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8. ORTHOCLASE

EsrBn S. Lensnt ar.rl EspBn S. LanseN, 3nn

OccunnBNcn aNt AssocrerroNs

Orthoclase and related alkalic feldspars are not abundant in the lavas
of the San Juan region, except in the groundmass. The sanidine variety
of orthoclase is present as phenocrysts in about half the rhyolites and
rhyolitic quartz latites of the Potosi volcanic series and in most of the
rhyolite of the Hinsdale formation. Local rhyolite bodies of the Hinsdale
formation, such as the obsidian of the No Agua volcano, New Nfexico,
contain no sanidine phenocrysts. Sanidine phenocrysts rarely constitute
over 15 per cent of a rock and in most instances much Iess than
that. Nearly all the sanidine-bearing rhyolitic rocks of the Potosi series
carry plagioclase phenocrysts (chiefly oligoclase or oligoclase-andesine),
whereas those of the Hinsdale formation contain little or no plagioclase.

Quartz phenocrysts are present in over half of the quartz latites that
carry sanidine phenocrysts; they are present in all of the Hinsdale and
Sunshine Peak rhyolites, but they are not common in the rhyolites of
the Potosi series.

Biotite is present in all the rhyolitic rocks that possess sanidine
phenocrysts, and it is commonly the chief or only ferro-magnesian sili-
cate in such rocks. Hornblende associated with biotite, and rarely with
augite and biotite, is present in most of the qttartz Iatites that carry
sanidine. Rhyolitic rocks with appreciable amounts of augite, but
without hornblende, very rarely contain sanidine phenocrysts, although

aa Published with the permission of the Director of the U. S. Geological Suwey, Wash-
ington, D.C.
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such rocks have essentially the same chemical compositions as those
with phenocrysts of hornblende, sanidine and other minerals.

Sanidine also occurs as an erratic constituent, probably as foreign
crystals, in some of the quartz latites, andesites and basalts. Some of
the Fisher quartz latites and andesitic qlartz latites contain rather
abundant sanidine crystals as large as 20 millimeters or more across.
They are associated with equally large phenocrysts of plagioclase, mafic
minerals and, in some rocks, quartz. These sanidine crystals are much
rounded from resorption, and in many of the rocks they are surrounded
by a layer of sodic plagioclase, similar to the orthoclase of the rapakivi
granites.

Sanidine is also present in some of the andesites and andesite-basalts
of the Hinsdale formation, where it is associated, in most cases, with
quartz, plagioclase with very sodic cores and calcic borders, pyroxene
and olivine. It is much resorbed. The rock oI Ortiz Peak, near Tres
Piedra, New Mexico, is a good illustration of this, and a partial analysis
of the orthoclase from that rock is shown in Table 11.

DnscntprtoN

All the potash feldspar phenocrysts, even the erratic phenocrysts in
the andesites and basalts, are glassy sanidine. The rhyolite of the Hins-
dale formation, the rhyolites of the Valles Mountains, New Mexico, and
the Sunshine Peak rhyolite show the blue iridescence of moonstone.

Tasr,n 10. Annr,ysns or S.cNrnrNr PnBrocnvsrs r.nou urn L.lv.a.s
or rnn Snr JueN Rrcrow sv F. A. Gonvrn
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99.52
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The localities of the specimens are siven under Table 11.
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The blue iridescent sanidines have over 50 per cent of the albite

molecule. A careful examination of these with a microscope shows that

they contain very thin lamellae of intergrown albite, which are believed

to be due to unmixing.. The other sanidines appear to be homogeneous.

Complete analyses of three of the sanidine phenocrysts have been

made and are given in Table 10. Alkali and lime determinations have

been made on three additional sanidine phenocrysts, alkali determina-
tions on five others, and lime and alkali determinations on all the rocks

from which the 11 sanidines were separated. The alkali and lime con-

tents of the 11 sanidines, and of the rocks from which they came, the

anorthite content of the plagioclase phenocrysts of the rocks, and the

optical properties of the sanidines are given in Table 11.
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Tesrn 11. Ar,r<ar,r cowrnnr or seNrorNn pnrrocnvsrs AND ol rrrE Rocxs rN wrrrcs
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DN2017. Alboroto qtartzratite from Del Norte euadrangle. euarry 4 miles southeast
of Del Norte.

Lag1059. Alboroto quartzlatite. Alder Creek in the Creede euadrangle.

- _. 
c2018. cavernous rhyolite at the base of the piedra rhyolite. Between Sheep and Four

MiIe Creeks. Cochetopa euadrangle.
scK. Latite-rhyolite of the Piedra rhyolite. upper horizon at south clear creek Falls.

Eastern part of San Cristobal euadrangle.
SCxx. Quartz latite obsidian of the piedra rhyolite. Eastern part of san cristobal

Quadrangle. Road on north side of Rio Grande and north of the mouth of spring creek.

- 
u_3027. Tridymite rhyolite at base of the Alboroto quartz latite. Northwestern part

of uncompahgre Quadrangle, along road to pine creek Mesa at an erevation of g350
feet.

sc906. Rhyolite of the r{insdale formation. Northeastern part of San cristobal euad-
rangle. Head of Spring Creek.

SV78. Rhyolite of the Hinsdale formation from smafl cone, old Baldy Mountain, in
northeastern part of the Summitville euadrangle.

JL7. Rhyolite of valles Grande Mountains west of Santa Fe, New Mexico. one quarter
of a mile below Seven Springs in cebolla creek, about 1 mile southeast of Rancho Rhea.

to be the cause. Barium oxide was not determined and it may be respon-
sible. If d and B indices were plotted in the same way, the results would
be similar. rn general, the or content of sanidines can be determined to
+1070 by determining one index of refraction to *0.001. The curve
in Fig. 28 agrees well with that given by Winchell.s Neither 2V nor the
extinction angle (az\o) varies regularly with Or content.

The one true sanidine discussed in Spencer'sa' recent paper on the
potash-soda feldspars contains over 3/6 of the celsian molecule and its
7 index falls below the curve here presented (G of Fig. 2g).

a5 Winchell, A. N., Studies in the feldspar gronp: Jonr. Geol., vol. 33, p. 720, 1925.
a6 Spencer, E., The potash-soda-feldspars. f. Thermal stability: Min. Mag., vol. 24,

no. 156, plate XVIII specimen G, 1937.
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Tunv Occun, um Auonrnrte CoxrnNr or rRo AccouPANYrNG Pr-lcrocr-asr Prrnxo-
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SC1740. (same as 1683). Fisher latite-andesite. Northeastern part of San Cristobal

Quadrangle near head of Mineral Creek at an elevation of 11,400 feet.
NM213. Basalt. Ortez Peak, near No Agua, New Mexico.

Frc. 29. Relation between sanidine phenocrysts, plagioclase phenocrysts and norma-

tive feldspars of the enclosing rocks.
Sanidine is represented by circles, plagioclase by crosses and rock by dots.
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The sanidines are all low in lime and carry a maximum of 3f per cent
of anorthite. They range from 24 to 57 per cent in albite content. There
is no clear relation between the percentages of anorthite and albite.

In Fig. 29 the compositions of the normative feldspars, the sanidine
phenocrysts and the plagioclase phenocrysts of nine rocks are plotted on
a triangular diagram. For each rock the dot representing the normative

CaO in  rock
Frc 30 

"""i::llTff:1"ff3"fi:::$;::* 
and orthocrase

feldspar is joined by lines to the circle representing the sanidine, and to
the cross representing the plagioclase. Two of the rocks contain no
plagioclase phenocrysts. Complete analyses were available for rocks
SC1059, SCxx, U3027, and SC906; and alkali and l ime determinations
on the others. A complete analysis was available for the plagioclase
from rock SCxx, alkali and CaO determinations for C2017 and rJ3027,
and careful optical determinations on the others.

Of the eleven rocks from which sanidine phenocrysts were separated
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and analyzed, two, SC174 and NIN213, are believed to have acquired
the sanidine phenocrysts from a foreign source and they will not be
further considered. The remaining nine fall into two main groups. The
first group contains phenocrysts of sanidine and a plagioclase, near
oligoclase-andesine. Two of these, C2017 and Lag1059, have phenocrysts
of quartz, biotite and hornblende as well as feldspar. Such rocks make
up a large part of the Alboroto quartz latite, and similar rocks are pres-
ent in the Piedra rhyolite. These rocks have a moderate lime content,
and the sanidine phenocrysts are low in soda. The other four rocks of this
group have phenocrysts of feldspar and biotite. Such rocks are abundant
and widespread in the three rhyolitic divisions of the Potosi volcanic
series. These rocks are rather low in lime and the sanidines have a
moderate soda content. The second major group contains phenocrysts
of quartz, sanidine, and biotite. Rarely they contain a few phenocrysts
of albite. Such rocks are absent from the Potosi series, but they make
up most of the rhyolite in the Hinsdale formation, the younger rhyolite
of the Valles Mountains, New Mexico, the Sunshine Peak rhyolite, and
some small intrusive bodies. These rocks are all low in CaO, and the
sanidine phenocrysts carry more of the albite molecule than orthoclase.
In all three rocks the relative proportions of albite and orthoclase are
nearly the same in the sanidine phenocrysts and in the normative feld-
spar of the rocks in which they are found.

Figure 30 is a plot showing the relation between the CaO content of
the rock and the orthoclase content of the sanidine phenocrysts. This
curve shows a rather regular decrease in the orthoclase content of the
sanidine phenocrysts, with decrease in the total lime content of the
rocks in which they occur.

SrcwurcaNcE To PETRocENESTs

In Fig. 29 a curve has been drawn to show the field boundary between
sanidine and plagioclase for the lavas of the San Juan region. This curve
has a sharp turn at about 5 per cent of anorthite. This break in the curve
may be due to the fact that the four points just above the break are for
rocks without quartz, while the others have quartz. It may be due to
some other complication or to imperfection of the data.

The field boundary between plagioclase and sanidine is of the eutectic
type in liquids with over about 5 per cent of anorthite in the normative
feldspar, but there is probably a reaction relation between the two
feldspars in liquids with less anorthite. This is shown by the fact that in
the course of crystallization the sanidines are low in soda in the early
stages, become richer in soda as crystallization proceeds, and finally
become richer in the albite molecule than the normative feldspar of the
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rock in which they occur. A reaction relation between sodic plagioclase
and sanidine is also suggested by the fact that the plagioclase pheno-
crysts of the lavas of the San Juan region rarely become more sodic than
calcic oligoclase, and in rocks more alkalic than those that carry such
plagioclase, orthoclase forms the only feldspar phenocrysts.a7 Nearly all
the rhyolitic rocks of the San Juan region that have plagioclase as the
only feldspar fall in the plagioclase field.

orthoclase AI Drte

Frc. 31. Curve of crvstallization of albite and orthoclase in
rocks of-the San Juan Mountains.

Figure 31 is a hypothetical curve of crystallization of albite and ortho-
clase as indicated by the rocks of the San Juan Mountains. This figure
is a vertical section through the triangular diagram, orthoclase-albite-
SiOz*mineralizers and a small amount of other constituents, along the

az This Joumal, vol.23, p.2M, 1938.
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field boundary between quartz and feldspar. The system would have
about 35 per cent of SiO2, some mineralizers, and a small amount of
other constituents in addition to orthoclase and albite.

The data in Figs. 29 and 31 can be used to explain the potash-rich
rhyolites by a process of fractional crystallization, since the separation
of soda-rich sanidine from rocks like those numbered 7 and. 9 would
enrich the liquid in potash. As the quaftz and sanidine phenocrysts
appear to be present in approximately the same proportion as they are
present in the norm of the rock, the chief change in this process of sep-
arating crystals would be to increase the potash content and decrease
that of soda. such potash-rich rocks should be relatively high in silica,
and low in lime and the femic constituents. rn the variation diagrams of
the lavas of the San Juan region and in rocks from other similar prov-
inces, a few of the rocks at the extreme rhyolite end of the diagrams
indicate a sharp increase in potash and decrease in soda, without much
other change. These are the potash-rich rhyolites. Numerous rock
analyses fall on the variation curves just before the change in slope of
the curves for the alkalies, but very few fall on the steeper parts of the
curves that represent the potash-rich rhyolites. It seems, therefore,
that only under exceptional conditions does difierentiation proceed to
the potash-rich rocks.

9. MINOR ACCESSORIES

Espnn S. LansBN

rn nearly all the basaltic rocks the iron and iron-titanium oxides occur
as black magnetite and ilmenite, except in the fragmental and highly
vesicular rocks near volcanic vents and in other places where there is
evidence of pneumatolytic action. In these red basaltic rocks the mafi.c
minerals are commonly altered. A considerable number of the andesitic
rocks, as well as nearly all of the rhyolitic rocks with felsitic groundmass,
have the red iron oxide. The rhyolitic glasses, however, have the black
iron oxide. In the rhyolites with glassy bases the glassy part has the black
oxide, and the red oxide appears abruptly as the groundmass becomes
microcrystalline. This abrupt change is well shown where red spherulites
are imbedded in black obsidian. The change in the state of oxidation of
the iron obviously took place with the crystallization of the groundmass.

Fluorapatite is present in small amount in all the lavas. Zircon is a
very minor accessory in the rocks of the area, and it is in unusually
small amount, or entirely lacking, in most of the biotite-augite-qtrartz
latites and rhyolites of the Treasure Mountain quartz latite. Even
when a heavy liquid and electromagnet concentration of the minerals
of these rocks was made, manv showed little or no zircon.
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Sphene is a common accessory in the rocks. ft is nearly as abundant,

and in nearly as large phenocrysts, as biotite or hornblende in many of
the quartz latites of the Alboroto and Piedra formations. Here sphene
is associated with phenocrysts of orthoclase, quartz, plagioclase, biotite,
hornblende, and in some cases augite; while it is lacking, or in small

amount, in the Treasure Mountain quartz latite, which has about the

same chemical composition as the Piedra and Alboroto rocks, but which
has phenocrysts of plagioclase, biotite and augite. In general, sphene
appears to be more abundant in rocks with hornblende.

Augite and hornblende are present in very small amount in the rhyo-

lites of the area and are found only in a small proportion of the thin
sections. However, they are found in small amount-less than 0.1 per

cent-in most of the rhyolites, if grains of powdered rock are separated
with bromoform and an electromagnet.

10. SUMMARY AND CONCLUSIONS

The volcanic rocks of the San Juan region of Colorado form a great
pile that is about 100 miles across and that exceeds 5000 feet in thickness
over much of this area. They have been studied in some detail and
have been mapped as stratigraphic units. Each unit is composed of
many flows and clastic beds. They range in age from Miocene to Quater-
nary. Long intervals of erosion separate several of the formations. l\fost
of the chemical analyses of the rocks fall near a smooth variation
diagram.

The three silica minerals, quartz, tridymite and cristobalite, are
abundant in the province and present,in nearly equal amounts. Quartz
is forrnd as phenocrysts in many of the rhyolitic rocks, as rare foreign
grains in a few of the andesites and olivine basalts, and in the ground-
masses of some of the lavas, especially in the less siliceous lavas. Tridy-

mite is present in the porous parts of many of the rhyolitic rocks, and
in the coarser streaks of the groundmass. It also cements some of the
rhyolite tuffs. It is present in the cavities of some of the andesites and
basalts. Cristobalite is present as rounded balls perched on the walls of
the larger gas cavities of the andesites and basalts, and intergrown with
feldspar in the spherulites and dense microfelsitic groundmasses of the
rhyolitic rocks. Tridymite crystallized as an unstable form in the presence
of abundant mineralizers. Cristobalite also crystallized as an unstable
form, either by gas transfer in the larger gas cavities or where crystal-
lization was rapid and not "lubricated" by mineralizers.

Clinopyroxene is the chief mafic mineral in most of the andesites and
basalts. It is present with biotite or biotite and hornblende in many of

the quartz latites, and it is present in small amount in some of the rhyo-
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lites. In the basalts it is interstitial to the feldspar and is of the pigeonite
variety. In the other rocks it forms phenocrysts with or without hyper-
sthene and is augite with a moderate iron content.

Hypersthene is rare in rocks with less than 54 per cent of SiO2, it is
present in most of the rocks with from 57 to 59 per cent of SiO2, and is
uncommon in most rocks with more than 65 per cent of SiO2.

Olivine occurs in rocks with as much as 56 per cent of SiO2, and as
much as 12 per cent of normative quartz.

In any rock the ratio MgO/FezOs*MnO is fairly systematic be-
tween the augites and olivines, and it is larger in the olivines than in the
augites. In the hypersthene this ratio is less systematic but is commonly
nearly the same as in the augites that accompany the hypersthene.

The pyroxene phenocrysts in rocks of about the same chemical com-
position show considerable variation in iron content, and there is no
systematic variation in the iron content of the pyroxenes in rocks that
range from pyroxene andesite to rhyolite.

Hornblende is absent from lavas with less than 53 per cent of SiO2,
and biotite is rare in rocks with less than 57 per cent of SiOz. Both bio-
tite and hornblende are less abundant in andesites than in latite-ande-
sites, and they are both present in most of the quartz latites. Biotite is
commonly the only mafic mineral in the rhyolites except for traces of
augite and hornblende. fn three formations, each widespread and made
up of many flows, the quartz latites have essentially the same range in
chemical composition, but the rocks of one formation have phenocrysts
of orthoclase, quartz, plagioclase, biotite, hornblende, sphene and au-
gite; those of another lack augite, but otherwise have the same pheno-
crysts; and those of a third, have phenocrysts of augite, biotite and
plagioclase.

The hornblendes vary from green hornblende, in which about two-
thirds of the iron is in the ferrous state, to basaltic hornblende in which
over 80 per cent of the iron is in the ferric state. The biotites vary from
those in which most of the iron is FeO (p:1.63), to those in which the
iron is almost entirely Fe2O, (p:1.75). In both the hornblendes and
biotites the chief chemical difference between the varieties is in the state
of oxidation of the iron.

Resorption of the hornblJLde and biotite is more extensive in the
andesites than in the rhyolites, and it is nearly absent in the glassy
rocks. In the early stages of the resorption of these minerals, the pyrox-
ene and iron oxide remain near the original hornblende or biotite crystals;
as the process proceeds they are more widely scattered in the ground-
massl and fi.nally, in the centers of some of the granular intrusive bodies,
all evidence of the original minerals is destroyed and ordinaryJooking
pyroxene rocks resglt.
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The resorption of hornblende and biotite, and the oxidation of the
iron in these minerals, are favored by near-surface conditions. In part
these changes took place before the rocks reached the surface, but a
large part took place after eruption. Both the resorption of these minerals
and the oxidation of their iron are less extensive in the glassy rocks than
in the more slowly cooled rocks with crystalline groundmasses. Both
these processes are associated with loss of water by the magma, and
water may be the oxidizing agent.

The crystallization of biotite and hornblende rather than pyroxene is
largely determined by abundance of water in the magma.

In the basalts, plagioclase phenocrysts are very rare and in the silica-
rich rhyolites they are absent, or present in very small amount. All the
plagioclase phenocrysts have some zoning. In about 10 per cent of the
lavas some of the plagioclase phenocrysts have cores that have from 10
to 30 per cent more anorthite than the main outer part, and an equal
number of the rocks have plagioclase with cores that have from 10 to
30 per cent less anorthite than the main plagioclase. Both the calcic
and sodic cores show extensive resorption and are sharply bounded
against the outer zone. About 15 per cent of the rocks have plagioclase
phenocrysts of two kinds that differ in anorthite content by from 10 to
30 per cent.

Plots of the anorthite content of the plagioclase phenocrysts against
chemical composition of the rocks in which they occur, or against the
groundmass or normative plagioclase of the rocks, or the groundmasses
in which they occur, show little relation between the plagioclase pheno-
crysts and the inclosing rocks. In the andesite basalts the plagioclase
phenocrysts range from An2s to Anar; in the quartz latites, near the
rhyolites, they range from Anp to An55. The average plagioclase in the
basalts is more calcic than those in the andesites, and they are still less
calcic in the average quartz latite.

By using only those rocks that appear from the microscopic study to
have plagioclase phenocrysts that crystallized in place, a curve for the
course of crystallization of the plagioclase of the lavas in the San Juan
region is drawn. It is very difierent from the curve derived from the
melting phenomena of the plagioclase. In many of the rhyolites the
plagioclase phenocrysts contain about 25 to 30 per cent of anorthite,
and more sodic feldspars are very rare.

Phenocrysts of labradorite contain only one or two per cent of the
orthoclase molecule, those of andesine have about 6 per cent, and those
of oligoclase-andesine, from 8 to 12 per cent.

The alkalic feldspar phenocrysts are all of the sanidine variety. They
are present in very few of the basalts, andesites and andesitic quartz
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Iatites, and where present in such rocks there is good evidence that they
are foreign crystals. Sanidine phenocrysts are present in nearly half the
rhyolitic quartz latites and in most of the lime-poor rhyolites. In the
q'oarLz latites they are invariably associated with oligoclase or sodic
andesine and, in some rocks, with quartz. In the rhyolites they are associ-
ated with qlrartz and rare albite.

The anorthite content of the sanidine phenocrysts ranges from 1| to
3f per cent. The albite content of sanidines from q\aftz latites, which
have about 3.7 per cent of CaO, is 25 per cent. It increases as the lime
in the rock decreases, and the sanidine from ryholites with about a tenth
of a per cent of CaO contains 55 to 57 per cent of albite. In the quartz
latites the sanidine contains a much larger proportion of potash feldspar
than the normative feldspar of the enclosing rock, whereas in the lime-
poor rhyolites it contains as much or even more. These data indicate a
reaction relation between orthoclase and plagioclase in such rocks, and
show that separation of quartz and sanidine from an ordinary rhyolite
can form a potash-rich rhyolite.

The indices of refraction of sanidine with 25 per cent of the albite
molecule are i  d:1.522,  P:1.527,  1:1.527;  those for  sanid ine wi th 55
per cent  of  the a lb i te  molcule are d. :1.525,  B:1.530,  7:  1.531.

Many of the plagioclase and other phenocrysts of the lavas of the
San Juan region did not crystallize from a magma of the composition of
the rock in which we find them, but must have been derived from the
partial assimilation of other rocks, or by the mixing of two magmas,
one or both of which carried crystals. The quartz and sanidine pheno-
crysts in the andesites and basalts must be foreign. The uniform distri-
bution of the phenocrysts in widespread lava flows, and groups of
flows, show that there must have been a thorough mixing of very large
masses of magma.




