In gen-
eral, the large positive magnetic anomalies in plate 2
are relatively narrow in width where the magnetic
rocks are near or at the surface. Under a thick over-
burden they decrease in amplitude and increase in
width. This is illustrated by the anomaly along the
northwest side of the Maple-Hovey deposit which is
probably related to the small anticline plunging south-
westward. Near the surface, where only a relatively
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dull in hue as compared to similar rocks in the magne-
tite-free parts of the Maple-Hovey deposit.

Chemical changes accompanying structurally local-
ized metamorphism can only be evaluated for the
hematitic facies of rocks as there are no comparable
chemical analyses available for the carbonate-facies
rocks. The chemical changes accompanying the struc-
turally localized metamorphism of hematitic rocks are
indicated in an approximate manner by comparing the
chemical analyses of magnetite-free and magnetite-
bearing ironstone from the middle manganiferous unit
of the Maple-Hovey deposit (table 8). The results of
this comparison are summarized in table 29. The first
and second columns of table 29 list the average arith-
metic chemical analyses obtained from tables 84, B, for
banded hematite and the more highly metamorphosed
banded magnetite-chlorite ironstone. The third column
indicates the difference in weight percent between these
analyses. The problem of properly evaluating the
chemical differences in table 29 is complicated by the
fact that the specimens of ironstone that have under-
gone only regional metamorphism and the ironstone that
in addition, has been more highly reconstituted by
structurally localized metamorphism are not from ex-
actly the same stratigraphic horizons. Thinning and
thickening of strata, by flowage during folding, and
discontinuous exposures (commonly available only as a

TABLE 29.—Chemical changes represented by algebraic incre-
ment of owides between less metamorphosed (magnetite-
free) and more highly metamorphosed (magnetite-bearing)
manganiferous ironstone of the Maple-Hovey deposit

MANGANESE DEPOSITS

Average analysis of | Average analysis of
weakly metamor- | more highly meta- Weight
phosed manganif- (morphosed manganif-{ percent oxide
erous banded erous magnetite- increment
hematite ironstone ! | chlorite ironstone 2
SiOp- . 20. 84 17. 35 —3.49
AbOs . 4,13 3. 53 —. 60
FeoOso oo _______ 40. 06 37. 96 —2.10
FeO_ . ________ .00 12.71 | 3 +12.71
MgO.. . 1. 49 1. 51 +. 02
CaO_ . 4, 97 5. 49 +. 52
NaO_ . ______ .78 . 05 3 .73
KO . . 88 . 63 —. 25
HoO— . ____ .14 . 49 +.35
H O+ ___ .84 2. 07 3 41.23
TiOgo oo .18 .12 —. 06
COgeeee . 4,20 4, 33 +.13
PyOs . 3. 07 4. 03 +. 96
MnO._.___ . ___ 18. 27 9. 41 —8. 86
Total_ . ____ 99. 85 99.68 |- _______
Fe o ___ 28. 02 36. 43 +8. 41
Mn_ . ___ 14. 15 7.29 — 6. 86

1 Arithmetic average from table 8A.
2 Arithmetic average from table 8B,
3 Represents an increment reflected in all samples in table 84 and B,

103

result of trenching) precluded collecting of precisely
stratigraphically equivalent specimens between rela-
tively less metamorphosed and more highly meta-
morphosed layers. (The specimens whose chemical
analyses are listed in table 8 were actually collected as
representatives of the various types of the more
abundant ironstone within the middle manganiferous
unit of the Maple-Hovey deposit.) Hence, although
chemical constituents appear to decrease or increase in
the more highly recrystallized ironstone as compared
to the less metamorphosed ironstone if judged entirely
on the basis of the numerical values listed in table 29,
these apparent changes may actually reflect the sam-
pling technique rather than the effects of metamor-
phism.

Among the chemical changes believed to have re-
sulted entirely from structurally localized metamor-
phism are the development of FeO (there is no FeO in
the banded hematite ironstone), the increase in H,O,
and decrease in Na,O. These are the only three per-
sistent chemical differences that are reflected in all of
the samples on which the average analyses are based
(table 84, B). The apparent addition or depletion
of the other oxides listed in table 29 do not carry
through all the specimens which constitute the arith-
metic averages under comparison, although some of
them may be significant. Some of them, however, may

" represent local original chemical differences.

Field and petrographic relation of the more highly
meamorphosed ironstone indicate moreover that, except
possibly for H,O, the metamorphism responsible for
these changes was a reorganization of the constituents
within the deposits, rather than metasomatic reconsti-
tution whereby appreciable constituents were added or
subtracted. For example, the iron and manganese
tenor of channel samples across some of the manganif-
erous units of magnetite-chlorite ironstone and of less
metamorphosed banded hematite rocks within the
Maple-Hovey deposit are closely comparable (see table
30), and indicate there has not been any metasomatic
addition or subtraction of iron or manganese during
structurally localized metamorphism. The increase in
iron and decrease in manganese shown in table 29,
therefore, most likely reflects random variation or
arithmetic weighting of original chemical differences
in ironstone types rather than metamorphically in-
duced chemical changes.

The structurally localized and selective metamor-
phism which some of the manganiferous banded
hematitic ironstone and banded siliceous carbonate
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TaABLE 30.—Comparison of manganese and iron tenor between
channel samples represented by diamond-drill cores of more
highly metamorphosed (magnetite-bearing) and less meta-
morphosed (magnetite-free) ironstones from the middle and
lower manganiferous units of the Maple-Hovey deposit

Mn Fe
A. Middle manganiferous unit
More highly metamorphosed (magnetite-
bearing) rocks: !

Drill-hole 312___________________ . 8.78 | 23.17
323 _ . .. 12.82 | 27.92
354 . 11. 52 | 26. 62
355 .. 10. 85 | 29. 80
426 . 10. 82 | 25. 91
Arithmetic average__._______.__________ 10. 96 | 26. 68

Less metamorphosed (magnetite-free) rocks:
Arithmetic average 7__________________ 11.12 | 24. 09

B. Lower manganiferous unit

More highly metamorphosed (magnetite-
bearing rocks: !

Drill-hole 318_ _ _______________________ 8.01 | 17.17
36 . 5.16 | 27.01
Arithmetic average___________________ 6. 59 | 22.09

Less metamorphosed (magnetite-free) rocks:
Arithmetic average©_________________ 6. 52 | 20. 24

1 Compiled from Eilertsen, 1952, p. 83-98.
2 Sample interval 75.0-95.0 feet. Contains only part of the unit.
3 Sample interval 355.7-382.0 feet. Contains only part of the unit.
4 Sample interval 412.2-422.8 feet. Contains only part of the unit.
t Sample interval 455.0-468.5 feet. Contains onlv part of the unit.
8 Sample interval 198.9-210.0 feet. Contains only part of the unit.
h 710bta,ined from table 12B. Represents arithmetic average of 10 diamond-drill
oles.
8 Sample interval 185.0-207.0 feet. Contains only part of the unit.
9 Sample interval 468.5-507.6 feet. Contains the eatire unit. .
h 11') Obtained from table 12C. Represents arithmetic average of 7 diamond-drill
oles.

rocks have undergone has resulted in their composi-
tional convergence towards rocks with a similar mineral
make-up, namely, carbonate-magnetite-chlorite rocks.
Magnetite, rhodochrositic carbonate, and iron-chlorite
appear to be a stable metamorphic assemblage of the
Maple and Hovey Mountains area manganese- and iron-
bearing deposits just above the level of the chlorite-
muscovite facies. It is, therefore, generally difficult to
surmise the primary lithology of the more highly
metamorphosed rocks in the district. Itisnot clear, for
example, if some of the carbonate-magnetite-chlorite
layers of the Central Hovey deposit represent
metamorphically reduced original hematitic ironstone
or reconstituted siliceous carbonate rocks which were
originally intercalated with the hematitic layers.

METAMORPHIC PROCESSES

Magnetite in the hematitic-facies rocks is believed to
have formed through the reconstitution of hematite.
From the preceding discussion, this transformation ap-

GEOLOGY AND MANGANESE DEPOSITS, MAPLE AND HOVEY MOUNTAINS AREA, MAINE

parently required only the chemical reduction of part
of the ferric iron in hematite to ferrous iron, and
proceeded as an isochemical reaction apparently, as
little iron was added or subtracted during this
metamorphism. (See table 30.) The degree of recon-
stitution of hematite to magnetite must have been quite
varioble at the different places in the Maple-Hovey
deposit where structurally localized metamorphism
took place, because there are magnetite-bearing iron-
stones in which hematite presumably is entirely absent
and many which contain different proportions of
magnetite and hematite. The absence of braunite in
the magnetite-bearing ironstone developed through
structurally localized metamorphism probably also
reflects the reducing environment prevailing at the time
of such metamorphism. Probably the Mn,0O, radicle
of braunite was reduced to MnQO; the MnSiO; radicle
either was mobilized, in part, and precipitated as
rhodonite in the veinlets that cut these rocks (p. 65),
or was broken down to MnO and SiO,. The MnO from
braunite may have formed rhodochrosite by reaction
with the fluids (described below) which metamorphosed
these rocks. Any SiO, that may have formed through
the destruction of braunite probably formed quartz.

In addition to reductive transformations, the
hematitic ironstone that underwent structurally local-
ized metamorphism was also hydrated, as shown by the
significant increase in water in the magnetite-bearing
ironstone formed by this metamorphism. This water
is presumably fixed in the abundant chlorite present
in the magnetite-bearing ironstone.

The Na,O that was removed from the hematitic iron-
stone by structurally localized metamorphism may
have become fixed in the plagioclase of the veinlets that
cut the deposits and the slate that encloses them.

The magnetite in the siliceous carbonate rocks, as
judged by its localization in primary carbonate layers
(see fig. 58), is believed to have formed from the FeCO;
of manganoan siderite or ferroan rhodochrosite. In
essence this requires an oxidation reaction along the
general lines:

6FeCQO; + O,—> 2Fe, 0, + 6CO,

Actually, this reaction probably was of a more com-
plicated nature.

The abundant chlorite commonly present in the
magnetite-bearing siliceous carbonate rocks suggests
that they underwent hydration during structurally
localized metamorphism in similar manner to the
magnetite-bearing ironstone metamorphically formed
from hematitic rocks.
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Any hypothesis that attempts to explain the struc-
turally localized metamorphism, such as in the Maple-
Hovey deposit, therefore, must reconcile (a) the ap-
parent reductive processes that affected the hematitic
rocks and the oxidation reactions that simultaneously
affected the carbonate rocks, and (b) the simultaneous
hydration of both primary facies rocks. Thompson’s
suggestions (1957, p. 855) as to the possible role the
activity of oxygen (controlled externally) may have on
determining the iron oxides developed in pelites by
metamorphism may be applicable in explaining the
metamorphic mineral changes which apparently took
place in the deposits on Maple and Hovey Mountains.
The conditions necessary to form magnetite in these
deposits could have been achieved if the activity or
chemical potential of the oxygen in the fluids permeat-
ing and moving through the rocks was such that
magnetite was the stable mineral phase at a certain
critical temperature. Therefore, in order for the system
fluid-hematite and fluid-FeCO; to adjust towards
equilibrium at the prevailing oxidation-reduction
potential of the environment (the oxygen pressure of
the fluid), hematite was reduced to magnetite and
sideritic carbonate was oxidized to magnetite.

FeCO; in the carbonate-facies rocks, however, may
have broken down if the activity ef CO. and CO in the
fluids permeating the rocks at structurally favorable
places was such that FeCO, was unstable at the prevail-
ing temperature, Possibly FeCO, could have altered
along lines suggested by the equation

3FeCQ, — Fe, 0, + 2CO, + CO.

Apparently the resulting iron mineral assemblage is
one of disequilibrium in the ironstone that underwent
structurally localized metamorphism as both hematite
and magnetite and siderite and magnetite are present
respectively in the reconstituted hematitic rocks and
carbonate facies rocks. Disequilibrium mineral as-
semblages also are present in the volcanic rocks of the
area (p.33). On the other hand, as braunite was ap-
parently completely destroyed in the hematitic-facies
rocks by this metamorphism, chemical equilibrium was
apparently attained for the system braunite-fluid. The
MnO formed from the destruction of braunite may
have reacted with the CO, in the fluids to form rhodo-
chrosite. Some of the CO, in the fluids could have
been derived from the structurally underlying carbon-
ate-facies rocks where metamorphism was simulta-
neously destroying FeCO, and forming magnetite and
CO,. This CO, may have been transported (either as
a dissolved gas or as bicarbonate) upward by the fluids
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to the hematitic-facies rocks where braunite was being
reduced to MnO.

If magnetite in the siliceous carbonate rocks under-
lying the hematitic units of the Maple-Hovey deposit
formed through the oxidation of FeCO, of manganoan
siderite or ferroan rhodochrosite, it is possible that the
carbonate contained in these rocks was residually en-
riched in manganese. This necessarily follows, provid-
ing that the MnCO; radical in isomorphous mixture
with FeCO; did not concurrently oxidize to a manga-
nese oxide such as hausmannite (Mn,Q,). Oxides of
manganese have not been conclusively identified in the
magnetite-bearing rocks of the carbonate facies. In
some places, however, the carbonate within which
magnetite has formed is dusted with a red, extremely
fine grained mineral. Under reflected light in thin sec-
tion, the mineral has a red color and also shows a blood-
red internal reflection in polished section, and is weakly
anisotropic. It is possible this material may be an oxide
of manganese such as hausmannite. Carbonate laminae
dusted with this mineral have a distincet red cast in
hand specimen. The red color of zincite from Franklin,
New Jersey, has been explained as the result of small
quantities of exsolved Mn;O, (Palache, 1935, p. 38.)

Presumably the chemical nature of the fluids at the
time of metamorphism probably was fairly constant on
a regional scale. Therefore, the critical temperature
necessary to develop magnetite as a stable phase and to
destroy braunite was apparently reached only in certain
close folds or along the axes of such folds. Higher tem-
perature here may have been attained during deforma-
tion partly because of greater mechanical heat
developed in close folding. It is also probable that the
mashing and fracturing resulting from close folding
was mostly along the axial region of such folds. Thus,
in addition to acting as thermal nodes, close folds also
probably acted as channelways for the regional fluids,
particularly along their axial regions.

Invariably, where magnetite is present in hematitic-
facies rocks it is also present in the siderite (manga-
noan)-bearing carbonate-facies rocks that underlie
them. There are no places where only hematitic-facies
rocks contain magnetite and the underlying carbonate-
facies rocks are magnetite free. There are, however,
places where magnetite is present in the carbonate-
facies rocks but is absent in the overlying hematitic
facies. This distribution pattern of magnetite in struc-
turally metamorphosed hematitic facies and carbonate
facies suggests that the sideritic, carbonate-facies rocks
were more readily oxidized by the regional fluids than
hematitic rocks were reduced by them.
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The hydration that accompanied the oxidation-reduc-
tion reactions described above probably also took place
because the activity of the H,O in the fluids was higher
than that in the rocks (Thompson, 1957, p. 844). Thus,
both the hematitic- and carbonate-facies rocks gained
water during structurally localized metamorphism, be-
cause the system evidently was open to H,O, and
chlorite was the stable mineral in both facies of iron-
stone at the prevailing temperature and pressure.

In general, therefore, structurally localized metamor-
phism is a special case of regional metaphorism. The
mineral assemblages of the manganese- and iron-
bearing rocks formed by such metamorphism repre-
sent an adjustment towards equilibrium because of
somewhat higher temperatures in tight folds as com-
pared to the regional temperature. Such adjustment
may have been facilitated by the greater amount of
mashing and fracturing in tight folds, permitting ac-
celeration of chemical reaction and faster diffusion of
regional fluids through these folds. Assuming a con-
stant composition, excluding volatiles, the processes
effecting structurally localized metamorphism can be
considered as a function of the variables pressure, tem-
perature, and the chemical activity of O,, H,0, or CO,
and CO, or all of these constitutents. ILocally, the
chemical activity of sulfur was important (see p. 76).

OXIDATION AND ENRICHMENT

Secondary enrichment in the manganese- and iron-
bearing deposits of the northern and southern manga-
nese districts of Aroostook County, Maine, is confined
to the zone of oxidation, which extends about to the
top of the present water table (White, 1943, p. 144 ; and
Miller, 1947, p. 30). At the Dudley deposit of the
northern manganese district, for example, where the
terrain is fairly level, the water table and the depth
of oxidation are about 20 feet below the surface. As
the position of the water table generally varies with
topography, the zone of oxidation is probably deeper
for deposits on the tops of hills, Secondary enrich-
ment is caused by manganese and iron oxides which
coat bedding planes and joint and cleavage surfaces,
and replace the rock within about 2 inches from closely
spaced cracks. In some places, the leaching of car-
bonate has produced a less dense earthy rock that may
contain limonite.

Rocks with marked fissility and abundant joint and
cleavage cracks are more easily penetrated and replaced
by oxidizing solutions than more dense and compact
rocks. Miller (1947, p. 27) believes that the hematitic

GEOLOGY AND MANGANESE DEPOSITS, MAPLE AND HOVEY MOUNTAINS AREA, MAINE

variety of manganese deposits develops manganese and
iron stains more readily than those composed of siliceous
carbonate rocks.

Miller (1947, p. 31, 32) has made an extensive analysis
of the oxidized zone at the Dudley deposit, for which
many chemical analyses were available. He has found
that although visual evidence is present for some en-
richment down to a depth of about 20 feet, the great-
est enrichment of manganese is confined to within a few
feet of the surface. The enriched rocks average 2 or 3
percent more in manganese than unoxidized rocks at
depth. In addition, oxidation has enriched the deposit
more in iron than in manganese.

Some deposits have a negligible oxidized zone possibly
as a result of glacial erosion. If this is the case, the
enrichment by oxidation must be preglacial (White,
1943, p. 146). On the other hand, Miller (1947, p. 35)
believes that the present thin mantle of enriched rock
is of postglacial age; the glaciation baving removed
most if not all of any preglacial supergene zones that
may have existed.

MAPLE AND HOVEY MOUNTAINS AREA

In general, the hematitic manganese deposits of Maple
and Hovey Mountains have been oxidized and enriched
in manganese and iron in similar fashion to the Dudley
deposit. Table 31 lists the iron and manganese assays
of trench samples, overlying or sufficiently close to
diamond-drill holes, to permit comparisons of the grade
of the manganese- and iron-bearing strata at the sur-
face and at depth within the Maple-Hovey deposit.
The corresponding analyses from trenches and dia-
mond-drill holes are listed on the same line. The trench
analyses are listed columnarly in the order of topo-
graphic height ; those at the top of the column have the
lowest topographic position and those towards the bot-
tom are the topographically highest trenches. The
arithmetic differences in manganese and iron content
of trench and diamond-drill hole samples are given;
a positive sign indicates the amount by which the trench
assay exceeds the diamond-drill hole assay, and a neg-
ative sign indicates the amount by which the diamond-
drill hole assay exceeds the trench assay. Plate 8 is a
bar graph of the arithmetic differences between the as-
says of iron and manganese in trench and diamond-drill
hole samples (table 31) plotted in order of increasing
elevation of the trench samples. The solid bars indicate
the amount of metal by which the trench assays exceed
the comparable diamond-drill hole assays and con-
versely the open bars indicate the amounts by which the
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TaBLE 31.—Calculated manganese and iron in the upper, middle, and lower wmanganiferous units, Maple-Hovey deposit

[Trenches overlying diamond-drill holes are cited on the same line,

Compiled from Eilertsen, 1952 table 1, p. 24-51; and table 5, p. 55-116. Assays in Eilertsen’s tables

have been recalculated to conform to unit boundaries. A positive (4-) sign indicates the amount by which the trench assay exceeds the diamond-drill hole assay; a
negative (—) sign indicates the amount by which the diamond-drill hole assay exceeds the trench assay]

Trenches Drill holes Difference in Difference in
Mn content of | Fe content of
Elevation of collar of trench (feet) trench and drill- | trench and drill-
No. Mn Fe No. Mn Fe hole samples hole samples
(percent) (percent) (percent) (percent)
A. UPPER MANGANIFEROUS UNIT
22 2.74 7.63 38 2.12 6.38 +0. 62 +1.25
31 8.14 13.62 40 7.17 10.28 +.97 +3.34
115 3.55 8.06 117 1.31 6. 58 +2.24 +1.48
218 2.63 10.47 222 5.00 11.86 —2.37 -~1.39
217 4.40 15.57 219 4.34 11.24 +.06 +4.33
138 5.71 10.42 18 7.17 12.70 —1.46 —2.28
14 4.97 11.12 112 3.59 11. 56 +1.38 —. 44
46 3.48 9.24 5 7.28 13.67 -3. —4.43
345 7.54 14.09 54 5.72 11.41 +1.82 +2.68
29 5.55 12.12 37 6.65 12.77 -1.10 —. 65
26 9.72 15.33 41 5,20 11.62 +4.52 +3.71
347 4.24 9.19 45 4.91 9.27 —.67 —.08
14 6. 50 8.85 11&2 55.47 $10.23 +1.03 —1.38
5.32 11,21 |iamaas 5.07 10,74 | oo e ae
B. MIDDLE MANGANIFEROUS UNIT
22 9.18 19.22 38 . 46 20. 25 —0.28 —1.03
31 10. 50 24.76 40 10.89 25.13 —.39 —.37
15 15.05 22.09 17 10. 54 23.98 +4.51 —1.89
218 11,57 24. 36 222 9.91 24.78 +1.66 —.42
217 8.48 23.92 219 9.38 24.70 —. —-.78
38 12.44 24,60 8 11.15 24, +1.29 +.26
14 12.12 26.77 12 10.90 26. 39 +1.22 +.38
6 10.15 19.47 6 11.61 28.12 —1.46 —8.65
87TH 11,08 29. 60 7 11,76 26. 23 —. 68 +3.37
45 11,07 23.52 54 10.65 24. 58 +. 42 -1.06
29 13.87 23.04 37 11.67 25.70 +-2.20 —2.66
19 11.67 21.57 231 9.15 23.11 4-2.52 -1.54
32 13.70 25.06 11 10.39 27.18 +3.31 —2.12
11 14.69 28.14 9 11.46 24. 42 +3.28 +3.72
26 11.02 28. 30 41 11.41 24.85 —.39 +3, 45
9 11.29 25.98 15 11. 52 27.27 —.23 -1,29
4 13.55 24.31 1&2 511.43 527.09 +2.12 -2.78
47 10.69 18,87 4 10.90 19.38 —-.21 —, 51
6A 11.75 28.30 13 & 14 511.31 §26.91 +.44 +1.39
Average___ JERE B 11.78 24.30 |ccocmcmameaee 10. 82 24.97
C. LOWER MANGANIFEROUS UNIT
B SO 31 5.20 19.74 40 471 19.31 +-. 49 +.43
1165-1170 - 15 9.17 29.00 17 4.76 24.98 +4. 41 4,02
1185-1192._..... - 218 7.48 17.19 222 5,60 15,56 +1,88 1,64
1207-1210 217 4.53 14, 55 219 4.17 15.67 +. 36 -1.12
1215-1225 38 9.07 19. 46 8 7.51 19.30 +1. 86 -+.18
1220-1225. 14 4.76 15.9 12 5.89 17.46 -1.13 -1.49
1235-1245 6 7.39 22.79 64&16 55,41 523.11 -+1.98 —-.32
1240-1250. 45 6.35 21.87 54 7.56 20.14 -1.21 +1.73
250-1 29 6.12 18.67 37 6.14 17.71 -, 02 +.968
1256-1265 72 5.84 17.50 11 5.85 16. 52 —.01 +.08
1265-1272 26 6. 58 23.61 41 7.02 19.60 —. 44 44,01
1268 o 22 7.37 27.57 38 3.71 20.16 +-3.66 +7.41
12700 11 9.81 26.41 9 7.38 15.78 +2.43 +10.63
1270-1285..__ 319 6.07 23.83 231 7.55 18.57 —1.48 +5.26
1810 .eannee 1 8.85 15.79 10 7.03 19.52 +1.82 -3.73
18101320 e e e e e e 19 7.72 19.47 15 6.47 20. 85 +1.25 —1.88
1810-1320 4 7.80 27.63 1&2 68.55 $22.25 +1.05 +5.38
S T 7.05 b1 5 3 I —— 6.08 19,20

1 Represents mostly the lower part of the unit.
3 Includes magnetite-bearing zone.

$ Trench considered to be approximately comparable to associated drill hole because of physical proximity.

4 Represents most but not all of the unit.
3 Arithmetic averzge of two holes,

6 Manganese Ore

7 Sample does not represent the entire unit.

0. trench and sample; Miller, 1947, pl. 18,
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diamond-drill hole samples exceed the trench samples in
iron and manganese. The trench analyses generally
are higher than those of comparable diamond-drill holes
in both manganese and iron. The differences in assay
values may in part reflect the sampling and grouping of
data; also, some of the smaller assay differences may
be within the limit of error of the analyses. By and
large, however, they represent the surficial enrichment
undergone by the metalliferous units of the Maple-
Hovey deposit through oxidation as well as solution and
redeposition of iron and manganese.

The minor surficial enrichment of manganese and
iron in the Maple-Hovey deposit, as well as other de-
posits of the Maple and Hovey Mountains area, re-
sulted primarily from leaching of carbonate containing
these metals, and is best developed in the lower man-
ganiferous unit. In some of the manganiferous banded
ironstone, leaching of carbonite-rich laminae has pro-
duced shallow, finely ribbed outcrop surfaces. Small
pods or pellets rich in manganese silicates, particularly
spessartite garnet, commonly stand out in marked re-
lief. Such pods are generally coated by a black manga-
nese oxide, a result, in part, of surficial oxidation. Man-
ganese and iron, taken into solution during leaching,
have eventually been deposited as oxide surface coat-
ings. Miller (1947, p. 80) has noted that secondary
oxides of manganese and iron in some of the deposits
of the northern and southern manganese districts have
effectively enriched the enclosing shale in zones as much
as 10 feet wide on both sides of the primary metallifer-
ous rock. No such width of enrichment has been noted
in the deposits on Maple and Hovey Mountains; the
oxides of iron and manganese appreciably stain the en-
closing, virtually barren, slate at distances no more re-
moved than a few feet from the contacts of the
deposits.

Secondary manganese oXide of variable composition
and amorphous to X-rays characteristically occurs as a
black film with a silvery sheen, which has a striking re-
semblance to ink spilled and freshly dried on a smooth
surface. Secondary iron oxides are less conspicuous
than those of manganese. In a few places, iron oxides
form a dense, layered and corrugated hematitic coating.
This peculiar coating has only been noted on outcrops
of slate in the upper manganiferous unit of the Maple-
Hovey deposit.

The chemical analyses available for constituents other
than manganese and iron are too few in number to
warrant graphic comparison. The partial chemical
analyses of samples from trenches and corresponding
drill holes of the Maple-Hovey deposit (table 12) and
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of the Southern Hovey deposit (table 14) indicate that
only sulfur and MgO show a consistent trend ; they are
less abundant in analyses of trench samples. A deple-
tion of sulfur and MgO, therefore, probably accom-
panied iron and manganese enrichment. The other con-
stituents, namely, CaO, P,Os, Si0,, and Al;Os, do not
show any recognizable trend either towards enrichment
or depletion in trench samples as compared to diamond-
drill hole samples.

Although Miller (1947, p. 27) states that the siliceous
carbonate manganese deposits are less susceptible to
secondary enrichment than the hematitic deposits, this
relation has not been observed by the writer in the de-
posits on Maple and Hovey Mountains. Secondary iron
and manganese stains are equally abundant in both
varieties. The more dense and compact rocks of either
rock type, however, are less stained than their more
fissile varieties.

IMPORTANCE OF SECONDARY ENRICHMENT

Secondary enrichment of the Aroostook manganese-
and iron-bearing deposits is more of academic interest
than of economic significance. Its effects have been
negligible both qualitatively and quantitatively; it has
not effected a sufficient enrichment at any place within
the Aroostook manganese belt to make “ore” out of
any part of the deposits; nor has the minor enrich-
ment of manganese and iron occurred more than a few
feet below the bedrock surface. The enrichment that
has occurred must, nonetheless, be taken into considera-
tion in metallurgical sampling. In some deposits, the
surficial manganese enrichment may represent a con-
siderable percentage of the total manganese in the rock.
Inasmuch as the manganese of the secondary oxides is
in a different chemical state than the manganese in un-
weathered rock, their solubilities in acids of different
strengths would vary. Samples designed for hydromet-
allurgical tests must, therefore, be chosen from both
oxidized or unoxidized material or exclusively from
fresh rock, which is quantitatively more abundant in the
Aroostook deposits.

ECONOMIC POSSIBILITIES
RESERVES OF MANGANESE AND IRON
NORTHERN AND SOUTHERN DISTRICTS

None of the Aroostook deposits contain ore in the
strict sense of the word. Ore is used loosely in this
report to include the iron- and manganese-bearing rocks
within the Aroostook deposits regardless of their tenor
and marketability.
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Miller (1947, p. 6, 36-39) has summarized the man-
ganese reserves of Aroostook County based on the
prospecting records generously made available to him
by the Manganese Ore Co. He has subdivided the ore
reserves into three categories that are defined by the
degree of accuracy with which they can be calculated.
“Measured reserves” were calculated from detailed
prospecting and sampling information and their limit
of error is probably not greater than 20 percent. “In-
dicated reserves” were computed from sparser prospect-
ing information, supplemented by projections based on
geologic evidence. This category probably has a fairly
wide margin of error. “Inferred reserves” can only
be roughly estimated and are deduced from geologic
evidence where few or no measurements as to size and
grade are available. Miller (1947, p. 36) also used the
following limiting conditions in his estimates of
reserves.

In calculating the reserves of manganese a deposit is not
considered minable by surface methods to a depth in excess of
twice its width; the tonnage of manganese at a deposit 20 feet
wide, for example, is calculated to a depth of only 40 feet.
Where prospecting or geologic evidence indicate continuity
downward, deposits more than 50 feet but less than 100 feet
wide are calculated to a depth of 100 feet, and deposits more
than 100 feet wide to a depth of 200 feet. Although the Dudley
deposit is known to extend deeper than 200 feet and others
probably do also, no calculations of ore below this level have
been made, on the supposition that the expense of mining this
deep ore by surface methods would be prohibitive, and that the
grade of the ore would not warrant the expense of underground
mining.

A 5 percent cut-off is used in the calculations for all deposits,
except the Dudley * * *. No rock below 5 percent grade has
been included except where thin zones of low-grade material
are interbedded with ore sufficiently high in manganese to
bring the average above the cut-off grade. The weighted aver-
age of the higher- and lower-grade material is then applied
to the combined width in calculating tonnage. This method
was adopted in the belief that separation of low-grade zones a
few feet thick from higher-grade ore by selective mining would
not be feasible in working deposits of this type.

Table 32 is a compilation of the total manganese re-
serves of the northern and southern manganese dis-
tricts of Aroostook County. It is a compilation based
on Miller’s table 1 (1947, p. 38), from which the reserves
of the deposits on Maple and Hovey Mountains have
been deleted, as the recent investigations by the U.S.
Bureau of Mines has greatly enlarged these figures.

Although reserves for the associated iron in the de-
posits of the northern and southern manganese districts
have not been calculated by previous investigators, the
order of magnitude of such reserves can nonetheless
be evaluated. Thus, the total equivalent ore of the

109

measured, indicated, and inferred categories to a depth
of 200 feet is approximately 20 million long tons and
averages 8.7 percent manganese (obtained from table
32) and about 17.4 percent iron, inasmuch as the tenor of
iron of the deposits in these districts is estimated to be
nearly twice that of manganese (Miller, 1947, p. 1.)

TABLE 32.—Manganese reserves of the northern and Southern
manganese districts, Aroostook County, Maine

[Calculated from data in Miller, 1947, table 1, p. 38]

Depth of 100 feet Depth of 200 feet

Long tons Long tons
of con- grade of con- grade
tained Mn |(percent)] tained Mn |(percent)

Average Average

Measured ore ... ______.____ 543, 000 10.3 970, 000 10.2
Measured and indicatedore.___.____ 791, 000 9.3 | 1,340,000 8.4
Measured, indicated, and inferred

OT€. o oo 1, 100, 000 8.8 | 1,735,000 8.7

MAPLE AND HOVEY MOUNTAINS AREA

Eilertsen (1952, p. 16) calculated the reserves of
the Maple and Hovey Mountains area on the basis of
detailed trenching and diamond drilling by the U.S.
Bureau of Mines. His results are given in table 33.
These are total reserves for the district which include
measured, indicated, and inferred ore. The reserves
are “indicated by diamond drilling and inferred by
geology” (Eilertsen, 1952, p. 2).

TABLE 33.—Summary of the reserves calculated by Hilertsen
(1952, p. 16) for the Maple and Hovey Mountains area,
Aroostook County, Maine

Classification Long tons |Mn| Fe | P | 8i0;| 8 | Al:Os] Ca | MgO
Minimum 10 percent Mn._.._|121, 000, 000|11. 2|23, 9/0. 90| 25.4[0.05 7.61(3.28| 1.39
5to 10 percent Mn._.______._. 135,000, 000| 6.8(17.9] .70( 36.0| .12 11.43{2.55 2.01

Total._____________._. 256, 000, 000| 8.9[20.70.80 31.0/0.08| 9.62(2.89 1.72

A reevaluation of the reserves of the Maple and
Hovey Mountains area has been made for this report.
Eilertsen had primarily grouped his assays from
trenches and diamond-drill cores so that his calculations
would conform to specific manganese cutoff values. In
the present report, the assay data (Eilertsen, 1952,
tables 1 and 5) have been recombined to coincide as
nearly as possible with stratigraphic units. Also, the
writer has made slight revisions in the geologic and
structure contour maps since submitting preliminary
versions to Eilertsen for use in his report; the revised
maps have been used for the present reserve calcula-
tions (pls. 2 and 5). The chief revisions in these
maps are of the fault relation between the Central
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Hovey and the Maple-Hovey deposits, and of the fault
relation within the Central Hovey deposit.

Reserve calculations were carried out by the end-sec-
tion method (Forrester, 1946, p. 564). The spacing of
end sections was determined primarily by the location
of diamond-drill holes as well as by the complexity of
geologic structures; wherever there is complex folding
and faulting closer spaced cross sections were used.
Table 34 lists the tonnage factors used for calculating
reserves in the different deposits. The specific gravities
of the formations listed in table 34 are weighted aver-

TaBLE 34.—Calculated specific gravity and tonnage factors
used in reserve calculations of the deposits on Maple and
Hovey Mountains

Tonnage
Specific factor
Deposits gravity | (cubic feet
per long
ton)
Maple-Hovey:
Ilgf)per manganiferous unit._. 3.1 11.6
iddle manganiferous unit.. R 3.7 9.7
Lower manganiferousunit_.____. _____________________ 3.3 10.9
Central Hovey:
Upper manganiferous unit_. ... . __ 3.2 11.2
Middle manganiferous unit__ 3.5 10.2
Lower manganiferous unit___ - 3.0 12.0
Southern Hovey and small hematitic lenses_ _. . 3.5 10. 2
Siliceous carbonate lenses. ... ... .. ______._____.__ 3.2 11.2

ages of the rocks composing each unit, based upon
stratigraphic sections such as those on plate 4. Al-
though the density of prospecting information in some
parts of the deposits is fairly high, the inherent com-
plexity of the geologic structure makes it inadvisable
to classify any of the reserves as “measured.” There-
fore, only indicated and inferred ore reserves have been
calculated. The indicated and inferred reserves of the
unoxidized hematitic and siliceous carbonate ores down
to vertical depths of 100 and 200 feet from the bedrock
surface are listed in table 35. The inferred oxidized
reserves of the district are listed in table 36. Visual
evidence and assay information, based on comparisons
of trenches and diamond-drill core, suggest that sec-
ondary enrichment of manganese and iron oxides in
the Maple and Hovey Mountains area is practically a
surficial phenomenon, being most marked in the upper
few inches or feet of the deposits. Also, it is not equally
developed in all parts of the deposits. (See pl.8.) An
average depth of 1 foot was used throughout the dis-
trict in calculating the reserves of oxidized ore in the
deposits. Because of the uncertainties as to the dis-
tribution, amount, and effective depth of oxidation, the
oxidized ores have been calculated entirely as inferred
reserves,
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TABLE 35.—Indicated and inferred unowidized ore reserves to
depths of 100 end 200 feet in the Maple and Hovey Moun-
tains area, Aroostook County, Maine

Depth of 100 feet Depth of 200 feet

Lithologic types

Longtons | Mn | Fe | Longtons | Mn | Fe

Indicated ore reserves and weighted averages

Hematitic. ... ... .. 29,000,000 { 7.4 | 17.9 | 55,000,000 | 7.6 | 18.2
Siliceous earbonate. .. __________| o ||| oo
Total - oo 29,000,000 | 7.4 | 17.9 | 55,000,000 | 7.6 ( 18.2
Inferred ore reserves and weighted averages
Hematitic - .._..__.._____ 4,000,000 | 7.2 | 15.4 | 8,000,000 | 7.1 | 15.1
Siliceous carbonate. - _ - 800,000 | 6.4 [ 16.0 [ 1,000,000 | 6.5 | 16.2
Total .- ... 4,800,000 | 7.1 |15.5( 9,000,000 | 7.0 | 15.2
Indicated and inferred ore reserves and weighted
averages

Hematitic ... 33,000,000 | 7.4 117.6 | 63,000,000 | 7.5 | 17.8
Siliceous carbonate ____________ 800,000 | 6.4 [ 16.0 | 1,000,000 | 6.5 | 16.2
Total._ . ______ 33,800,000 | 7.4 | 17.6 | 64,000,000 | 7 17.8

TABLE 386.—Inferred owxidized ore reserves to a depth of 1
foot in the Maple and Hovey Mountains area, Aroostook
County, Maine

Lithologic type Long tons Mn Fe
Hematitie. __.______________ 390, 000 7.8 18. 2
Siliceous carbonate . . ________ 12, 000 6.5 16. 3

Total and weighted
averages._ . _________ 402, 000 7.8 18.1

The total indicated and inferred, oxidized and un-
oxidized reserves for the district are listed in table
37. These reserves compared extremely well, in terms
of total metal, with the estimate made earlier by Eilert-
sen (see table 33), the difference being, respectively,
about 3 and 5 percent more manganese and iron than
in Eilersten’s calculations. The similarity of these
figures stems from the fact that both Eilertsen and the
writer were fundamentally measuring the same thing.
The lower assay cutoff of 5 percent manganese used by

TaBLe 37.—Total indicated and inferred hematitic and siliceous
carbonate ore in the Maple and Hovey Mountains area, Aroostook
County, Maine

Lithologic type Long tons Mn Fe
Hematitie. - ______________ 322, 000, 000 7.2 17. 2
Siliceous carbonate__ ______ 3, 000, 000 6.5 16. 5

Total and weighted
AVerages . _______ 325, 000, 000 7.2 17.2
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Eilertsen corresponds for practical purposes with the
stratigraphic boundaries used by the writer. (See pls.
3 and 4.)

TOTAL RESOURCES OF THE AROOSTOOK BELT

The established manganese and iron reserves in the
Aroostook manganese belt are summarized in table 38.
Actually the reserves of manganese and iron in the
Maple and Hovey Mountains area represent the ulti-
mate resources of that area (within the stratigraphic
cutoff limits, and insofar as the deposits have been de-
fined through exploration), whereas the known or in-
ferred reserves for the northern and southern manga-
nese districts are calculated at a 5 percent manganese
cutoff down to a depth of only 200 feet. This neces-
sarily excludes reserves contained in a number of de-
posits, such as the Dudley, in the northern manganese
district, and the Littleton Ridge deposit of the southern
district, which are known to extend to depths greater
than 200 feet.

An evaluation of the order of magnitude of the ulti-
mate resources is possible, however, in the northern and
southern manganese districts. All the manganese de-
posits of the Aroostook manganese belt are sedimentary
lenses of different sizes, and a comparison of the ratios
of the different types of reserves can be made within
reasonable limits of geologic speculation in the three
districts. For example, the ratio of ore reserves to a
depth of 200 feet, as compared to the ultimate ore re-
serves in the Maple and Hovey Mountains area is about
1to 5. (Compare tables 35 and 37.) Applying this
ratio to the approximately 20 million long tons of ore
within 200 feet of the surface in the northern and south-
ern manganese districts (calculated from table 32), it
seems reasonable to assume that approximately 90 to 100
million long tons of manganese ore containing about 8
percent manganese is present in these districts as ulti-
mate resources.

TABLE 38.— Manganese and iron resources within the Aroostook
manganese belt

Long tons Mn Fe

Maple and Hovey Mountains

area reserves! . ___ __________ 325,000,000 | 7.2 | 17.1
Northern and southern manga-

nese district reserves?________ 20,000,000 | 87| 17.4
Total and weizhted aver-
agesin Aroostook man-

ganese belt . __________ 345,000,000 | 7.3 17.1

1 Represents the ‘‘ultimate” resources of the district, in so far as its deposits have
begn presently defined, within the stratigraphic limits used for the ore calculations.
Includes total known reserves down to a depth of only 200 feet.
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For purposes of the following discussion, however,
only the reserves in table 38 will be used.

EVALUATION

The manganese deposits of Aroostook County, Maine,
have one of the three largest reserves of low-grade
manganese ore in the United States. As in the case of
the deposits near Chamberlain, South Dakota, and the
subgrade or unoxidized manganiferous iron ore deposits
of the Cuyuna range in Minnesota, the chief obstacle
to the development of the Aroostook ores has been one of
technology.

The hematitic variety of ore, in which most of the
manganese is held as carbonate and braunite, has thus
far been the principal subject of experiments in bene-
ficiation and metallurgy. Ore of this type is highly re-
fractory to processes such as gravity concentration,
roasting and magnetic separation, and flotation (Lamb,
Warnke, and Woodward, 1953), because of the ex-
tremely fine grain size of the manganese minerals, and
their intimate admixture with hematite and gangue.
The siliceous carbonate ores of Aroostook County may
present a different problem in beneficiation from the
hematitic variety, as their manganese is mostly in
carbonate.

In addition to standard ore-dressing techniques, the
hematitic-type deposits of the Maple and Hovey Moun-
tains area have been tested by the U.S. Bureau of Mines
for manganese extraction by the metallurgical processes
of matte smelting, leaching with acids and other re-
agents, volatilization as chloride using both solid and
gaseous reagents, and by the Sylvester process for the
recovery of manganese concentrates (see Conley, 1952,
p. 17-23, for details and results). By and large, most
of the methods tested thus far have proven impractical
for treating the hematitic manganese ores of Maple and
Hovey Mountains. For example, recovery of manga-
nese by leaching with various acids resulted in a maxi-
mum percentage extraction of about 60 percent. Part
of this poor recovery can be attributed to the fact that
most of the tests used ore from the middle manganifer-
ous unit of the Maple-Hovey deposit, which has low
acid-solubility characteristics (see table 25B), possibly
because spessartite is locally abundant in it. The draw-
backs of the other techniques are either poor recovery
of manganese, inability to recycle reagents, excessive
costs as a result of high fuel consumption, and expensive
treatments in preparing the ores for the extractive
processes.



112

With the exception of the Maple and Hovey Moun-
tains area, the manganese deposits in Aroostook County
are close to highways and generally not more than
a few miles from the tracks of the Bangor and Aroos-
took Railroad. The Maple and Hovey Mountains area
is at present accessible by a graveled tote road and an
access road constructed by the U.S. Bureau of Mines
in the course of their field investigations. The nearest
ocean shipping point is Searsport, Maine, located about
190 miles from Bridgewater, Maine, which is approxi-
mately at the geographic center of the Aroostook man-
ganese belt.

Most of the large deposits in Aroostook County, such
as the Dudley deposit of the northern manganese dis-
trict and the Maple-Hovey and Southern Hovey de-
posits of Maple and Hovey Mountains, could initially
be worked by open pit. The greater part of the total
reserves of the Maple and Hovey Mountains area (see
table 37), however, would eventually have to be obtained
by underground mining. Cleavage in the slate enclos-
ing the deposits and in parts of some of the manganifer-
ous units may cause slumping of quarry walls and neces-
sitate more than usual support of walls and backs in
underground mining methods. Selective mining of the
deposits on the basis of assay cutoffs is possible up to
certain minimum widths, which would differ for surface
or underground mining methods. However, as the
Aroostook ores are all low grade, they presumably could
only be economically exploited if worked on a large
scale, so that selective mining of narrow beds only a few
feet thick would probably not be economically feasible.

In 1953 the United States produced 111,610,000 short
tons of steel, which required about 17.05 pounds of man-
ganese for each short ton of steel produced (DeHuft,
1956, table 4, p. 502). This manganese consumption is
equivalent to about 1,770,000 long tons of standard
metallurgical grade ore containing 48 percent of man-
ganese. Therefore, although serious technologic and
economic problems exist in the extraction of the man-
ganese of the Aroostook deposits, they represent an im-
portant resource, potentially capable of meeting the
metallurgical requirements of the United States for
many years should a suitable metallurgical process be
developed to treat them.

The manganese contained within 200 feet of the sur-
face in the Aroostook manganese belt (See tables 35
and 38) potentially represents the equivalent of about
13 million long tons of 48 percent standard metallur-
gical grade ore (see table 39) ; this is comparable to the
metallurgical requirements of the United States, at the
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1953 consumption rate, for about 7 years. The estab-
lished total manganese resources of the Aroostook
manganese belt (see table 38) on the other hand are
comparable to the requirements of metallurgical grade
manganese ore for about 30 years. The foregoing
reserve figures are based on a 100 percent recovery of
manganese. Kven with 70 percent recovery, they
would still be able to fulfill national requirements for
about 5 years with readily accessible ore, or for about
20 years in terms of total known reserves.

TABLE 39.—Potential manganese resources of Aroostook
County, Maine, in terms of equivalent standard grade
metallurgical ore

Reserves in terms of | Potential supply based!
equivalent standard me- |on 1953 consumption rate
tallurgical grade ore [ofstandard metallurgical
(48 percent Mn) grade ore
(Long tons) (Years)
100 percent | 70 percent | 100 percent | 70 percent
recovery recovery recovery recovery
of Mn of Mn of Mn of Mn
Equivalent 48 percent Mn ore
within 200 feet of surface. . _____ 13,000,000 | 9, 000, 000 7 5
Equivalent total 48 percent Mn
ore within presently known
deposits. .. _._______ 52,000,000 | 36,000, 000 30 20

11,770,000 long tons of standard grade (48 percent Mn) manganese ore. Calculated
on basis of 1953 U.S. steel production of 111,610,000 short tons requiring 17.05 pounds
per each short ton of steel produced (DeHuff, 1956, table 4, p. 10).

In addition to the large manganese potential of the
Aroostook deposits, the associated iron could be
recovered as a coproduct; although, with respect to na-
tional requirements the iron resources of Aroostook
County (table 38) are small, being the equivalent of
only about 115 million long tons of standard base ore
containing 51.5 percent iron (Wade and Alm, 1955, p.
258), assuming 100 percent of the iron were recoverable.
A byproduct of iron concentrates may well be an im-
portant economic factor, however, in exploiting the
Aroostook deposits. An additional byproduct of the
Aroostook ores may be phosphorus, which possibly
could be extracted and marketed as a fertilizer product
for local consumption.

REFERENCES CITED

Anderson, F. D., 1954, Manganese deposits of the Woodstock
area, New Brunswick: Canada Geol. Survey Topical Rept.
no. 1, p. 1-17.

Arkin, Herbert, and Colton, R. R., 1939, An outline of statistical
methods: New York, Barnes and Noble, Inc., 224 p.
Berry, W. B. N., 1960, Graptolite faunas of the Marathon region,

West Texas: Texas Bur, Econ. Geology Pub. 6005, 179 p.



REFERENCES CITED

Billings, M. P., 1956, Bedrock geology, pt. 2 of The geology of
New Hampshire: Concord, N.H., New Hampshire State
Plan. Devel. Comm., 203 p.

Boucot, A. J., Griscom, Andrew, Allingham, J. W., and Dempsey,
W. J., 1960. Geologic and aeromagnetic map of northern
Maine: U.S. Geol. Survey open-file rept.

Brownlee, K. A., 1953, Industrial experimentation :
Chemical Publishing Co., Ine, 194 p.

Caley, J. F., 1936, Geology of the Woodstock area, Carleton and
York Counties, New Brunswick : Canada Dept. Mines Mem.
198, 21 p.

Castafio, J. R., and Garrels, R. M., 1950, Experiments on the
deposition of iron with special reference to the Clinton iron
ore deposits: Econ. Geology, v. 45, p. 755-770.

Conley, J. E, 1952, Metallurgical investigations, in Rilertsen,
N. A., Maple Mountain-HoveyMountain manganese project,
central district, Aroostook County, Maine: U.S. Bur. Mines
Rept. Inv. 4921, p. 17-23.

New York,

Crickmay, G. W. 1932, Evidence of Taconic orogeny in
Matapedia Valley, Quebec: Am. Jour. Sci., 5th ser, v.
24, p. 368-386.

DeHuff, G. L., 1956, Manganese, in Mineral facts and problems:
U.S. Bur. Mines Bull. 556, p. 493-509.

Eilertsen, N. A., 1952, Maple Mountain-Hovey Mountain manga-
nese project, central districet, Aroostook County, Maine:
U.S. Bur. Mines Rept. Inv. 4921, 118 p.

Fleming, R. H,, and Revelle, Roger, 1939, Physical processes in
the ocean, in Trask, P. D., Recent marine sediments, a
symposium : Tulsa, Okla., Am. Assoc. Petroleum
Geologists, p. 48-141.

Forrester, J. D., 1946, Principles of field and mining geology:
New York, John Wiley and Sons, Inec., 647 p.

Gilluly, James, 1935, Keratophyres of eastern Oregon and the
spilite problem: Am. Jour. Sci., 5th ser., v. 29, p. 225-
252, 336-352.

Goldberg, E. D., 1954, Chemical scavengers of the sea, [pt.] 1 of
Marine geochemistry: Jour. Geology, v. 62, p. 249-265.
Goldschmidt, V. M., 1937, The principles of distribution of chem-
ical elements in minerals and rocks: Chem. Soc. Jour., p.

665-673.

Groom, Theodore, 1902, The sequence of the Cambrian and as-
sociated beds of the Malvern Hills: Geol. Soc. London
Quart. Jour., v. 58, p. 89-135.

Gruner, J. W., 1946, Mineralogy and geology of the taconites and
iron ores of the Mesabi range, Minnesota: St. Paul, Minn.,
Iron Range Resources and Rehabilitation, 127 p.

Gruner, J. W., and Thiel, G. A, 1937, The occurrences of fine-
grained authigenic feldspar in shales and silts: Am.
Mineralogist, v. 22, p. 842-846.

Guild, P. W., 1953, Iron deposits of the Congonhas district, Minas
Gerais, Brazil: Econ. Geology v. 48, p. 639-676.

Harker, Alfred, 1939, Metamorphism : 2d ed., London, Methuen
and Co., Ltd.

Huber, N. K., 1956, Environmental control of sedimentary iron
minerals and its relation to the origin of the Ironwood
iron-formation: U.S. Geol. Survey open-file rept.

Huber, N. K., and Garrels, R. M., 1953, Relation of pH and
oxidation potential to sedimentary iron mineral formation:
Econ. Geology, v. 48, p. 337-357.

113

Jackson, C. T., 1838, Second Annual Report of the Public Lands
belonging to the State of Maine and Massachusetts:
Augusta, Maine.

James, H. L., 1951, Iron formation and associated rocks in the
Iron River district, Michigan: Geol. Soc. America Bull, v.
62, p. 251-266.

1954. Sedimentary facies of iron-formation: Econ.
Geology, v. 49, p. 235-293.
Keith, Arthur, 1933, Preliminary geologic map of Maine: Maine

Geol. Survey.

Krauskopf, K. B., 1956, Dissolution and precipitation of silica at
low temperature: Geochim. et Cosmochim. Acta, v. 10, p.
1-26.

1957, Separation of manganese from iron in sedimentary
processes: Geochim. et Cosmochim. Acta, v. 12, p. 61-84.

Krumbein, W. C., and Garrels, R. M., 1952, Origin and classifica-
tion of chemical sediments in terms of pH and oxidation-
reduction potentials: Jour. Geology, v. 60, p. 1-33.

Lamb, F. D, Warnke, W. E., and Woodard, D. A., 1953, Ore
dressing tests of Aroostook County, Maine, manganese ores :
U.S. Bur. Mines Rept. Inv, 4951, p. 1-10.

Larson, E. 8., and Berman, Harry, 1934, The microscopic deter-
mination of the nonopaque minerals: 2d ed., U.S. Geol.
Survey Bull. 848, 266 p.

Leavitt, H. W., and Perkins, E. H. 1935, A survey of the
road materials and glacial geology of Maine: Maine Tech-
nology Expt. Sta. Buill. 30.

Marchandise, H., 1956, Contribution a I’étude des gisements de
manganese sedimentaires, in Gonzilez Reyna, J., ed., El
manganeso en general, V. 1 of Symposium sobre yacimientos
de manganeso: Internat. Geol. Cong., 20th, Mexico, D. F.,
1956.

Mason, Brian, 1949, Oxidation and reduction in geochemistry:
Jour. Geology, v. 57, p. 62-72.

Miller, R. J., 1947, Manganese deposits of Aroostook County,
Maine: Maine Geol. Survey Bull. 4, 77 p.

Moussard, A. M., Brenet, J., Jolas, F., Pourbaix, M., and Van
Muylder, J., 1954, Comportomente Electrochemique du man-
ganese. Diagram D’ Equilibre Tension-pH du systéme
Mn-H.O, A 25° C: Centre Belge D’'Etude de la Corrosion,
Rapport Technique No. 18 (December).

Odman, O. H., 1947, Manganese mineralization in the Ultevis
district, Jokkmokk, North Sweden ; pt. 1, Geology: Sveriges
geol. understkning, Ser. C., No. 487, Arsbok 41, no. 6, p. 1-90.

1950, Manganese mineralization in the Ultevis district,
Jokkmokk, North Sweden; pt. 2, Mineralogic notes:
Sveriges geol. understkning, Ser. C., No. 516, Arsbok 44,
no. 2, p. 1-28.

Palache, Charles, 1935, The minerals of Franklin and Sterling
Hill, Sussex County, New Jersey: U.S. Geol. Survey Prof.
Paper 180, 135 p.

Pavlides, Louis, 1952, Description of deposits and Character of
ore, in Eilertsen, N. A., Maple Mountain-Hovey Mountain
manganese project, central district, Aroostook County,
Maine: TU.S. Bur. Mines Rept. Inv. 4921, p. 6-7 and p. 7-9.

1955, Description of deposits and character of the ore, in

Eilertsen, N. A., Investigation of the Littleton Ridge manga-

nese deposit and vicinity, southern district, Aroostook

County, Maine: U.S. Bur Mines Rept. Inv. 5104, p. 6-9.




114

Pavlides, Louis, Neuman, R. G., and Berry, W. B. N,, 1961, Age
of the “ribbon rock” of Aroostook County, Maine, in Short
papers in the geologic and hydrologic sciences, articles 1-
146: U.8. Geol. Survey Prof. Paper 424-B, p. B65-B67.

Pénau, Joseph, 1941, Die Anwesenheit von Tomaculum problem-
aticum im Ordovicium West-Frankreichs: Senckenberg-
iana, bd. 23, p. 127-132.

Pettijohn, F. J., 1949, Sedimentary rocks:
and Bros., 526 p.

Rankama, Kalervo, and Sahama, T. H. 1950, Geochemistry:
Chieago, I1l., Chicago Univ. Press, 912 p.

Rubey, W. W., 1930, Lithologic studies of fine-grained Upper
Cretaceous sedimentary rocks of the Black Hill region:
U.S. Geol. Survey Prof. Paper 165-A, p. 1-54.

Savage, W. 8., 1936, Solution, transportation and precipitation
of manganese: KEcon. Geology, v. 31, p. 278-297.

Schuchert, Charles, and Cooper, G. A., 1930, Upper Ordovician
and Lower Devonian stratigraphy and paleontology of
Percé, Quebec: Am. Jour. Sci., 5th ser., v. 20, pt. 1, p.
161-176.

Shapiro, Leonard, and Brannock, W. W., 1952, Rapid analysis of
silicate rocks: U.S. Geol. Survey Circ. 165, 17 p.

Spencer, E., and Percival, F. G., 1952, The structure and origin
of the banded hematite jaspers of Singhbhum, India: Econ.
Geology, v. 47, p. 365-383.

Thompson, J. B., Jr., 1957, The graphical analysis of mineral
assemblages in pelitic schists: Am. Mineralogist, v. 42, p.
842-858.

Trefethen, J. M., 1943, Report of the State Geologist of Maine,
194243 : Augusta, Maine, p. 25-29.

New York, Harper

GEOLOGY AND MANGANESE DEPOSITS, MAPLE AND HOVEY MOUNTAINS AREA, MAINE

Trefethen, J. M., and Trefethen, H. B, 1938, A preliminary
geographic subdivision of Maine: Maine Technology Expt.
Sta. Paper no. 23, p. 3-23.

Turner, F. J., 1936, Metamorphism of the Te Anau series in the
region northwest of Lake Wakatipu: Royal Soc. New Zea-
land Trans., v. 63, pt. 3, p. 329-349.

1948, Mineralogic and structural evolution of the

metamorphic rocks: Geol. Soc. America Mem. 30, 342 p.

Turner, F. J.,, and Verhcogen, Jean, 1951, Igneous and
metamorphic petrology: New York, McGraw-Hill Book
Co., Inc., 602 p.

Twenhofel, W. H., 1941, The Silurian of Aroostook County,
Northern Maine: Jour. Paleontology, v. 15, p. 166-174.
Tyler, S. A., 1949, Development of Lake Superior soft iron ore

from metamorphosed iron formation: Geol. Soc. America
Bull,, v. 60, p. 1101-1124.
Wade, H. H.,, and Alm, M. R, 1955, Mining directory issue:
Minnesota Univ. Inst. Tech. Bull, v. 48, no. 9, 278 p.
Wasserstein, B., 1943, On the presence of boron in braunite and
manganese ores: KEcon. Geology, v. 38, p. 389-398.
‘White, D. A., 1954, The stratigraphy and structure of the Mesabi
range, Minnesota: Minnesota Geol. Survey Bull, 38, 92 p.

‘White, W. 8., 1943, Occurrence of manganese in eastern
Aroostook County, Maine: U.S. Geol. Survey Bull. 940-E,
p. 126-161.

Williams, H. 8., and Gregory, H. E., 1900, Contributions to the
geology of Maine: U.S. Geol. Survey Bull. 165, 212 p.

Winchell, A. N, and Winchell, Horace, 1951, Elements of optical
mineralogy : 4th ed., New York, John Wiley and Sons, Inc,,
551 p.

Zapffe, Carl, 1931, Deposition of manganese:
26, p. 799-832.

Econ. Geology, v.



INDEX

A Page Page Page

Accessibilityof thearea..______________________ 3,112 Chlorite, in deposits......_.._ 55, 56, 58, 59, 61, 63, 64, 67 Greenstone, lithology and mineralogy....__. 24-28, 30
Acidaspis 23 inrocks. .. .._... 13, 14, 20, 21, 24, 25, 26, 27, 28, 29, 30 origin_ ... 32-33
Actinolite. ... .. 14,27 Chrysotile ... oo . 29
Albite, in deposits.. .. ... . __._ 56 Cleavage. . . ... 9,11, 18, 30-31, 35, 46, 48,49

inroeks.._ ... 10, 13, 14, 20, 21, 26, 27, 28, 32,33 Climacograptus typicalis posterus___..___________ 23 Haines prospect
Alkalic feldspar, in deposits............__ 55, 58, 62, 67 _. 58,63 Hausmannite__.________________________
Amphibole.. .. 24,27,29 Clinozoisite. oo 21,24 Hedgehog Mountaln.__. .. _.____._________ 13, 14, 15
Amplezograptus perexcavatus._ .2 Coelospira sp. . 42 Hematite, in deposits.....- 35, 53, 55, 56, 57, 58, 59, 73,

L) « - 22 | Colby...__ .- 22,28 77, 94, 95, 99, 101, 104, 105
Andesine. _ 1,21 _ 24,28,32 N TOCKS. uo . 16
Ankerite. ... 66 | Colloids, in formation of deposits.. ... _.___ 89-90 in veinlets_ ... ... 67
Antigorite. ... 21,28, 29 Crinoids. .- o 17,23, 41 Hematitic manganese deposits. See Manganese
Apatite, in deposits. See also Pelmatozoan columnals. deposits.

1N TOCKS - - oo e e Hill Brook. .o

Aroostook limestone. ... . __.___________ D Hornblende.
Ashland formation. ... Daphnite._.___ .. 58, 61, 63 Hornfels_......
Atherton-Sloat prospect. ... _._______.._____ 59 Deformation, age. .o 49-50 Hovey Brook
Atrypa “reticularis . ... 42 nature of . s 4849
B
Barite. . 55, 67 itesof . eiiioeooo—_._ 91,92 |  Dunn Brook member..____.__.__..._. 18,17, 21, 49
Bedrock exposures 3,6 16-17, 22, 23-24
Bementite. . . ... 54, 56, 58, 59, 66 Didymograptus sagitticaulus. ... ... 41 lenticular manganese units..._..__..._...._
_________________________________ 23 23 red and purple slate lenses_______________.___
58, 59, 64,100 66 Saddieback Mountain member..
................................. 30, 33, 36 Dudley deposit_.__.__. 42, 51-52, 55, 82, 85, 90, 92, 99, 106 structural features.__.________ . _.______.__
20, 21 Dunn Brook. ... 17 Hovey Mountain prospeets......_...__.___..__.
35, Dunn Brook member. See Hovey formation. Hydrothermal solutions. .___._____..______.._..
36, 50-53, 55, 57, 60, 70, 75, 77, 85, 88, 94, 95,
99-100, 101, 104, 105. E I
Bridge, Josiah, quoted ... ... ... 41 Eospirifer macropleura. ..o oo ________ 42 Timenite . 21, 25, 27
Brownlee, K. A., quoted .. 81 Epidote_..__._.____. 12,13, 14, 20, 21, 24, 25, 26, 27, 32, 33 Tonic precipitation, in formation of deposits_.... 89-91
Bryozoans............. 17 Exploration history ... __.._______.__ 3-6 Ironstone, hematitic...__... 35-40, 44, 45, 47, 49, 53-58,
Burnt Brook. ... 30 64-67, 70, 71, 73, 76-78, 82, 84, 86, 90, 94, 95,
Buthotrephis gracilis. ... .. 23 F 98, 101, 103, 104.
magnetite-bearing__..___..__ 57-59, 63, 97, 103, 104
C Faults.....___.... 8,9, 10, 12, 18, 30-31, 37, 38, 41, 4748, 49 siliceous carbonate. See Siliceous carbonate
Calcite, in deposits. ... ool 66 Feldspar, in deposits. ..« _co...__..__.__ 55, 58, 62, 67 rocks.
0 rOCKS - - oo 12 inrocks......___... . 10,12, 13,15, 186, 20, 21, 30, 33 Tron-formation. ... . ... 36, 55
Carbonate (undifferentiated), in deposits._..___ 35, See also names of varieties.
52, 53, 55, 58, 59, 60, 61, 63, 64, 66 Ferristilpnomelane . .._____.__..____._____
M TOCKS . - oo oo eeeeae Ferrostilpnomelane.. 3 55
Carbonate facies, accessory minerals. Folds._...._ 8,11, 17, 30, 34, 36, 38, 43-50, 100, 101, 105, 106 Jolmts. - 31, 47
chemistry - o e e
depositional history. K
mineral percentages. - - .................- Keratophyre, Hovey formation_......__._ 13-15, 20, 32
principal minerals. .. ._._.....__._.._ Kozlowskielling perlamellosus. ... _..__._.___ 42
See also Oxide-carbonate facies. Krauskopf, K. B., quoted... 93
Carbonate-iron sulfide facies, conditions of Krumbein, W. C., quoted - - —oooeeoeoon 93
deposition. ... ... 96 See also Spessartite.
Central Hovey deposit, analyses...._________.__ 76, 85 Garrels, R. M., quoted. ..o 93 L
chemistry ... - 73,76-77,82,85,88 |  Glacial AePOSItS - .- oe oo 3 | Lens Edeposit.. ... 38-39, 78
cleavage. s 46, 49 Goldberg, E. D., quoted .. ooooee 89 Lens F deposft
faults. - 47,48 Gould Brook 30 Lens G deposit.
foldS. oo JR T T Lens H eposit.._ oo oo 41,78-79
lower manganiferous unit_ 38 30 Leptaena “‘rhomboidalis® .. . .. ____.__._. 42
metamorphism- ... ... 102-103 | Guraptolites .. ... .. ... 22-23, 4142, 98 | Leucoxene ...__.__..___.....___. 12,14, 20, 21, 26, 27, 30
middle manganiferous unit. - . 37-38,77,82 Graywacke, conglomeratic, Hovey formation_.. 13, Levenea Sp_ o oo 42
quartz veln. ... eieeeee- 64 15, 16, 17, 18, 31 Limestone breccia. - ..o ooooeoioo-- 41
upper manganiferous unit. 37, 38, 77,82 Hovey formation...__....____.._.___ 12, 16, 17, 31 Limonite. .. ieeeoee 56
Chapman sandstone - 8 Meduxnekeag formation...__....._.._...... 10 Lineation ... ... 31, 4344, 4647
Chert, in deposits.. 55 Graywacke sandstone, Hovey formation..... 13, 16-17 Littleton Ridge deposit.._.-- 42, 59, 60, 61, 79, 86, 88, 111
MrockS. oL 20 Meduxnekeag formation. .. _._.__...... 10-11 Lower Maple Mountain prospect_....__....._.. 43



Magnetic anomalies. ... ________________ 5,31,100, 101
in deposits. See Manganese deposits.

inrocks. ... ..
Magnetometer surveys
Manganese deposits, age_
chemistry.. ... 73-88
deformation. .. __________________________ 48-50
deposition, history
physicochemical conditions_..__________ 92-96
enrichment____________________________.__ 106-108
hematitic_ . ___ . 34-40,
50-57, 73-78, 80-85, 97-99, 101-104, 106-108, 110
magnetite-bearing_ .. _____________________ 3841,
§7-59, 63, 64, 79, 96, 97, 100-105
metamorphism..______ _-- 96,97,99-106
orlgin________________.

oxidation and enrichment.__
siliceous carbonate.
source of metals. -

stratigraphy .
structure.

Maple-Hovey deposit, age_.____________________ 4143
chemical analyses___.________________ 57,74,81,104
chemistry..._. 73-76, 80-82, 84-85, 87

cleavage - .
deformation. .. _________________________
depositional history-.

famdS ol 47-48
folds.. ... 43-46, 47, 48, 96, 97, 100-101, 105
iron content. - _.- 74-75,107

lineation

lower manganiferous unit__...__._____ 87, 38, 50, 59,
71,75, 76, 82, 85, 87, 88, 89, 97, 98, 101, 104, 110

main manganiferous lens.___.______._.. 34-39, 43,45

manganese content_._._________________ 74, 87,107

metamorphism 96, 100-101, 103-104

middle manganiferousunit.___.____________ 37,40,

44-45, 55, 56, 70, 71, 73, 74, 75-76, 77, 82, 84,
85, 86, 87, 89, 97, 98, 104, 107, 110.

origin____.___._____.______.. 89-91, 97-99
siliceous carbonate rock layers.._.__..._____ 387,

59, 60, 80, 98, 101
spectrochemical analyses. . - 84
spectrographic analyses._._. .- 84-85
upper manganiferous unit______.__ 36-37, 44,68, 71,

73, 74,'75-76, 77, 84, 85, 89, 90, 98, 99, 107, 110

Maple-Hovey Mountalns area, definition
Mapleton granite. ... _.._.______________
Mapleton sandstone.. ... . __.____.____
Matapedia division__._____.___._______._____.__
Meduxnekeag formation, age relations. .

metamorphism. ... _______.________.________

ribbon rock member

slate and graywacke member.__.___________ 10-11

slate member.______________________________ 12

structural features. . 30
Meduxnekeag Mountain.___..________ 13, 24,28, 31, 49
Meduxnekeag River, North Branch 9,30

Metalatite, Hovey formation

SOUTCeS.. - oo o oo e
Metamorphism, chemical changes. _
eolorchanges_.__...____________
econtaet. .
mineral changes. . 31-33, 101-102, 103-106
processes.....____ emeoo_--. 31-34,104-106
reglonal. . ______ . _________________._ 31-33,100
structurally localized.. . ____ ... ___. 100-106

INDEX

Metaperlite.....__._.___________.______
Metarhyolite ...
Metatachylite .. ...
Metavolcanicrocks ... _____________________
Mierocline_ ... ..
Miller, R.J,, quoted....____..________________
Mining methods.__...._____._.___.__
Monograptuus. . . e
Muscovite, in deposits. ... ... _.._... 55, 56, 58, 59
inrocks. .. ______.__ 11,12, 21, 24, 28, 30
N
Neotoelte. ... 67
Northern manganese district, age of deposits.... 42-43
definition_______ . ______________________ 3
TeServes_ ... ____._..___._ 108-109, 111
stratigraphy and structure__ -8
Nucleospira pisiformis._ . ___ 23
Number Nine Lake__._____._________._____..__ 18,20
Number Nine Mountain.___..________________ 16, 18, 32
Number Nine Stream.-._______.____.____._ 9,10,13,16
o
Odman, 0. H., quoted...______________________ 64
Oligoelase ... .. 10,13
Ordovician rocks. ..
Orthoclase, in deposits
N rOCKS. - oo
Orthograptus truncatus intermedius._
Oxidation and enrichment___.______._________
Oxide facies, accessory minerals...._.._.____..__
chemistry. ... _.________
depositional history_._.___________________. 97-99
mineral percentages....._______._____ 55-57, 58-59
principal minerals..._____._._____.___ 50-53, 57-58
Oxide-carbonate facles, conditions of deposition. 94-96
P
Parmorthis elegantula. ... __________________ 23
Pelmatozoan columnals_ ... ____________ 12,17,22,23
See also Crinoids.
Penninite, in deposits- - oo ... __._____ 58, 63
in roCks. .ol 29
Phlogopite. . oo 55, 67
Phosphorous, as indieator of pH________________ 92-94
relation to variation of chemical constitu-
ents. ... 80-83
Plagioclase..___._________. 11, 13, 16, 21, 24, 26, 27, 28, 20

See alo varlety names.
Platyostoma SP - e
Porcupine Mountain.

Pyrophanite. .. ________ ..
Pyroxene

34,37, 41, 61-62, 64
........................... 12,183, 25,

26, 30
67

Quartz, in deposits
inrocks..._. ...
Quoggy Joe quartz trachyte_ .. _______________ 8
R
Replacement veinlets ... .._.._________ 64, 68, 69, 72
108-111

Rhodochrosite.. 50, 53, 56, 59, 61, 63, 66, 67, 75, 76, 94, 95,

96, 101-102, 104
Rhodonite. ... ... __._________ 36, 65-66, 69-70, 71, 72
Ribbonrock. . ___ 11-12,23
Rutilated quartz... .. ... 10

s Page

Saddleback Mountain__________________________ 13
Seapolite . ______ 24,35
Schist, carbonate-tale _.___.________.___________ 29, 30
Secondary enrichment_.._____________________ 106-108
Serpentinite____________________________________ 28-29
Shale, hematitic. ... .. _____________________ 50
Sheridan formation ... ___.___________.______ 7
Siderite_..________________________ 63, 67, 76, 96, 104, 105
Siliceous carbonate rocks, chemical analyses. ..__ 62,79
magnetite-bearing.. _____________________ ___ 63-64
magnetite-free..__.______ . 37,60-63, 96, 97-98
Teserves._ ... ... 110
Siltstone, quartzose, Meduxnekeag formation.. . 11
Silurian rocks. .. ________ - 7,8,23,24,42,43
Slate, hematitic.._____ -~ 87,46, 50, 54,77
Hovey formation_________._____ 12,13,16-17,34, 35
magnetite-bearing 57
Meduxnekeag formation 10,11,12

Southern Hovey deposit, chemical analyses_..__ 77-78

footwall manganiferous unit.. .

hanging-wall manganiferous unit...__ 3940, 77,82

lneation__.___________ . 46-47

lower slate

manganese eontent_ . ______________________ 77,88

manganiferous banded hematite ironstone
SEQUENCe. . - oo

Teserves. ... -

siliceous carbonate rocks. . - 60,79-80
spectrographic analyses._.____________ - 86
Southern manganese district, age of deposits_ 4243
definition__________________________________. 3
reserves 108-109, 111
stratigraphy and structure. . 89
Speeularite_ ... . 67, 100
Spessartite. . ... 50, 54, 56, 58, 59, 76, 77, 78, 86, 87,100
............................. 56

13, 14, 20, 21, 24, 26, 27

Spruce Top greenstone.. - ________._______ 24-28,32-33
Spruce Top hill. ... 24,25
Stilpnomelane, in deposits- 58, 63, 64, 67

Tachylite ... .-
Taconic deformation_
Teschenite _ ...
Thuringite. . . oo

w

‘Weathering, in the formation of deposits__.-__--
Westford Hill .-
‘White, W. 8., quoted.
‘White Mountain plutonic-volcanic series...---
‘Whitehead formation_ ... .. .-
Woodstock, New Brunswick. ... _...___..__-.

U.S. GOVERNMENT PRINTING OFFICE: 1962 O—606918




The U.S. Geological Survey Library has cataloged this publication ag follows:

Pavlides, Louis, 1921-

Geology and manganese deposits of the Maple and Hovey
Mountains area, Aroostook County, Maine. With a section
on Lithology and mineralogy of the deposits, by Louis
Pavlides and Charles Milton. Washington, U.S. Govt. Print.
Off., 1962.

vi, 116 p. illus., maps (2 col.) diagrs., tables. 29 em. (U.S.
Geological Survey. Professional paper 362)

Part of illustrative matter folder in pocket.
Bibliography : p. 112-114.

(Continued on next card)

Pavlides, Louis, 1921~

Geology and manganese deposits of the Maple and Hovey
Mountains area, Aroostook County, Maine. (Card 2)

1. Geology—Maine—Aroostook Co. 2. Mines and mineral re-
sources—Maine—Aroostook Co. 3. Manganese ores—Maine—Aroos-
took Co. 1I. Milton, Charles, 1896— II. Title: Maple and Hovey
Mountaing area, Aroostook County, Maine. III. Title: Hovey
Mountains area, Aroostook County, Maine. (Series)







