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ORIGIN OF THE VARISCITE AND LATER PHOSPHATES
CulnacrBn or rHE DoposrrrNc SorurroNs
A question of prime importance in the origin of the nodules is whether
they were formed from ascendinghydrothermal solutions or from ground
waters. It is believed that both the variscite and the later phosphates
were deposited from ground waters. Pertinent evidence of their origin
comes (1) from the minerals found in the nodules and in the surrounding
country rock; (2) from the structure of the deposit; (3) from a comparison
of the Fairfield deposit with the mineralogy and structure of other variscite deposits; and (4) from a consideration of the origin of similar phosphates in other types of deposits.
A mineral assemblagesimilar to that found at Fairfield is confined almost wholly to similar variscite deposits. Quartz and calcite, variscite,
wardite, pseudowavellite,and members of the apatite group are the only
minerals found in other deposits of known hydrothermal origin. Quartz
and calcite have no significancebecauseof their ubiquitous distribution.
Pseudowavelliteoccurs in hydrothermal iron depositsin Germany (Laubmann, 1922), but in association with wavellite and limonite, and of
supergeneorigin. Variscite has been found in the Marion mine of the
Mercur district, five miles north of the Fairfield deposit, but its mode of
occurrence is not known; supergeneactivity has been indicated inthis
area, and kaolin coats the variscite. Wardite (soumansite) is described
by Lacroix (1910) as occurring in the Montebras tin pegmatites; the
crystals are planted on the walls of solution cavities in amblygonite, and
apparently followed the alteration of a previously formed hydrous sodium aluminum phosphate (morinite); it is not necessarily genetically
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related to the amblygonite. Members of the apatite group are commonly
of hydrothermal origin, but in general these are fluor-apatites or chlorapatites; hydroxyl and carbonate members are abundant in phosphorite
deposits.
Some of the wardite at Fairfield is divided optically into four biaxial
segments;this may be due to inversion from a higher temperature form.
It doesnot revert to this form when heated to near 100" C., but the inversion may be sluggish.It may be a characteristic twinning and not due to
inversion. Some of the apatite members show a similar optical segmentation; but apatite members occurring with coal and sedimentary iron ores
(Deans, 1938), and in cavities in sedimentary phosphorite nodules show
this same optical efiect. It is probably a twin-growth phenomenon and
not due to an inversion. Both gordonite and variscite permanently lose
considerableHzO at 110' C.; they could not have existed in dry rocks
without dehydration at temperaturesas high as this. These facts suggest
little concerning the temperature of formation, but they do not require
that the temperature be high.
The wall rock material gives only negative hydrothermal evidence.
The chert, comprising the bulk of the material in the deposit, may be of
hydrothermal origin. Gilluly (1932) describes large tabular masses of
chert (jasper) in the Great Blue limestone, some directly associatedwith
metallization and much not visibly so, and attributes them all to a hydrothermal origin; the chert containing the variscite may be related to these
bodies. Ilowever, they formed at some time previous to the formation
of the variscite, as shown by its faulting and brecciation preceding the
deposition of variscite. The alunite may be either of hydrothermal or
ground-water origin, probably the latter; it likewise,must have formed
earlier than the variscite, since it was brecciated by the early faulting.
The limonite is of doubtless supergeneorigin, but it formed after the
phosphates.
There is a notable absenceof any typically hydrothermal minerals.
Sulfides are lacking; common hydrothermal gangue materials are found
only in traces, and most of this not related to the phosphates. Only
phosphates were deposited throughout the whole mineralization history
of the nodules, with the exception of minor qrartz veinlets following the
fracturing of the variscite. This mineralization would require a most unusual and unlikely hydrothermal solution, but not an unusual groundwater.
The highly shattered nature of the wall-rock and the very open, blocky
character of the faulting indicate deformation at very shallow depth,
and thus within reach of moving ground-waters.
A comparison of the Fairfield deposit with other variscite deposits in
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Utah and Nevada serves to emphasize some of the features considered
above. Little is known in these other occurrencesabout the phosphate
minerals associatedwith the variscite; pseudowavellite and wardite appear in general to be the principal alteration minerals. Other phosphates
may be present but have not been identified.
Zalinski (1909) and Sterrett (1909) have describeda variscite deposit
(Amatrice Hill) located about 25 miles northwest of the Fairfield deposit
and nine miles west of Stockton. The variscite occurs as nodules along
strong fissuresin a crushed and shattered zone which parallels the bedding of upper Carboniferous limestone. The limestone grades upward
into a quartzite which is barren of variscite. Variscite, wardite and probably other similar phosphates comprise the nodules, together with a
great abundance of chalcedony; much of the variscite is impregnated
with chalcedony. Limonite and crushed chert fragments are abundant.
Fresh pyrite is found enclosedin variscite. It is believed there have been
successiveperiods of crushing and fracturing with subsequentdeposition
of various minerals in cracks and seams.The variscite continued to only
twelve feet below the surface, and is thus believed to be of local origin.
In most features as described by Zalinski and Sterrett this would seem
to be identical with the Fairfield deposit.
The deposit north of Lucin, Utah, has been describedbriefly by Pepperberg (1911) and Sterrett (1911). The country rock is a moderately
dipping Pennsylvanian (?) quartzite, locally calcareous,with intercalated limestone beds. Tertiary intrusives are nearby. The variscite and
associatedminerals occur in strongly brecciated quartzite (or more probably a silicified limestone, according to Sterrett), and the mineralization
follows the strike intermittently for 600 feet. The angular openings between quartzite breccia fragments have been filled with the phosphates,
but they have not replaced the siliceousmaterial. Much of the variscite
is in nodules and balls; a small amount forms discontinuous veins. This
deposit has yielded crystals of variscite and metavariscite occurring in
cavities of the massive variscite (Schaller, 1912).
A number of deposits occur in Esmeralda County, Nevada;these have
been describedby Sterrett (1910, 1911). They occur in a variety of
rocks, principally altered rhyolites, but also in altered trachytes, cherty
limestone, jasperoid and sandy shale. Where the variscite occurs the
rocks are faulted and brecciated, and considerably altered.
The variscite occurs as a filling in fissures and joints, replacing other minerals, and as
irregular and nodular segregations. The variscite not only fills many seams and joints in
the rocks, but the crevices between shattered and brecciated fragments of rocks along the
fissures. . . . Some of the larger veinlets can be traced for many feet; the smaller ones are
Iess persistent and vary in direction. The individual seams of variscite vary from paper
tlrickness to 2 or 3 inches in width. Locally they may bulge out into nodular massesseveral
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inches across. . . . The difierent deposits in the same region have no connection with one
another, but appear to be of local origin. (Sterrett, 1911, p. 889).

Some of the variscite is coated with yellow and black phosphates; the
yellow material may be pseudowavellite. In several of these deposits
"turquois has been found within a few yards of variscite in similar forms
of occurrence" (Sterrett, 1911,p. 889).
Pepperberg (1911) sums up the striking similarities between all of
these depositsas follows:
The conditions surrounding the variscite deposits of Utah are similar in every case
so far reported; that is, the mineral is deposited as a cementing material in brecciated limestone, quartzites or igneous rocks. It is usually associated with chalcedony (and chert) and
is much younger geologically than the rocks in which it is found. Several of the deposits
are found in rocks of the same geological age, but they seem to be strictly local deposits,
and, from the evidence at hand, there is no apparent connection between them. Whether
there is any relation between the variscite and the rock-phosphate deposits of Idaho, Utah,
and Wyoming is not known . . . (p. 233).

His remarks apply as well to the Nevada as to the Utah deposits. In
none of the deposits is there a suggestion of hydrothermal origin; but
there is overwhelming evidence for a purely local origin, a deposition
from local solutions, of necessity ground-waters.
An innumerable variety of phosphatesof calcium and (or) aluminum,
generally with water, have been describedfrom deposits of known supergene origin. With the exception of apatite, minerals with compositions
similar to these are not derived from solutions of igneous origin.
To conclude, there is no doubt that the Fairfield and other similar
variscite deposits have been derived from ground waters, because:
1. None of the normal hydrothermal minerals are associated with the deposit.
2. The minerals present are hydrates undoubtedly formed at near surface temperatures.
3. Phosphatic ground waters are common in nature.
4. Ground waters commonly form similar phosphate minerals.
5. Phosphatic material is available in the surrounding rocks.
6. The deposit is in a brecciated zone easily accessible to ground waters.

SouncB ol rHE Pnospnarp Merpnrel
The Permian strata (Phosphoria) of Utah and fdaho contain commerical deposits of phosphorite, stratigraphically above the Fairfield
("Great Blue") and Amatrice Hill and Lucin (Weber) rocks. In the
region of Fairfield, rock phosphate likewise underlies at some depth the
"Great Blue." Non-economic concentrations of phosphate very likely
occur locally in intermediate stratigraphic positions. Such evident availability of material for the variscite deposits points to it as the most
reasonablesource.Pepperberg(1911) has suggestedthis source.
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In the Nevada deposits, largely associated with volcanic rocks, the
phosphate may be derived from disseminated apatite in the host rocks.
A conversion of apatite into phosphates analogous to these is exampled
by pseudomorphs of turquois after apatite (Dana, t892, p. 845). The
phosphate to form the turquois of Los Cerillos, New Mexico, is considered by Silliman (in Clarke and Diller, 1886) to be derived possibly
from apatite in the enclosing "fine-grained feldspathic rock."
GBocurursrny or PnospHATES
Clarke (1920, pp. 515-526; 1924) has collected and summarized the
experimental and geological data concerning the geochemistry of phosphates; his publications mainly have been drawn on for the discussionof
this section. His referenceswill not be repeated here.
Calcium phosphate is freely soluble in carbonated waters, but is precipitated in the presenceof excessCaCO3. Thus, phosphorites in limestone exposed to surface waters are concentrated further by selective
removal of the calcite forming the limestone. Eventually the phosphorite
will itself dissolve in surface waters and migrate downward, probably to
be precipitated in underlying limestone as nodular and other forms of
phosphorite.
When iron or aluminum hydroxides are added to a carbonated water
solution of calcium phosphate, the phosphate is precipitated with the
iron or aluminum, probably as a basic hydrate. Clarke (1920, p. 516)
says: "By reactions of this kind, probably, many well-known minerals
have been produced." He includes among minerals probably formed in
this way variscile, wavellite, turquois, and wardite, among the phosphates, and the isodimorphous equivalents of variscite, strengite and
phosphosiderite.
Guano deposits, which contain much phosphate, have afiorded good
examples of the effect of phosphate solutions on various kinds of rocks.
Where the rock underlying guano is limestone, percolating waters have
reacted to form principally hydrous calcium phosphates,which may be
acid. Where the underlying rock is igneousor contains clay, the reaction
normally has developedphosphatesof aluminum, with some iron. Analyses of material developed in igneous rocks underlying guano, in several
casesapproach the composition of variscite. More complex compositions
are common, including phosphateswith alkalies, magnesia,or ammonia.
The common occurrenceof turquois in altered volcanic rocks is suggestive of a similar mechanism,the deposition of phosphate by aluminum
in the rock. Clarke and Diller (1886) have noted this. The presenceof
turquois accompanying variscite in some of the Nevada deposits noted
by Sterrett (1911,p. 889) suggeststhat the presenceof some copper in the
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rock may cause the deposition of turquois instead of variscite, other
conditions being much the same.
Aprr-rcerroN ol rHE GnocuBursrRY To rHE FernnrBro DBposrr
The precipitation of aluminum phosphates by the reaction of phosphatic waters on aluminous rocks seemsreadily to explain the variscite
deposits in altered volcanic rocks; some complications seem to arise in
applying these ideas to variscite deposits in limestones, as are most of
the Utah occurrences.At Fairfield, Kunz (1894) has described the Fairfield variscite as occurring in and below a ferruginous slate;Montgomery
(personal communication) questions the existence there of any slate or
shale. If such material were there, aluminum would be readily available;
however most limestones contain some clay material as impurity in
widely varying amounts.
The frequent occurrenceof variscite along the major fractures in brecciated limestonesmay have an important bearing on its origin. As noted
above, calcium phosphate is readily soluble in carbonated solutions, but
is precipitated if the solution stands over solid CaCOg. Normal surface
waters would dissolve calcium phosphate from surface phosphorites,
and after percolating slowly down into immediately underlying limestone, would reprecipitate the material as calcium phosphate by replacing the calcium carbonate.
Holvever, these surfacewaters containing dissolvedcalcium phosphate
may travel downward rapidly along permeable or even open fracture
zones; since the precipitating efiect of CaCOs is slow, steadily moving
solutions may lose only a very little of their phosphate when they reach
a moderate depth. Thus, at some depth these solutions could meet aluminous material (shales,clay) which would act as a strong precipitant on
the dissolved phosphate..It is possible that the alunite present in the
Fairfield deposit contributed alumina to precipitate the phosphate; the
variscite certainly replaced alunite in small amounts, but alunite is not
normally the host of the variscite. It is possible, too, that alunite contributed SOr to the solutions; this may have some precipitating effect on
phosphatic waters. In this way variscite could deposit at depth in a limestone terrain from surface waters.
The alteration minerals of the variscite at Fairfield have probably not
formed as a result of further introduction of phosphate, but by a later
reworking of the phosphate in the variscite. This suggeststhat the phosphate was introduced throughout some period which ended completely,
and perhaps abruptly, with the cessationof phosphatic solutions. Such a
limited period of introduction would be expected if a phosphorite bed at
the surfacecontributed the phosphate material; when surfaceweathering
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and erosion had removed the phosphorite bed, the source of material
would be gone and downward moving solutions would no longer be
phosphate-bearing.
What the changesin environment were which brought about the altertion of the variscite are not known. Both the variscite and its later alterations probably formed below the water table, since strongly oxidizing
conditions appear to have followed all of the phosphate mineralization,
as shown by the definitely later introduction of limonite and clay material. Cameron and Hurst (1905, cited by Clarke, 1920) have shown
that the reaction in solution between calcium phosphate and aluminum
develops an acid medium with the precipitation of a basic phosphate.
Since ground waters in a limestone area are alkaline, this reaction in nature may develop either slightly acid solutions or solutions less alkaline
than usual. Thus the variscite may have been developed in a nearly
neutral environment. With the cessation of introduction of phosphate,
the solutions probably becamemore alkaline; it is under these conditions,
perhaps, that the variscite was reacted upon to form the later phosphate
minerals.
Some evidence for this is shown by the fact that variscite is insoluble
in strong acids, but is readily soluble in strong alkalies. There is considerable evidence in the Fairfield nodules that variscite at one time or
another was removed by solution as well as by replacement; this suggests alkaline solutions as the dissolving agency.
A few brief experiments, conducted by Dr. Clifford Frondel, assisted
by the writer, were made to determine the efiect of various alkaline solutions on variscite. Five water solutions were prepared in open beakers as
follows:
1. 2 g. Ca(OH)r{350
cc.H:O
2. 2 g. Ca(OH),+0.175
g. NaOHf350cc H2O
3. 2 g. Ca(OH)z*3.5
g. NaOHf350cc.HzO
4. 1 g. Ca(OH)'|-1.7s.NaOH*350cc.HzO
5. 2 g. Ca(OH)'*20g. NaCIf350cc.HzO
To each of these solutions was added a small amount of powdered variscite and a few small fragments of variscite. All were maintained at, or
near, their boiling point for a maximum time of two weeks. Additional
water was added at intervals to maintain the original volume.
Of the five used, only solutions 3 and 4 (the two stronger NaOH
*Ca(OH)s solutions) showed any effect in two weeks. The NaOH
f Ca(OH)z solutionscausedmarked effectsin less than 48 hours; coarse
fragments of variscite were noticeably rounded, and on them was developed a dark gelatinous coating about one-half millimeter in thickness.
When dried in the air, the dark shell separated from the variscite and
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fell into fragments; the remaining variscite core, when broken, showed a
thin, hard, white layer completely surrounding it. Under the microscope
the dark loose shell was isotropic and nearly opaque, and had an index
of refraction around 1.51; the white layer was likewise isotropic and very
clouded, and had an index of refraction a little below 1.620.X-ray powder photographs of these two products show only a few faint lines, even
after long exposure. Photographs of the two products are identical and
their lines match the strong lines of pseudowavellite and deltaite photographs. Thus there is developed an incipient crystallization of a substance related structurally and chemically to the principal alteration
mineral in the nodules.
This experimental evidence increasesthe probability that the alterations of variscite were developedfrom alkaline solutionsl but the natural
waters were undoubtedly much more dilute and cooler than those used
in these experiments.Ilowever, given ample time, the same results would
be expectedfrom dilute, cool solutions of this same general type.
The compositional variations in the solutions which deposited the
secondaryphosphatesare not known. The first period of alteration, producing principally the banded shells, veinlets and spherules of pseudowavellite, wardite and millisite must have seen an increasewith time in
the quantity of alkalies, especiallysoda, in the ground waters. Beginning
late in the wardite period, solution of the variscite exceededdeposition
by replacement to form solution openings, and this dissolution of variscite probably continued after the wardite ceasedforming. This suggests
that the increasedcontent of alkalies raised the alkalinity of the solutions
to a point where their only reaction was to dissolve variscite. The alkalinity apparently decreasedto nearly its original state, and the replacement to form the inner bands of pseudowavellite took place. This
ended the quantitatively important alteration. The temporary introduction of alkalies into the ground waters may correspond with the surface
weathering of a layer of shaly material interbedded with the limestonesl
in such weathering the soda would be largely freed to the solutions, while
most of the potash would be retained in the soil by adsorption (Clarke,
1920,p.2O6).
The second alteration stage started, apparently, with an excess of
magnesiaover lime or alkalies, and gordonite was deposited, by replacement of variscite and precipitation as crystals in cavities near variscite.
The rest of the stage is largely the formation of minor quantities of calcium aluminum phosphates,the equilibrium conditions of which are not
known. The conditions of formation of sterrettite are not known, nor is
its sequenceclosely established.
The third stage of alteration representsperhaps a reversion to condi-
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tions similar to, but much milder than, the original stage of the alterations, and is representedby the precipitation in cavities of minor amounts
of pseudowavellite,and is in only a vague way a reaction of the solutions
with the variscite.
The final stage of phosphate deposition was characterizedby a lack of
aluminum and the renewedpresenceof alkalies, to form apatite members,
similar to those found in phosphorites near the surface.
Indefinitely later the ground-water level sank below the level of the
variscitel limonite and other earthy material came in to surround the
nodules and replace the residual limestone.
Suuuanv ol ORTGTN
Phosphorite beds at the surface were attacked by carbonated surface
waters, and the resultant solutions of calcium phosphate moved downward along throughgoing channels into the zone below the water table.
Here the solutions traversed aluminous material, perhaps shales,and deposited the phosphate as the aluminum salt, variscite. This reaction perhaps causeda decreasein the alkalinity of the solutions. When the phosphorite was completely removed at the surface, the downward-moving
ground waters became free of phosphate material, and returned to their
usual alkaline state. This return to stronger alkalinity causeda reaction
with the variscite to replace it with calcium aluminum phosphate
(pseudowavellite), an introduction of only calcium. Soda then became
an important constituent of the solutions, perhaps derived from the
weathering of shales or shaly limestones exposedat the surface; this resulted in the deposition of millisite and wardite. The soda increasedthe
alkalinity of the solutions, eventually to the point where the deposition
of wardite did not keep pace with the removal of variscite by solution.
The solutions then returned to their normal alkalinity, probably with the
removal of the shale and the exposureagain of limestones,and again deposited pseudowavellitein place of the variscite. This ended the bulk of
the mineralization. The stages following this are represented in the
nodules primarily by rare crystals in the solution cavities, at first aluminum phosphatesof magnesium (gordonite), followed by calcium. In the
fi.nal stage aluminum is absent, and alkalies reappear. The equilibrium
conditions controlling the deposition of these is not known, so that the
state of the solutions forming them cannot be surmised. With the lowering of the water table below the variscite, oxidizing conditions ensued,
with the deposition of abundant limonite.
It is believed that one of the major factors permitting the deposition of
variscite at Fairfield, and probably some other deposits, was the existenceof open fissureswhich permitted the surfacesolutions containing dis-
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solved calcium phosphate to move rapidly downward through underlying
limestone into rocks containing aluminum. In the normal course,ground
waters with dissolvedcalcium phosphate seepdown into underlying limestones, where the phosphate is leisurely precipitated by the excess of
calcium carbonate. Where open channelsallow more rapid descent of the
solutions, the precipitating effect of the limestone is not so effective, and
phosphate-bearing solutions can thus reach aluminous rocks, and the
aluminum will act as the precipitant. The equilibrium conditions which
determined the deposition of variscite rather than some other aluminum
phosphate (such as wavellite) are not known.
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