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ABSTRACT

The Christmas mine is a "complex" porphyry- 
copper deposit with all the production coming from 
pyrometasomatic ore bodies in three Paleozoic carbonate 
formations which in ascending order are: Martin Forma
tion, Escabrosa Limestone, and Naco Formation.

The porphyry intrusive is composite and con
sists of a stock-like mass and a complexity of associated 
dikes and sills. Emplacement at a shallow depth was by 
fracture-controlled forceful injection with some assimi
lation. Three varieties of porphyry are distinguished 
primarily on the basis of groundmass mineralogy and 
texture and are regarded as differentiates of the same 
magma. Chalcopyrite textures become progressively mag
matic with increasing differentiation. Disseminated 
chalcopyrite in the groundmass of the most differentiated 
type of porphyry, granodiorite porphyry, is regarded as 
magmatic in origin. Sulfide mineralization in the por
phyry began during the magmatic stage and continued unin
terrupted, with the formation of many of the same minerals, 
into the hydrothermal stage. Final magmatic temperatures 
were on the order of 750° - 850° C.
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xiv
Contact metamorphism resulting from conductive 

heat transfer began with the emplacement of the porphyry 
and continued through the temperature maximum. Albite- 
epidote facies temperature conditions prevailed in 
most of the contact aureole with higher temperatures 
being restricted to zones close to the intrusive contacts. 
Textural evidence indicates that many contact metamorphic 
rocks did not attain chemical equilibrium. Progressive 
metamorphism did not occur. Decarbonation products, 
tremolite, diopside, and wollastonite are not spatially 
zoned relative to intrusive contacts.

Skarn and sulfide mineralization occurred con
currently and post-dated contact metamorphism. Sulfides 
are not concentrated in non-skarn rocks. Three types 
of skarn formed according to host rock type: l) magne
sian skarn in dolomite with magnetite and forsterite,
2) calcium skarn in limestone with andradite, and 3) 
endoskarn in porphyry with aluminum-bearing calc sili
cates. Sulfide mineralization continued after the 
cessation of skarn mineralization at approximately 400° C 
and was followed by pervasive post sulfide alteration; 
serpentine formed in magnesian skarn, and calcite formed 
in calcium skarn.



XV
Endoskarns formed after the solidification of 

at least the immediately adjacent porphyry. The usual 
zonal sequence away from the porphyry which takes place 
commonly over a distance of a few millimeters to several 
centimeters is: l) augitic clinopyroxene replacing
biotite and hornblende, 2) alteration of plagioclase to 
clay which is most commonly a montmorillonoid, and break 
down of quartz, 3 ) selective replacement of altered or 
fresh plagioclase by garnet, 4) pervasive garnetization, 
and 5 ) replacement of augitic clinopyroxene and locally, 
garnet by diopside. Endoskarn is regarded as a bimeta- 
somatic skarn in reference to the concepts of Korzhinskii 
on the origin of metasomatic rocks which are discussed 
relative to skarn genesis at Christmas.

The ore bodies are described according to the 
host rock type which may be limestone or dolomite. Ore- 
bearing calcium skarns are largely confined to the Naco 
Formation where they are tabular bodies as the result 
of confinement between beds of hornfels or porphyry sills. 
Both calcium and magnesium skarns occur in the Escabrosa 
Limestone where, lacking confinement, the ore bodies have 
larger vertical than lateral dimensions. Magnesian 
skarn in the lower Martin Formation forms the largest 
known and most thoroughly studied ore body. Sulfide



xvi
mineralization formed within the temperature range 250° 
to 600° C based on the assemblages and textures present. 
Many of the observed paragenetic relations are regarded 
as resulting from unmixing and in situ rearrangement in 
response to lower temperature conditions of the sulfides 
already present.

Skarn-sulfide mineralization resulted in a volume 
loss. Carbonate favorability to skarn-sulfide mineraliza
tion is the result of reactivity of these rocks resulting 
in pH and Eh changes in a subcritical, approximately 
neutral, hydrothermal fluid. Transported components were 
present as alkali chloride complexes which caused depo
sition. The favorability of the lower Martin Formation 
is the result of its stratigraphic position as the first 
pure carbonate horizon above a thick sequence of quartz
ites.



INTRODUCTION 

Purpose of Study

This paper presents the results of a study of 
the rock alteration spatially and genetically associated 
with a composite intrusion of Laramide porphyry at the 
Christmas mine. Contact metamorphism and pyrometa- 
somatic hydrothermal alteration occurred in the intruded 
Paleozoic sediments. Silication spatially related to 
the contact and hydrothermal alteration occurred in the 
porphyry.

The initial goal of the study was to evaluate 
the importance of stratigraphic features in controlling 
the alteration sequence in the sediments. Christmas 
was selected as an ideal place to conduct such a study 
because of the variations in carbonate rocks in the 
local stratigraphic column and the differences in geo
metry of the ore bodies in each of the three carbonate 
formations. As the study progressed the contact altera
tion on the igneous side of the contact became apparent, 
and the study was expanded to encompass it.

Many of the questions regarding the genesis 
of the deposit remain unanswered; numerous features

1



defy explanation in precise terms. The descriptive 
data which have been presented merely serve to allow 
a more precise formulation of some of these questions.

Method of Treatment , . . -

Familiarity with the deposit was gained from 
13 months residence, June through August 1965 and 
December 1965 through October 1966. New exposures 
resulting from open-pit operations were briefly studied 
in April 1967. During the period of residence the 
unaltered stratigraphic sequence was studied, and an " 
attempt was made to correlate the ore horizons with 
their unaltered equivalents. The study was confined 
to the three host-rock carbonate formations, the Martin 
Formation, Escabrosa Limestone, and Naco Formation. 
Within the mine area heavy reliance was placed on dia
mond drill core as the only means of access to much of 
the stratigraphic column. The Martin Formation, par- " 
ticularly the lower part, was most accessible and most 
thoroughly studied. The Naco Formation was more com
pletely studied than the Escabrosa Limestone which was 
accessible in the mine area•only by diamond drill pene
trations.



Two types of samples were taken of the altered 
rocks: l) those considered to be representative of
large bodies of the rock, and 2) those exhibiting par
ticular features possibly diagnostic of genesis.

The bulk of the laboratory analysis consisted 
of the petrographic study of approximately 500 thin 
sections of the various rock types. X-ray diffracto
meter patterns of whole-rock powder were obtained as 
an aid to mineral identification in the fine-grained 
rocks. The oil-immersion method and x-ray diffraction 
techniques were used as an aid in the mineral identi
fication and as a basis for delineating the approximate 
chemical composition of some of the silicate minerals 
which are members of isomorphous series. Some of the 
ore specimens were studied with reflected light. The 
usual disseminated character of the ore limited the 
utility of this method.

The color of rocks or minerals which were com
pared dry under field or laboratory conditions with 
the Rock Color Chart (Goddard et al., 1963) are de
signated by the color name followed by the numerical 
color designation. Other general color descriptions 
have no numerical designation.



As an attempt was made to distinguish the dif
ferent types of alteration which occurred within the 
same rock type, the descriptions of the alteration pres

t ' '

ented in this paper have an interpretive basis.

Geographic Setting

The Christmas.mine. Banner mining district, is 
located on the eastern flank of the Dripping Spring 
Range< in southwestern Gi'la County, Arizona, T.4 S.,
R.l6 E. of the Gila and Salt River Meridian and Base 
Line (Fig. l). Access to the mine is via State Highway 
77, 8 miles north of Winkelman and 27 miles south of 
Globe. A paved road leads to the mine offices and 
McDonald shaft.

The Dripping Spring Range is a northwest- 
trending upland at elevations of 3500 to 4600 feet 
with steep slopes and deep canyons dropping toward 
the Gila River at 2000 feet elevation. The Christmas 
mine is approximately one mile west of the river and 
a thousand feet above it.

General Geology of the Banner Mining District

The Banner mining district comprises that part 
of the Dripping Spring Range which lies northeast of 
the Pinal-Gila County boundary.



A R I Z O N A

• GLOBE

• CHRISTMAS
MINE

• TUCSON

FIGURE I .  LOCATION MAP, CHRISTMAS MINE



The Dripping Spring Range located within the 
Basin and Range physiographic province is a southeast
ward plunging anticlinal mountain block which is com
plexly dissected and bordered by normal faults. 
Precambrian and Paleozoic sedimentary rocks are over- 
lain by late Mesozoic volcanic rocks and intruded by 
Laramide stocks, dikes, and sills with a wide range 
in chemical composition. Late Tertiary to recent con
solidated and unconsolidated alluvium covers portions 
of the flanks of the range and fills the adjoining 
valleys.

General Geology of the Christmas Mine

At the Christmas mine a gently southeast
dipping sequence of Paleozoic sedimentary rocks domi
nated by carbonates and overlain by Cretaceous andesitic 
volcanic rocks has been intruded by a stock-like body of 
Laramide porphyry having several textural and composi
tional variations and a complex system of associated 
dikes and sills. The carbonates belong to three forma
tions which in ascending order are the Martin Formation, 
Escabrosa Limestone, and the Naco Formation. Deposits 
of disseminated copper sulfide mineralization with



associated silicate1gangue occur in various stratigraphic 
horizons in all three formations. -

The general pattern of stoping forms a nearly 
east-west elliptical ring around the periphery of the 
stock. The ring is open to the east toward the main 
mass of porphyry where the Christmas fault drops the 
mineralized horizons to considerable depth; To the 
west the ring is open where east-west trending dikes 
continue westward beyond the limit of mineralization.
The stoping areas may conveniently be designated as 
the north and south sides.

The rocks within the mine area are well-fractured 
and several post-mineral faults displace the ore bodies. 
Fracture-controlled and disseminated copper mineraliza
tion typical of the porphyry copper deposits occurs 
within the porphyry. Fracture-controlled oxidation ' 
extends to varying depths. ■ Supergene enrichment is of 
minor importance.

Previous Work

Ransome (1919, 1923) mapped and described the 
geology of the Ray quadrangle which adjoins the mine 
area to the west. The major stratigraphic, structural, 
and igneous features were thoroughly described in this



first detailed geologic investigation which has pro
vided a sturdy framework for subsequent workers. ' -
Ransome classified the ore deposits at Christmas as 
contact metamorphic and noted their apparent genetic 
dependence upon the quartz diorite-porphyry.

Ross (1925) described the geology and'inineral 
deposits of the Saddle Mountain and Banner mining dis
tricts. A surface geologic map of the mine area and 
two north-south cross sections through the workings 
were presented. Ross classified the Christmas mine 
as a contact metamorphic deposit-and regarded the min
eralization as forming "by emanations that had their 
source in the quartz-mica diorite magma' and that inter
acted with susceptible parts of the rocks in contact 
with the intrusions, forming replacement masses, parts 
of which contain sufficient quantities of metallic- min
erals to constitute ore” (p. 35)* The close spatial 
relation of the ore bodies with the intrusive contact, 
the importance of fractures in localizing the mineral
ization, and the fact that the relatively pure coarser 
grained carbonate beds were more favorable' for replace
ment- in contrast to the finer grained beds of lower 
carbonate content were noted. - :V ;'



During and immediately after World War II the 
U. S. Geologic Survey and the U. S. Bureau of Mines con
ducted a joint geologic investigation and diamond 
drilling exploration program at the Christmas mine. 
Tainter (1948) described the results of the diamond 
drilling, and Peterson and Swanson (1956) described 
the geology of the deposit. Some additional descriptive 
data are available in an open-file report (Peterson and 
Swanson, 1946). Surface geology and level maps along 
with several cross sections were presented. Four pre
requisites for the localization of ore bodies were 
noted: l) most important, proximity to the limestone-
quartz diorite contact, 2) favorable character of cer
tain limestone beds, 3) garnetization of the favorable 
beds, and 4) faulting and fracturing that followed 
garnetization. The main channels for mineralization 
were believed to have occurred along the contacts 
between limestone and quartz diorite. Peterson and 
Swanson attempted to correlate the mineralized beds 
in the Naco Formation on the north side with those on 
the south side. Nine ore beds were recognized on the 
north side and two more were added on the south side 
forming a stratigraphic interval of approximately 425 
feet including interbedded waste.



Eastlick (1958) described the geology of the 
Christmas mine based on new information gained from 
the exploration and development work conducted by 
Inspiration Consolidated Copper Company. Geologic maps 
of the surface and of some levels were presented along 
with a north-south cross section through the mine. The 
ore bodies in each of the three carbonate formations 
were described, and the zonal relations of the metallic 
minerals present were noted.

Willden (196*1) mapped and described the. geology 
of the Christmas quadrangle. The description of the 
Christmas mine is taken from previously published 
sources.

Eastlick (1967) described the ore deposits of 
the Christmas mine and vicinity. Surface geology and 
composite maps of the lower levels are presented along ; 
with a north-south cross section through the mine’. - 
The descriptions and interpretations presented are 
noted and discussed at the appropriate places in this 
paper. ; ' v.-; v- ' - i.. n: ■:

Resume of Mining Activity

History and Production - The Christmas mine 
has had a long history of production dating from 1905;



ownership by several mining companies and periods of 
inactivity are reflected in low copper prices. .The 
early history of the mine has been related by Ross 
(1925) and Peterson and Swanson (1956). Before World - 
War II all production was from ore bodies in the Naco 
Formation. In the period 1946-1954 some production 
came from the upper part of the Escabrosa .Limestone.

Inspiration Consolidated Copper Company, Inc., 
the present owners, obtained control of the property 
in 1954 and began an exploration and development program 
in the ore horizon in the lower part of thecMartin . 
Formation. Production from this ore body began in /. 
1962. Underground operations in this ore body were 
suspended indefinitely in October 1966. In November 
1965 open-pit operations in the upper part of the Naco 
Formation on the south side were started, and they were 
expanded in October 1966 to provide full usage of the 
plant milling capacity.

Total production through World War II has been 
listed by Peterson and Swanson (1956) and Tainter (1948) 
Recent production through 1963 is listed by Eastlick 
(1967). The total production through 1963 has been 
2,370 ,000 tons yielding 89,354,300 pounds of copper 
(Eastlick, 1967).



Development - The mine is served by two shafts.
No. 3 and McDonald, which are both downcast. The No. 6 
ventilation shaft is upcast. The McDonald shaft was the 
main hoisting shaft-for muck and supplies; No. 3 ser
viced the stoping areas.

The ore body in the lower part of the Martin 
Formation is developed on the 1300, 1400, and 1600 
levels as a result of the post-mineral faults and the 
attitude of the bedding. The major post-mineral faults 
divide the.ore body into several mining areas. Mining 
was by a room and pillar-cut and fill method with the 
initial stoping at the footwall contact. Knoerr and 
Eigo (1963) have described much of the engineering 
aspects of the operation.

Development on the upper levels has been 
described by Peterson and Swanson (1956), and Tainter 
(1948) has described the mining method.



STRATIGRAPHY

General Statement

Sedimentary rocks at Christmas range in age 
from younger Precambrian to recent. All of the sedi
mentary formations which predate the Laramide porphyry 
intrusion are altered to varying degrees of intensity 
within the mine area. Post-Laramlde sediments consist 
of consolidated and unconsolidated alluvium of Ter
tiary to recent age. The contacts between each of the 
Precambrian and Paleozoic formations are disconformi- 
ties.

Precambrian Rocks

The oldest formation penetrated in the mine is 
the Troy Quartzite (Ransome, 1915, p. 384) of younger 
Precambrian age. Willden (1964) reported about 900 
feet as a maximum thickness for the Troy Quartzite in 
the Christmas quadrangle with a lower 200 to 500 foot 
conglomerate and quartzite member and an upper quartzite 
member up to 400 feet thick. The total thickness of 
the Troy Quartzite at Christmas is unknown; it probably 
exceeds 500 feet.

13



Regionally the Mescal Limestone (Ransome, 1915, 
p. 383), the youngest formation of the younger Precam- 
brian Apache Group underlies the Troy Quartzite. The 
characteristic lithology is thinly bedded sandy dolo
mite with abundant chert bands. The presence of the 
Mescal at Christmas has not been verified. The nearest 
exposures are approximately 3 miles west of the mine 
where Kiersch (1947) measured 140 feet overlying intru
sive diabase. A lower 50 feet of carbonates is over- 
lain by 90 feet of fine-grained arenaceous shale. The 
vesicular basalt which overlies the Mescal Limestone 
at other localities (Ransome, 1919) is not present.

The remainder of the Apache Group consists of 
clastic sediments dominated by quartzites and is on 
the order of 500 to 600 feet thick elsewhere in the 
Christmas quadrangle (Willden, 1964).

Cambrian Rocks

Rocks belonging to the Cambrian System in the 
Christmas mine area have not been given formal forma
tion status. Willden (1964) noted the probable correla
tion of Cambrian rocks in the Christmas quadrangle with 
the Bolsa Quartzite and Abrigo Limestone of southern 
Arizona and reported upper Middle Cambrian trilobites



from the shaley unit at the top of,the Cambrian sec
tion.

Eastlick (1967) reported 500 feet of Cambrian 
rocks in the Banner mining district and described the 
lithology of the upper part as calcareous and argilla
ceous quartzite with thin shale and limestone beds and 
the lower part as quartzite with shale partings and a 
basal angular conglomerate. „ At Tornado Peak, .2 1/2 
miles west of the mine, Peterson and Swanson (1956) 
measured 185 feet of fine-grained argillaceous quartz
ite. This unit is probably correlative with the Abrigo 
Limestone and representative of the thickness of the 
upper part of the Cambrian section at Christmas.

Devonian Rocks

Devonian rocks at Christmas belong to the 
Martin Limestone of "either Early or, more probably. 
Middle Devonian to early Late Devonian in age" (Teichert 
1965»;P« l6) which was first described in the Bisbee 
quadrangle of southeastern Arizona (Ransome, 1904, p. 
33). Ransome (1915) extended the name. Martin Limestone 
to the Devonian rocks of the Ray quadrangle, and it has■ : 1 V- ; i " - , . .r; . r  r - ; •./ : ; , . . . J  ..
been used by Peterson and Swanson .(1956) and Eastlick 
(1958) in the vicinity of Christmas. Willden (1964)



and Teichert (1965) used the name Martin Formation to 
designate the Devonian rocks in the Christmas quadrangle 
and central Arizona respectively. The stratigraphic 
units described by Teichert are present in the vicinity 
of the Christmas mine, and the stratigraphic nomencla
ture of Teichert is used in this paper. The Martin 
Formation is divided into two members, the lower Beckers 
Butte Member and the Upper Jerome Member. Teichert 
subdivided the Jerome member into three units which, 
in ascending order, are: the fetid dolomite unit,
the aphanitic dolomite unit, and the upper unit.

The lithologies of the various units in the 
Christmas mine area are summarized in table 1. Carbon
ate rocks have been classified on the basis of mega
scopic examination by the system of Folk (1959)• The 
descriptions were compiled from the study of relatively 
less intensely altered diamond drill core from within 
and near the mine area and observations made at the 
following sections: Tornado Peak 2 1/2 miles west of
Christmas, 1 mile north of Tornado Peak, and Santa 
Monica Camp 2 miles north-northwest of Christmas. At 
Santa Monica Camp only the upper part of the formation 
crops out. The sections at Tornado Peak and north of 
it are partially altered. Complete sections of the



Table 1. Subdivisions of the Martin Formation

Member Unit Subunit Thickness
(Feet) Description

Jerome Upper 4 38-60,
usually
40-45

Dolomitic crinoidal biomicrite with 
interbedded silty and sandy very 
finely crystalline dolomite, light 
gray (N 7} to pale reddish brown 
(10 R 5/4), thinly bedded, lower con
tact gradational.

3 48- 59,usually
49- 52

Shale, olive gray (5 Y 4/1) to pale 
reddish brown (10 R 5/4).

2 35-40 Silty very finely crystalline dolo
mite with interbedded very finely 
crystal-biogenic dolomite, medium 
light gray (N 6) to light olive gray 
(5 Y 6/1), thinly to very thinly 
bedded.

1 40-50 Lithology variable, basal 8 to 10
feet dolomitic micrite, medium gray 
(N 5 ), thickly bedded, overlain by 
orthoquartzite, white (N 9 ) to yellow
ish gray (5 Y 8/1), fine to coarse 
sand size well-rounded quartz grains.



Table 1— Continued

Member Unit Subunit Thickness
(Feet) Description

thickness variable, commonly 1 to 2 
feet, 12 feet maximum, contacts grada
tional, up to 3 orthoquartzite beds 
may be present, overlain by brachio- 
podal biomlcrudite, genus Atrypa, 
medium dark gray (N 4), laminated to 
thickly bedded, usually 9 to 14 feet 
thick, also interbedded dolomitic 
micrite, medium dark gray (N 4) and 
dolomitic sparite, medium light gray 
(N 6 ).

Aphanitic
dolomite

7 8 -8 5 Aphanocrystalline dolomite, (N 7 ), 
thinly to thickly bedded.

J erome Fetid
dolomite 23-29,usually

23-26

Finely crystalline to medium-crystal
line dolomite, dark gray (N 3), to 
medium dark gray (N 4), laminated, 
wavy laminations, emits a weak to 
strong fetid odor when freshly broken.

Beckers
Butte

10-30,
usually
18-23

Calcareous sandstone, light gray (N 7 ) 
poorly sorted, very fine to coarse 
sand size quartz grains in carbonate
matrix, thinly bedded, basal 1 to 15 
feet, usually 5 to 7 feet, overlain H

00



Table 1— Continued

Member Unit Subunit Thickness
(Feet) Description

by sandy and silty very finely 
crystalline dolomite with inter- 
bedded, very finely crystalline dolo
mite, moderate yellowish brown (10 YR 
5/4), light brown (5 YR 6/4), and 
medium gray (N 5), less clastic mate
rial toward the top, very thinly 
bedded, upper 10 to 16 feet.

Hvo
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Martin Formation were also observed at Steamboat Mountain 
7 miles west-northwest of Christmas and on the south 
flank of the Mescal Mountains 1/4 mile east of State 
Highway 77> 11 1/2 miles west-northwest of Christmas.
The stratigraphic variability of the Martin Formation 
does not permit the usage of these sections as standards 
for the Christmas mine area. Pine (1968) measured 386 

feet at Steamboat Mountain where the Beckers Butte is 
54 feet thick and the aphanitic dolomite 139 feet thick 
and 409 feet at the Highway 77 section where the Beckers 
Butte is 21.5 feet thick and the aphanitic dolomite 148 
feet thick. Significant variations in the thickness 
of subunits in the upper unit from the values of table 1 

are also present in both sections.
The base of the Beckers Butte Member is placed 

at the first occurrence of coarser grained, poorly sorted 
quartz grains with a carbonate matrix above the finer 
grained well-sorted Cambrian quartzite. In the mine 
the contact between the Cambrian quartzite and the 
Beckers Butte Member is usually marked by a decrease 
in pyrite content in the Beckers Butte Member. The 
basal 1 to 5 feet of the Beckers Butte is commonly a 
white quartzite with very fine to fine sand size, well- 
rounded, quartz grains in much of. the mine area. This



lithology is in sharp contrast to the dark green, and 
gray Cambrian quartzite.

The top of the Martin Formation is placed at 
the first occurrence of abundant chert in the sequence 
of crinoid-bearing carbonates. A 1 to 2 inch layer 
of fine to coarse sand size, well-rounded quartz 
grains is commonly present at the base of the chert 
zone which is 5 to 8 feet thick. Small rounded white 
recrystallized chert nodules with vuggy quartz replace
ments may also be present.

In the vicinity of the Christmas mine the 
best estimate for the total thickness of the Martin 
Formation prior to the Laramide alteration is 300 to 
330 feet. Peterson (Huddle and Dobrovolny, 1952, sec
tion 19) measured 338 feet of Martin at Tornado Peak. 
The thickness reported by Eastlick (1958, 1967) of 
+ 265 feet is too low as a result of the exclusion of 
the sandstone portion of the Beckers Butte Member and 
the upper part of subunit 4 from the Martin Formation. 
The 0 1 Carroll Member of Eastlick (1967) is correla
tive with the upper part of the Beckers Butte Member 
and the fetid dolomite unit. The Middle member corre
lates with the aphanitic dolomite and subunits 1 and 2



of table 1, and the upper member is correlative with 
subunit 3 and the basal part of subunit 4.

As shown in table 1 the Martin Formation is 
characterized by a predominance of dolomite. Clastic 
sediments are uncommon,: butrimpure dolomite with a 
clastic, fraction is nearly as abundant as pure dolo- ' 
mite. Carbonates lacking dolomite are very uncommon.

Because it is by far the most important known 
ore-bearing stratigraphic horizon at Christmas, a brief 
microscopic description of the fetid dolomite is pre
sented here. In thin section the rock consists of 
euhedral to subhedral dolomite rhombohedrons, typically 
80 to 120 a  in diameter,, with dark brown or dark gray 
layers: of. opaque material of organic, origin (Teichert, 
1965, p.30) 3 to 15 jjl in width. The organic layers 
are usually spaced 0.5 to 1 mm apart,: and they fre- 
quently anastomose; pyrite is locally associated with 
them. Locally the dolomite is much.finer grained>' - 
occurring in masses of anhedral equant grains 15 to 
30 >  in diameter. :

Mississippian Rocks

Mississippian;rocks belong to the Escabrosa 
Limestone (Ransome, 1904/ p. 42).. Corals in the



uppermost 2 feet indicate a late Kinderhookian or early 
Osagian age (Reid, 1966).

Most of the Escabrosa Limestone consists of 
three lithologies. These are in order of abundance: 
crinoidal biosparite, finely crystalline dolomite, and 
micrite. The Escabrosa Limestone may be characterized 
as a very thickly bedded, cliff-forming sequence of 
interbedded crinoidal biosparite, and finely crystal
line dolomite with some massive micrite. Chert is 
abundant in most of the formation. Dolomites are 
thinner bedded and usually form slopes between the 
limestone cliffs. The color is brownish gray (5 YR 
4/l) to light olive gray (5 Y 6/l) in contrast to the 
typical light gray (N 7 ) color of the limestones. 
Scattered rugose corals and brachiopods are common 
in addition to crinoids in the limestones. The various 
units are generally 20 to 80 feet thick. A thinly 
bedded, well-sorted orthoquartzite composed of well- 
rounded very fine to fine sand size quartz grains with 
a siliceous cement is locally present approximately 
100 feet above the base of the formation; it is 10 to 
15 feet thick.

Peterson measured 552 feet of Escabrosa Lime
stone at Tornado Peak (Huddle and.Dobrovolny, 1952,



section 19). Based on the paleontological work of 
Reid (1966) the upper 59 feet, unit 1 of this section,
constitute the basal dolomite member of the Naco...
Formation. A diorite porphyry sill is present both 
at Tornado Peak and Christmas. It is named the Tornado
Peak sill in this paper and serves to divide the

■..... ' ' ' ; ' ‘ : ■ ' • ■ ; / . ■ •Escabrosa Limestone into lower and upper parts. At
Tornado Peak the lower Escabrosa is 138 feet thick, 
and the upper Escabrosa, omitting unit 1, is 333 feet 
thick as measured by Peterson. These thicknesses are 
regarded as representative of the unaltered Escabrosa 
Limestone at Christmas. cr ; ' -

Pennsylvanian Rocks

Rocks of the Pennsylvanian System belong to 
the Naco Limestone which was first described in the 
Bisbee quadrangle in southeastern Arizona (Ransome, 
1904, p. 44). Short et al. (1943/ p. 31) extended the 
name to the Superior area of central Arizona. ' Gilluly 
et al. (1954) elevated the Naco of southeastern Arizona

. - V ' r / ,  ' ' - . -' - . : ^  - ^  1 - - ' !' " ' " ' - - r 'to group status. Wells (1965), working in the vicinity 
of Christmas, used the name Naco Formation1 and corre
lated it on the basis of fusulinid zones with" the 
Horquilla Limestone,"the lowest member of the Naco



Group of southeastern Arizona. The name Naco Forma
tion is used in this sense in this paper. The age of 
the fusulinid-bearing part of the Naco Formation in

f !the vicinity of Christmas is Upper Derryian.to Lower 
Missourian (Wells, 1965), and the age of the basal 
part of the formation is Morrowan or more probably ; 
Derryian (Reid, 1966). Reid (1966) described solu
tion pits and cavities developed on the erosion sur
face of the Escabrosa Limestone in Gila River canyon

The upper 
thoroughly

3 1/2 miles south-southwest of Christmas, 
contact with Cretaceous rocks has not been 
studied, and the extent of possible erosional relief 
is unknown. Wilden (1964) regarded the contact as 
"apparently conformable" (p. E24). ■ '

A generalized description of the Naco Forma
tion in the vicinity of the Christmas mine is presented 
in table 2. Following Reid (1966) the Naco Formation 
is subdivided into a lower dolomite member and an 
upper limestone member. Above unit 2 of the limestone 
member the table is based on the section measured by 
Wells (1965, section II) one-half mile northwest of 
the mine workings. The remainder of the table is based 
on a section measured one-half mile further north. 
Peterson and Swanson also measured section II of Wells



Table 2. Subdivisions of the Naco Formation

Member Unit Thickness Description
(Feet)

Limestone 6 200 Biomicrite and biosparite, medium gray (N 6 ) to 
light gray (N 7 ), commonly cherty, crinoid stems 
and brachlopods throughout, fusulinids in upper

/ 70 feet, very thickly bedded, cliff former.

5 75 Sparite, intrasparite, and ostraced blopelsparite, 
medium gray (N 5 ), 10 to 12 subunits with equal 
interlayered covered zones which may represent 
shales.

4 165 Silty biomicrite to calcareous siltstone with 
some interbedded biosparite, medium light gray 
(N 6 ), very abundant bryozoans and large crinoid 
stems, some brachlopods, thinly to very thinly 
bedded, slope former.

3 150 Biomicrite and biosparite, medium gray (N 5 ), 
fusulinids, crinoid stems, and brachlopods, some 
cherty beds, upper 20 feet is brachiopodal bio- 
intrasparrudite, very thickly bedded, cliff 
former.



Table 2— Continued

Member Unit Thickness
(Feet)

Description

2 190 Shale and siltstone, grayish red purple (5 RP 
4/2) with interbedded biomicrite, light gray 
(N 7 ), thinly bedded sequence, basal 6 feet is 
sandy with chert pebbles, slope former.

1 85 Micrite, biomicrite, and biosparlte, light gray 
(N 7 ) to yellowish gray (5 Y 8/1), crlnoid stems, 
brachiopod horizons, local chert, thickly to very 
thickly bedded, cliff former.

Dolomite 2 15 Siltstohe, very fine-grained sandstone, and 
chert pebble conglomerate, pale red (5 R 6/2) 
to very dusky red purple (5 RP 2/2 ).

1 70 Finely crystalline dolomite, dark gray (N 3 ) to 
medium gray (N 5 ) y abundant chert in lower 18 
feet, thinly bedded, slope former.



(1965). The brachiopodal biointrasparrudite, unit 19 

of section II, which is placed at the top of unit 3 
in table 2, is the fossiliferous limestone conglomerate 
and grit of Peterson and Swanson (1956, plate 39).

An unknown amount of the uppermost Naco strata 
in the mine area is missing by erosion. This upper
most unit is estimated to be on the order of 100 to 
150 feet which places 1100 feet as an upper limit on 
the thickness of unaltered Naco Formation in the 
vicinity of the Christmas mine. Peterson and Swanson 
(1956) and Eastlick (1958, 1967)# who placed the base 
of the formation at the base of unit 2 of the dolo
mite member, have indicated 1000 feet as the approxi
mate thickness of Naco Formation at Christmas.

The Naco Formation is characterized by an 
abundance of chert, general lack of dolomite, and 
the thinly bedded fossiliferous limestone with inter- 
bedded fine-grained calcareous elastics.

In the mine area only the upper part of the 
Naco Formation crops out. Northward from the mine 
workings the southerly dip exposes successively older 
beds.



IGNEOUS ROCKS

General Statement

Igneous rocks at the Christmas mine consist 
of Cretaceous andesitic volcanic rocks which have been 
intruded by a Laramide porphyry with several textural 
and compositional modifications, an aplitic (?) dike 
rock, and two post-porphyry dike rocks.

The Laramide porphyry most commonly has more 
phenocrysts than groundmass which is generally apha- 
nitic. It therefore has a phaneritic compositional 
name in addition to the textural term porphyry. Speci
mens which have groundmass in excess of the phenocrysts 
were not given a separate name. Dlorite porphyry, 
quartz dlorite porphyry, and granodiorite porphyry 
are present. The term dlorite will be used in this 
paper in preference to the terms porphyry or Laramide 
porphyry to designate the Laramide porphyry where no 
specific variety is implied.

Cretaceous Volcanics

Andesitic volcanic rocks overlying the Naco 
Formation cap the hills above the mine workings and

29



are the most abundant rock type east of the Christmas 
fault. They are part of a large mass of volcanic and 
sedimentary rocks which covers most of the southern 
part of the Christmas quadrangle. East of the Gila 
River unnamed clastic sedimentary rocks dated by fos
sils as being of Late Cretaceous age underlie and 
intertongue with the volcanic-sedimentary rocks (Willden, 
1964). As described by Willden the volcanic-sedimentary 
rocks consist of agglomerate, mud flows, coarse and fine 
elastics, waterworked tuff, lapilli tuff, flow breccias, 
and hornblende andesite sills. The total thickness is 
unknown; Willden reported a 3,000 foot penetration of 
the unit by drilling.

In the vicinity of the Christmas mine Eastlick 
(1967) reports 5 to 10 feet of conglomerate at the 
base of the volcanics. A dark greenish gray hornblende 
andesite porphyry is the dominant rock type in the 
lower part of the volcanic-sedimentary unit which is 
exposed at Christmas. Plagioclase and hornblende 
phenocrysts are present in an aphanitic groundmass.

Diorite

Introduction - The intrusive bodies of diorite 
at Christmas are examples of similar rocks which were



intruded mainly as small dikes and sills over a wide 
area in the Ray and Christmas quadrangles. Some stocks 
and a laccolithic body (Willden, 1964) are also pre
sent. There has been considerable previous work and 
changes in nomenclature which are briefly reviewed.

Ransome (1919) presented the first petrographic 
description noting a fine-grained marginal facies and 
the variability of the rock even within a given dike. 
Ransome named the rock quartz diorite porphyry.

Ross (1925) described the rock and changed the 
name to quartz-mica diorite. A hornblende-bearing 
facies was named quartz-hornblende diorite. Ross re
ported the distinction made by the mine operators 
between coarse-grained and fine-grained quartz-mica 
diorite. He noted that “the fine-grained rock makes 
up the greater part of the intrusive masses and is 
reported to be cut in places by the coarse-grained 
rock" (p. 55). Ross regarded the coarse-grained rock 
as a later phase of the same intrusion; no essential 
petrographic difference between the two rock types was 
noted.

Peterson and Swanson (1956) noted that several 
varieties of diorite are present at Christmas and 
assumed them “to be facies of the same magma" (p. 359)•
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Eastlick (1958, p. 2) noted quartz-mica diorite por
phyry dikes intruding the main intrusive mass which 
were regarded as "probably representing a late phase 
of the same magma".

Creasey and Kistler (1962) presented the results 
of a radiometric age determination by the potassium- 
argon method on biotite from a diorite dike at Christmas. 
The age is 62 million years.

Willden (1964) changed the nomenclature of the 
two rock types of Ross to feldspar-mica porphyry.

Eastlick (1967) recognizes four separate pre
mineral intrusive stages at Christmas. The earliest 
stage was the intrusion of fine-grained diorite. This 
was followed by the intrusion of siliceous bodies con
sisting of microcrystalline quartz and feldspar. The 
next stage was the intrusion of coarse-grained quartz- 
mica diorite porphyry. East-west trending dikes of 
dacite porphyry represent the fourth stage of pre-mineral 
intrusion.

Petrography - There are three varieties of 
diorite which are microscopically distinguishable on 
the basis of mineralogy and texture. They exhibit 
mineralogic similarities and gradations in texture and
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composition v/hich indicates that they are all phases 
of the same intrusion. The subdivision of the diorite 
into three varieties may be an oversimplification of a 
more complex group of consanguineous rocks, but it 
appears, at least, to be convenient for the purpose 
of description. The varieties of diorite. are: coarse
grained quartz diorite porphyry, fine-grained quartz 
diorite porphyry, and granodiorite porphyry. In hand 
specimen the two varieties of quartz diorite porphyry 
are readily distinguishable on the basis of grain size, 
but the granodiorite porphyry may be confused with the 
other two types. Grain size data for the three types 
of diorite are summarized in table 3.

Table 3. Grain Size Data, Varieties of Diorite

Variety
Grain Size in
Phenocrysts 

(mm)

Long Dimension
Groundmass 

( *  )
Fine-grained quartz diorite 

porphyry 0 .2  - 5 10 - 15
Coarse-grained quartz dio

rite porphyry 0.5 - 5 50 - 300
Granodiorite'porphyry 0.5 - 5 15 - 50

The color index of the three types of diorite 
is typically 10 to 15, but it ranges up to 40. Higher
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values are more common in the fine-grained quartz:dio- 
rite porphyry.

The fine-grained quartz diorite porphyry appears 
to be largely confined to dikes and sills. Specimens 
from smaller dikes and sills are commonly diorite 
porphyry with little or no quartz that is not fracture 
controlled. Some specimens from the Tornado Peak sill 
at Christmas are similar in thin section to a specimen 
of the feldspar-mica porphyry stock mapped by Willden 
(1964) which crops out along State Highway 77 near the 
junction with the road to the mine.offices.

I Coarse-grained quartz diorite porphyry appears 
to form the main stock-like mass of diorite; it is 
largely confined to the eastern part of the mine. The 
fine-grained'quartz diorite porphyry may be a marginal 
facies of the coarse-grained quartz diorite porphyry.
The verification of this speculation must await fur
ther exposures. There are places where the coarse
grained quartz diorite porphyry is in contact with 
altered sediments.

The granodiorite porphyry occurs in east-west 
trending vertical to nearly vertical dikes which cross
cut the fine-grained quartz diorite porphyry. . The 
contact;is sharp with no indication of its approach
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from either side. This rock was named dacite porphyry
byEastlick (1967). . : . v

The three varieties of diorite are very similar. 
Their differences are primarily the result of ground- 
mass mineralogy and texture variations. :

Phenocrysts usually make up 40 to 60 per cent 
of the rock. In the coarse-grained quartz diorite 
porphyry and the granodiorite porphyry the phenocrysts 
are typically ragged and embayed, and they are com
monly full of inclusions. These features are less 
intensely developed or .absent in the fine-grained 
quartz diorite porphyry. : .

Plagioclase is the predominant phenocryst 
usually forming about J O per cent of the total pheno
crysts. It is sodic andesine ranging in composition 
from An^Q to A n ^  by the method of Michel Levy. .Notable 
variations in the plagioclase composition between the 
three types of diorite do not occur. In most specimens 
the plagioclase is ragged, but euhedral plagioclase 
phenocrysts do occur particularly in the fine-grained 
quartz diorite porphyry. Usually there is a central 
calcic core which composes up to one-half of the pheno
cryst radius followed by numerous zones of more calcic 
reversals which usually number about 10 to 1 5. Plagioclase



phenocrysts are commonly twinned by the pericline law 
and less commonly by the Carlsbad law in addition to ; 
the albite law. Glomopheric clusters are also common.

Plagioclase phenocrysts are usually fresh to 
weakly replaced by fleck sericite with or without cal- 
cite. Argillic alteration of the plagioclase pheno
crysts is not common, but it does occur. The calcic 
cores are preferentially altered. In some specimens 
of the fine-grained quartz diorite porphyry plagio
clase phenocrysts are partially replaced by a grain 
of anhedral epidote. A zone of very fine-grained 
disseminated magnetite (?) surrounds the epidote.
Rarely clinozoisite-zoisite occurs as a fine-grained 
alteration product of plagioclase; usually it is 
associated with calcite. In contrast to the mafic 
phenocrysts plagioclase rarely contains inclusions 
of magnetite, pyrite, and chalcopyrite. Fine-grained 
biotite may be associated with these minerals.

Biotite and hornblende are the mafic pheno
crysts. One or both may be present as ragged grains 
usually with inclusions of apatite and magnetite. 
Inclusions of groundmass minerals are common.• Pyrite 
and chalcopyrite also occur as inclusions in both types 
of phenocrysts.
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Hornblende Is typically pleochroic In shades 

of green; brown pleochroism also occurs. The hornblende 
phenocrysts are typically partially or completely re
placed by clusters of biotite. Epidote and sphene 
are commonly associated with the biotite along with 
magnetite, apatite, chalcopyrite, and less commonly, 
pyrite. The biotite may be partially chloritized to 
biaxial positive pennine.

Biotite displays two types of pleochroism.
The most common type is pleochroic in darker shades 
of brown; the other type has more reddish brown pleo
chroic colors. Both types may be present in the same 
specimen. Biotite commonly has interleaved biaxial 
positive pennine locally with epidote elongated parallel 
to the cleavage direction. Rutile needles may be pre
sent in the pennine. Clusters of fine-grained biotite 
rarely surround biotite phenocrysts.

Quartz phenocrysts are generally smaller than 
the other phenocrysts. They are less abundant than 
the mafic phenocrysts. In the granodiorite porphyry 
the quartz phenocrysts are euhedral and deeply embayed. 
Quartz phenocrysts are small and euhedral in the fine
grained quartz diorite porphyry; they are absent in 
some specimens. Quartz phenocrysts are commonly anhedral



in the coarse-grained quartz diorite porphyry. The 
quartz phenocrysts are generally free of included 
minerals, but magnetite and apatite do occur in this 
manner.

Magnetite is the most abundant accessory 
mineral; it usually forms about one per cent of the 
rock. Magnetite occurs as euhedral disseminated 
grains in the groundmass and as inclusions in the 
mafic phenocrysts. The size ranges up to 150 M  in 
diameter. Chalcopyrite occurs disseminated in the 
groundmass (Fig. 2), and associated with the mafic 
phenocrysts (Fig. 3) as cubic-shaped grains which 
appear to be pseudomorphic after magnetite. Bornite 
is locally associated with chalcopyrite in this manner. 
Some chalcopyrite grains are somewhat irregular, and 
they occur in clusters. There are no differences in 
the groundmass minerals surrounding chalcopyrite 
grains from their occurrence elsewhere in the ground- 
mass (Fig. 2).

Some specimens have pyrite instead of magne
tite, or pyrite may be present associated with mag
netite. Pyrite occurs as disseminated euhedral to 
subhedral grains and clusters. Typical grain dia
meters are 80 to 150 jl . Inclusions of biotite.



FIGURE 2
DISSEMINATED MAGNETITE AND CHALCOPYRITE

Granodiorite porphyry; black grains in 
the right side of the picture are chalco- 
pyrite, two are magnetite. Those on the 
left side are magnetite with one chalco- 
pyrite. The black grain at the top is 
magnetite. Similarity in shape between 
chalcopyrite and magnetite is regarded as 
indicative of replacement of magnetite by 
chalcopyrite. Clear grains are quartz; 
light gray grains are plagioclase with 
fleck sericite. Plane light, x 115.

FIGURE 3
MAGNETITE AND CHALCOPYRITE ASSOCIATED 
WITH CHLORITIZED BIOTITE PHENOCRYST

Two magnetite grains are present in the 
lower part of the picture. The cluster 
of black grains in the upper right corner 
is chalcopyrite. Much of the phenocryst 
has epidote elongated along the basal 
cleavage direction. A quartz groundmass 
inclusion with magnetite is present in 
the upper left corner. Plane light, 
x 145.
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FIGURE 2
DISSEMINATED MAGNETITE AND CHALCOPYRITE

FIGURE 3
MAGNETITE AND CHALCOPYRITE ASSOCIATED 
WITH CHLORITIZED BIOTITE PHENOCRYST



P e n n in e , and plagioclase are common. Usually the pyrifce 
to chalcopyrite ratio is much less than unity.

Apatite occurring in euhedral to subhedral grains 
both as inclusions in the mafic phenocrysts and dissemi
nated in the groundmass is a characteristic accessory 
mineral. It is present in amounts less than one per 
cent in all specimens of the diorite studied. Anhedral 
sphene is a moderately common accessory mineral. One 
or two grains of euhedral to subhedral zircon are pre
sent in most specimens. Anhedral allanite with yellow 
brown to reddish brown pleochroism is present in two 
of the thin sections studied.

The coarse-grained quartz diorite porphyry has 
a hypidiomorphic granular groundmass characterized by 
subhedral oscillatory-zoned plagioclase which is some
what larger than the other groundmass minerals. Quartz 
is the most abundant mineral; it forms up to 50 per 
cent of the groundmass. The quartz is usually inter
stitial to plagioclase. Mafic constituents, biotite- 
chlorite and hornblende are anhedral; they usually 
form less than 25 per cent of the groundmass. Ortho- 
clase is present in some specimens. The groundmass 
locally has sutured quartz porphyroblasts and clusters 
of sutured quartz to 6 mm in diameter which replaces



the groundmass minerals. Biotite and orfchoclase are 
involved in the recrystallization. The orthoclase 
content is locally high enough to place the rock in 
the quartz monzonite composition range. Anhydrite is 
present in three thin sections studied from a diamond 
drill hole 500 to 900 feet below the 1600 level. It 
is associated with biotite, quartz, orthoclase, and 
chalcopyrite in the recrystallized groundmass. Pyrite 
and magnetite are locally also present.

The granodiorite porphyry has a microgranular 
groundmass. It is typically composed of about 50 per 
cent anhedral quartz and 40 per cent subhedral potash 
feldspar. The remaining 10 per cent consists of 
unzoned plagioclase, hornblende, and/or biotite-chlorite 
The groundmass potash feldspar content is usually high 
enough to place the rock in the compositional range of 
granodiorite; the composition is closer to quartz mon
zonite than to quartz diorite.

A microgranular groundmass is also present in 
the fine-grained quartz diorite porphyry. Plagioclase 
usually forms all or most of the groundmass with minor 
amounts of potash feldspar, mafics, and quartz which 
typically form up to 15 per cent. Some specimens how
ever, have up to 30 per cent biotite in the groundmass.



Numerous veinlets crosscut the diorite. A
narrow type Is usually less than 0.1 mm in width. A 
wider type of veinlet has widths up to several centi
meters. Both types are fracture fillings. The wall 
rock typically exhibits no spatial relations of altera
tion minerals with the veinlets, and generally the 
mineralogy of the veinlets is similar to that of the 
wall rock.

Veinlets of the narrow type commonly have a 
variable width, and they are typically segmented. 
Biotite is the most common mineral in this type of 
veinlet. Associated with it are quartz, calcite, 
pyrite, chalcopyrite, epidote, biaxial positive pen- 
nine, and less commonly stilbite. Hornblende also 
occurs. Epidote and pennine are usually in close 
association with pyrite. Small veinlets of this type 
commonly 15 p. in width are conspicuous where they 
crosscut plagloclase phenocrysts. Some veinlets of 
this type appear to be discontinuous.

The wider type of veinlet is primarily a quartz 
veinlet. Other minerals most commonly associated with 
the quartz are: orthoclase, chalcopyrite, stilbite,
calcite, and biotite. Pyrite is uncommon; molybdenite 
and bornite are rare. Quartz typically lines the
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margins of the veinlet. Vuggy veinlets are common. 
Stilbite locally occurs in radiating clusters. Leon
hard! te crystals also occur in veinlets crosscutting 
the diorite. Chabazite and mesolite were identified 
from vuggy veinlets in the Cretaceous andesite; other 
zeolites may be present at Christmas.

Fluid inclusions are typical in the veinlet 
quartz; they appear to be of the hydrosaline type.
The range in size is from less than a micron to 10 A  
in long dimension; most are less than 3 a  . The most 
common shape is that of a euhedral quartz grain. Some 
are roughly square and rectangular. A drop of liquid 
which is commonly in constant slow motion usually fills 
approximately 20 to 30 per cent of the inclusion. Some 
inclusions are nearly full of liquid; rarely an uniden
tified cubic crystal, possibly NaCl, occurs in the 
inclusion. The inclusions are very abundant in some 
quartz grains forming up to 2 or 3 per cent of the 
grain.

Petrogenesis - Phenocryst crystallization repre
sents the early magmatic stage of the diorite during 
which there was considerable interreaction between the 
crystals and melt. There is no direct evidence of an 
early-formed pyroxene phenocryst which might have reacted



with the melt to form hornblende. Hornblende and 
biotite crystallization were probably time equivalent 
to plagioclase crystallization.

. During the grouridmass crystallization the 
phenocrysts continued to react with the melt and were 
replaced by magnetite, apatite, and groundmass mine
rals. Sulfur and copper are considered to be integral 
parts of the magmatic system. Chalcopyrite, bornite, 
and pyrite formed by sulfidization reactions with 
magnetitej some chalcopyrite formed by direct crystal
lization from the melt late in the groundmass crystal
lization stage. Groundmass recrystallization occurred ■ 
in parts of the system where residual fluids remained 
as a result of slower cooling. The groundmass crystal
lization stage quite possibly was initiated by the 
intrusion of the magma into its present site. If this 
were so, the differentiation model provides an explana
tion for:the.differences in groundmass mineralogy and 
texture which is in agreement with field relations.
The fine-grained diorlte porphyry would be the oldest 
rock. All of the chalcopyrite in this rock is frac
ture controlled. The granodiorite porphyry is the 
youngest type of diorlte; the chalcopyrite is an inte
gral part of the groundmass and the rock has the highest



potash feldspar content of the three types. Interme
diate in relative age is the coarse-grained quartz 
diorite porphyry in which the chalcopyrite and potash 
feldspar were involved in the groundmass recrystalliza
tion. This rock cooled at a slower rate such that 
oscillatory zoning developed in the groundmass plagio- 
clase as the result of reaction with the melt.

Fracture-filled veinlets developed when the 
rock attained sufficient rigidity to permit fracturing, 
and the minerals formed were generally the same as 
those in the wall rock. The development of the frac
tures may represent the point in the continuous sequence 
of development of the rock at which conditions changed 
from magmatic to hydrothermal. Evidence for this is 
the presence of fluid inclusions in the veinlet quartz.

Altered Aplite (?)

Petrography - A white to light gray fine-grained 
igneous rock of uncertain origin occurring in irregular 
dike-like bodies is present at Christmas. Eastlick 
(1967) has termed this rock, siliceous bodies, and noted 
that it post-dates fine-grained diorite, the fine
grained quartz diorite porphyry of this paper. The 
age relative to the coarse-grained quartz diorite



porphyry and the granodiorite porphyry is unknown. A 
generally N J 0 ° W trending nearly vertical dike was 
exposed at the surface on the south side and in the 
open pit. What probably is the continuation of this 
body has been exposed on the 1400 level on the south 
side. The thickness and attitude of this body are 
variable. Most generally the strike is N 50-70° W, 
and the dip is 35-55° northeast.

In thin section the rock has a microcrystalline 
xenomorphic granular texture. The grain size ranges 
from 3 to 15 a  • Staining of thin sections etched with 
hydrofluoric acid with saturated sodium cobaltinitride 
solution indicates that orthoclase is the predominant 
mineral. It forms 60 to 70 per cent of the rock. The 
identification was verified by x-ray diffraction of 
whole rock powder. Quartz forms most of the remainder 
of the rock. It locally occurs in elliptical-shaped 
segregations up to 1.5 mm in long dimension which are 
composed of coarser grains typically 80 in diameter 
with minor associated orthoclase. In some specimens 
the quartz has sutured grain boundaries, and appears 
to replace feldspar. Pyrite is the most common acces
sory mineral; it occurs as disseminated cubes typically 
40 ji in diameter commonly associated with similar size



epidote. A few scattered grains of zoisite may be 
present. Other accessory minerals are apatite, chlo
rite, and calcite.

Origin - The origin of this rock is unknown.
Most specimens appear to have been altered by recrystal
lization. Some are similar in texture to the groundmass 
of the granodiorite porphyry. It is suggested that the 
rock represents an altered aplitic facies of the dio- 
rite.

Hornblende Andesite Porphyry

Hornblende andesite porphyry represents the 
earlier of two post ore dike rocks at Christmas. There
appears to be one N 70° E trending dike 5 to 10 feet
wide which has been mapped on the north side from the
surface to the 1600 level. The dip is 70 to 75 degrees
generally northwest but locally southeast.

In hand specimen the rock consists of abundant 
euhedral hornblende and much less abundant feldspar 
phenocrysts in a medium dark gray groundmass. The 
phenocrysts make up about 30 per cent of the rock.

In thin section the hornblende phenocrysts 
range in size from 0.15 to 1.5 mm in long dimension.



Both green and brown pleochroism is displayed. Horn
blende comprises about 90 per cent of the phenocrysts. 
Calcite usually associated with pennine and sphene is 
a common alteration product of the hornblende pheno
crysts. Some hornblende phenocrysts have sericite (?) 
associated with the other three minerals. The plagio- 
clase phenocrysts are partially altered to calcite and 
epidote. Composition determinations have not been 
possible. The size is typically 0.5 mm in long dimen
sion. Plagioclase forms about 95 per cent of the 
groundmass. The texture is felty. Plagioclase laths 
are 20 to 40 / jl in long dimension. They are less 
strongly altered than the phenocrysts of plagioclase. 
Hornblende and euhedral magnetite form the remainder 
of the groundmass.

Olivine Basalt Porphyry

The hornblende andesite porphyry is intruded 
by N 10° E to N 20° W trending dikes of olivine basalt 
porphyry. Most of the dikes trend north-south and 
are generally nearly vertical. They are most densely 
concentrated in the western part of the mine.

In hand, specimen the rock is a dark greenish 
gray porphyry with dark green mafic phenocrysts in



an aphanitlc groundmass. Phenocrysts comprise about 
10 per cent of the rock.

In thin section the mafic phenocrysts are 
olivine and augite which forms 80 per cent of the 
phenocrysts. The olivine is usually altered to ser
pentine, but the phenocrysts appear to have been euhe- 
dral ranging in size from 1 to 2 mm in long dimension. 
Augite is also euhedral and of similar size. Locally' 
the augite is glomeroporphyritic. Plagiociase forms 
the remainder of the phenocrysts. It is euhedral and 
typically 0.15 mm in long dimension. The composition 
is sodic labrador!te. The groundmass grain size is 
1 5 .  Plagiociase laths form 50 per cent of the 
groundmass. Euhedral magnetite and subhedral augite 
form about 5 per cent; the remainder is serpentine.



STRUCTURAL GEOLOGY

General Statement

At Christmas the existing fracture pattern is 
reflected in the sequence of Laramide structural events. 
An important feature of Christmas geology is the fact 
that early faults are the loci of later fracturing and 
movement. The fracture pattern controlled the emplace
ment of the intrusive igneous rocks and the distribu
tion of the alteration in the sedimentary rocks. 
Stratigraphic features of ore control were of no con
sequence without the structural features.

Folds *

Within the Christmas mine the sedimentary 
rocks are tilted and gently folded. The bedding gene
rally strikes N 70 to 85° W with dips up to 15 degrees 
southwest in the western part of the mine; in the 
eastern part of the mine the strike is generally N 60 
to 90° E with dips up to 20 degrees southeast. This 
suggests the presence of an anticline with an axis 
striking approximately N 30° W and a gentle southeast
ward plunge. The distribution of Cambrian quartzite
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on the 1400 level Is also suggestive of this feature. 
There are numerous exceptions to the above attitudes 
where small flexures occur. In places the strike is 
N 5 to 30° E with dips up to 15 degrees southeast. A 
due north to N 30° W strike with a northeast dip is 
also present, but it is uncommon.

Near the diorite contacts the strike of the 
bedding becomes parallel to the strike of the contact, 
and dips are steeper than the general average through
out the mine. Small folds are also common near the 
diorite contacts. Near the major post-mineral faults 
the strike of the bedding tends to become parallel with 
the strike of the fault.

The period of tilting and folding, excluding 
the local effects just noted, doubtless belongs to 
the period of compression which resulted in the folds 
and thrust faulting elsewhere in the Christmas quad
rangle described by Willden (1964).

Faults

General Statement - Faults at the Christmas 
mine are predominantly high-angle normal faults with 
primarily dip slip movement. Low-angle bedding plane 
faults and thrust faults do occur, but they appear



to have minor displacement. The fault planes of the 
high-angle faults tend to be undulatory so that steep 
faults may change direction of dip.

Pre-mineral Faults - Eastlick (1967) distin
guished three sets of pre-mineral fault and fracture 
systems. These are: east-west, northeast, and north
west. Eastlick (1967) has discussed the possible 
evolution of the three sets; the east-west set was 
considered to have localized the emplacement of the 
diorite. The possibility that the northwest trending 
Christmas fault in combination with the east-west set 
of fractures localized the diorite intrusion was noted 
by Peterson and Swanson (1956).

Post-mineral Faults - The major post-mineral 
faults follow the pre-mineral trends. The northwest 
trending Christmas and Joker faults with a combined 
displacement of more than 2500 feet (Eastlick, 1967) 
are the largest faults in the mine area. The extent 
of pre-mineral movement on these faults is not known. 
The amount of displacement on the other major post
mineral normal faults in the mine area varies from 30 

to 200 feet. Their relative ages are unknown.



In addition to the large faults there are 
numerous fractures and small faults which, with the 
exception of the low-angle faults, have trends which 
parallel the major fault trends. The contacts of the 
various dike rocks with altered sedimentary units are 
usually fault planes.

Method of Diorite Emplacement

Magmatic Stoping - Magmatic stoping by assimi
lation, the incorporation of material originally present 
in the wall rocks into a magma, is difficult to accu
rately assess as a process of diorite intrusion at 
Christmas. Adjacent to the sedimentary contacts the 
diorite is silicated, but textural evidence from thin 
section examination indicates that the silicates formed 
by replacement of the original igneous fabric and not 
by reaction with the sedimentary rocks at the time of 
crystallization. In comparison with the other bodies 
of diorite on a regional basis the diorite at Christmas 
is not anomalous in lime content as would be expected 
if assimilation by fusion of limestone had occurred. 
Higher lime contents near the sedimentary contacts do 
not occur if the silicated diorite is omitted.
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Blocks of red brown garnet rock surrounded by 

diorite are present; they are especially notable in 
the western part of the mine. Eastlick (1967) notes 
a marble core in some of the blocks which indicates 
that they were originally limestone. The extent to 
which the blocks are engulfed in the diorite or merely 
enclosed by a system of dikes and sills is not known.
A lense-shaped, nearly flat-lying mass of red brown 
garnet rock completely engulfed in a diorite sill was 
observed in the open pit in April 1967 (Pigs. 4 and 
5). The vertical dimension is 5 to 10 feet with 
lateral dimensions of tens of feet north-south and 
several hundred feet east-west. The garnet rock also 
occurs in veinlets in the diorite, but the veinlets 
were not observed joining the lense. Similar garnet 
rock occurs below the sill. These relations are 
interpreted as indicating that a block of limestone 
was assimilated by the sill and preferentially garnet- 
ized after solidification of the sill.

Between the garnet lense and diorite in which 
the porphyritic texture remains is an irregular and 
ill-defined zone of soft, well-fractured, fine-grained, 
pale greenish yellow (10 Y 8/2) to greenish gray (5 GY 
6/l) material (Figs. 4 and 5). This material also occurs



FIGURE 4
GARNET LENSE IN ALTERED DIORITE

FIGURE 5
GARNET LENSE IN ALTERED DIORITE
Closer view of figure 4. Note difference 
in competency between the garnet and the 
montmorillonoid rock below it.
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adjacent to the garnet veinlets in the diorite and in 
the diorite where there is no associated garnet. The 
material locally has a shale-like parting. In thin 
section the material is predominantly clay with minor 
amounts of quartz and calcite and a few grains of epi- 
dote and apatite. Some specimens have isotropic garnet. 
In plane light the clay is colorless to pale reddish 
brown. The clay belongs to the montmorillonite group. 
Its identification is based on x-ray diffraction pow
der patterns of the whole rock powder followed by 
treatment with ethylene glycol which produced a shift 
in the (001) peak from 13.6 to 16.8 A.

The montmorillonoid rock was apparently regarded 
as shale by Peterson and Swanson (1956). They noted 
(p. 36l) that "sills are especially prominent in sec
tions having a large proportion of interbedded shale 
which the magma has partly or wholly assimilated".

The montmorillonoid rock is intensely altered 
diorite, and the alteration is postmagmatic rather than 
being related to an assimilation process.

Forceful Injection - Features indicative of 
forceful injection as a process of intrusion are abun
dant at Christmas. Near the contact between the main



mass of diorifce and the sediments and near the con
tacts of the east-west trending dikes in the western 
part of the mine the bedding dips steeper toward the 
contact. Small flexures and thrust faults are com
mon. The bedding and axial planes of the flexures 
strike parallel to the strike of the intrusive con
tact.

Peterson and Swanson (1956) described evidence
of dilation of the stratigraphic section by forceful
injection of sills (p. 36l):

"Sills pushed out between the bedding 
planes caused displacement on certain 
fractures by lifting the overlying 
beds. Where this occurred, the sills 
end abruptly against vertical or steeply 
dipping faults."

Small sills up to 6 feet thick are locally present in 
the hornfels derived from the shale of subunit 3 in 
the Martin Formation. These sills may be subtracted 
from the hornfels without causing a loss of section.
It is probable that the larger sills in other units 
could be similarly treated, but quantitative data are 
lacking.

Flow structure has not been noted in the dio-
. rite.

In summary forceful injection was the primary 
process of diorite emplacement at Christmas; some



assimilation also occurred. The intrusion was localized 
by the crustal weakness provided by the junction of the 
east-west fault zone with the northwest Christmas-Joker 
fault zone. Sills were injected outward from the locus 
of intrusion into stratigraphic horizons, usually shale, 
offering .less resistance. Stringham (1966) has classi
fied the diorite intrusion at Christmas as "passive" 
indicating that it crosscut the wall rocks extensively 
without injection effects.

Structural Control of Mineralization

The single most important feature controlling 
the genesis of mineralization at Christmas, the contact 
between the main stock-like,mass of diorite and the 
sediments, has been noted by all previous workers.
For convenience in description this feature is desig
nated "locus of mineralization". The fracture control 
of the hydrothermal mineralization in,the.sedimentary 
rocks becomes increasingly apparent with increasing 
distance from this feature.



CONTACT ALTERATION

Processes and Terminology

Igneous metamorphism embodies all rock altera
tion resulting from heat and fluid emanations from a 
magmatic source. The rock alteration may be divided 
into those processes resulting predominantly from 
thermal effects alone, contact metamorphism, and those 
processes resulting, from the passage of a fluid emana
tion through the rock, hydrothermal alteration.

Contact metamorphism designates relatively 
closed-system recrystallization processes which usually 
take place in the presence of an intergranular pore 
fluid in response to a thermal gradient from an igneous 
contact. The recrystallization processes are not 
strictly isochemical, but the chemical composition 
of the final state approximates that of the initial 
state of the system. Contact metamorphic reactions 
may be solid state reactions; more probably they are 
affected by the presence of an intergranular pore 
fluid. Contact metamorphism may also be termed thermal 
metamorphism.
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Hydrothermal alteration describes the chemical 
and mineralogic changes occurring in rocks as the re
sult of the passage of a hydrothermal fluid through 
them. In igneous metamorphism a hydrothermal fluid 
is a magmatic emanation, gaseous or liquid, having a 
direct or indirect relation with the igneous source. 
Water of magmatic and/or meteoric origin is usually 
the solvent for the transported constituents in the 
fluid. Contact metasomatism is commonly used to 
designate the hydrothermal alteration which occurs 
at igneous contacts. Hydrothermal alteration may also 
be termed hydrothermal metamorphism.

Mineral deposits formed by igneous metamor
phism usually in carbonate host rocks were termed con
tact metamorphic deposits in the geologic literature 
of the first two decades of the twentieth century. 
Contact metamorphism as it was generally used in this 
period is synonymous with igneous metamorphism, and 
most workers noted the presence of the two types of 
mineral-forming processes. Lindgren (1922, p. 293) 
introduced the term pyrometasomatic for deposits "equi 
valent to contact metamorphic deposits. Formed by 
metasomatic changes in rocks principally in limestone 
at or near intrusive contacts under the influence of 
magmatic emanations, temperature and pressure high."
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The pyrometasomatic deposits "formed by direct action 
of magmatic emanations (gaseous or liquid) on lime
stone" (Lindgren, 1933, p. 118) were regarded as a 
class separate from the hydrothermal deposits in 
Lindgren1s genetic classification of mineral deposits.
In present usage the term pyrometasomatic denotes a 
particular type of hydrothermal alteration in carbonate 
host rocks in which sulfides and oxides are associated 
with calc silicates. Pyrometasomatic alteration prob
ably forms both by direct and indirect magmatic emana
tions.

The term skarn designates the rock formed by 
pyrometasomatic hydrothermal alteration. Skarn is 
generally used in its original restricted sense to 
designate metasomatic calcium-iron silicate rocks with 
abundant iron oxides. The writer proposes that the 
term skarn be defined as a metasomatic rock formed at 
and near the contact of two chemically dissimilar rocks; 
one is usually a carbonate. In the setting of igneous 
metamorphism skarns may form on both the igneous and 
sedimentary sides of the contact. Those forming on 
the igneous side are termed endoskarns; exoskarns form 
on the sedimentary side. A discussion of the deriva
tion and usage of the term skarn is presented in Appen
dix A.



; ■' , » i Stratigraphic Features

A brief statement of the behavior of the var
ious types of sedimentary rocks is presented here to 
provide background for the descriptions which follow.

Pure quartz rocks were relatively inert during 
contact metamorphism and hydrothermal alteration; some 
recrystallization occurred. Impurities formed new 
minerals during contact metamorphism. Shales and 
siltstones were altered to hornfels by contact meta- 
morphism; hydrothermal features are. confined to frac
tures. Impure limestones and dolomites were altered 
to calc-silicate marble and hornfels by contact meta- 
morphism; some were replaced by hydrothermal minerals. 
Pure limestones and dolomites were recrystallized to 
marble by contact metamorphism. They were extensively 
replaced during the hydrothermal alteration. Most of 
the ore bodies formed in pure carbonate host rocks. 
Andradite exoskarns formed in limestones; forsterite- 
magnetite exoskarns formed in dolomites.

The amount of vertical chemical homogenization 
between beds of different:chemical composition:occurring 
during contact•metamorphism is minor. ' The bedding 
planes of thickly bedded units are generally preserved



both by contact metamorphism and hydrothermal altera
tion.

Contact Metamorphism

Distribution - All of the sedimentary rocks 
within the mine area have been partially to completely 
recrystallized. On the south side all of the sedimen
tary rocks below the Cretaceous andesites have been 
recrystallized. To the west extensive recrystalliza
tion extends approximately 1 ,0 0 0 feet beyond the mine 
workings. On the north side the limit of extensive 
recrystallization extends approximately 2 ,000 feet 
northward from the "locus of mineralization". Between 
2 ,000 and 3 ,0 0 0 feet north of the "locus of mineraliza
tion" the contact metamorphism becomes spatially 
restricted to diorite dikes and sills. Field observa
tions in this area indicate that shales and siltstones 
were more sensitive to the metamorphism than the inter- 
bedded limestones. The ultimate limit of the contact 
aureole is thus stratigraphically controlled.

Textures - The texture of the contact metamor- 
phic rocks illustrates recrystallization features with 
or without undestroyed sedimentary features. Fracture
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controlled features may be superimposed on these. The 
most typical texture is fine- to coarse-grained grano- 
blastic. Sutured textures most commonly are fracture 
controlled.

Preserved sedimentary features consist of 
detrital minerals and fossils or fossil fragments.
The fossils and fossil fragments are usually recrystal
lized and composed of calcite that is coarser grained 
than the remainder of the rock, but the form is pre
served to permit identification as to class or order.
Some specimens of the fetid dolomite unit from the 
southwestern portion of the mine have wavy organic 
laminations preserved; the rock has a characteristic 
fetid odor when freshly broken. Some tremolite grains 
are present.

Quartz is the most common detrital mineral.
In most of the hornfels and many of the impure quartz
ites and relatively pure quartzites the quartz retains 
its detrital appearance. Where recrystallization has 
occurred sutured grain boundaries commonly have deve
loped between quartz grains. Orthoclase is another 
unrecrystallized detrital mineral. Zircon, which is 
usually well-rounded, is the most common heavy detrital 
mineral. It occurs in many of the hornfels and quartzite
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units. Tourmaline, pleochroic in shades of green, 
anatase, and rutile occur in unit 2 of the dolomite 
member in the Naco Formation.

Grain size data of the contact metamorphic 
rocks are summarized in table 4. The grain size of 
the recrystallized limestones is typically much 
coarser than recrystallized dolomites. The extent 
to which this reflects initial grain size differences 
in the two rock types is not known. Grain size indi
cated for the quartzites is that of the quartz; the 
matrix ranges in grain size from 3 to 150 ju, .

Table 4. Grain Size Data, Contact Metamorphic Rocks

Rock Type
General Range 
in grain size: 
long dimension

{a  )
Approximate 

median grain size: 
long dimension { a  )

Calcium marble 50 - 1500 500 •
Magnesian marble 30 - 150 50
Quartzite 50 - 1000 300

Hornfels 3 - 7 0 10

Mineral Assemblages - The contact metamorphic 
rocks at Christmas may be grouped chemically into two 
systems which fully describe the chemistry of the major



rock-forming constituents. These are: l) CaO-MgO-SiOg-
COg-HgO and 2) KgO-fAl,Fe) Fe,Mg)0-SiOg-HgO. Most 
of the contact metamorphic rocks belong to the first 
system. The second system which commonly may be sim
plified to KgO-AlgO^-SiOg-HgO is represented by a small 
amount of siltstone from the Naco Formation. Some 
shales and impure carbonate horizons have a chemical 
composition gradational between the two systems. These 
are high lime-bearing rocks of the first system with 
some or both of KgO and AlgO^. The mineral assemblages 
found in the two systems are listed in table 5 .

The minerals formed in the system CaO-MgO-SiOg- 
COg-HgO are typical of contact metamorphism, but the 
assemblages have an anomalously low number of phases. 
This is attributed to open system effects. .

For example, diopside forms a monomineralic 
hornfels in the upper part of the Beckers Butte Member. 
If it is assumed: l) that the diopside formed by the
reaction, dolomite +  2 quartz = diopside + 2 carbon 
dioxide, 2) that the system was closed, and 3) that 
equilibrium was attained, then to form a monomineralic 
diopside rock requires 39.4 per cent by weight silica 
as an initial component of the rock. This composition 
is not known to have been approached by the upper part
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Table 5 . Outline of Contact Metamorphic Mineral 

Assemblages

I. System CaO-MgO-SiOg-COg-HgO .
A. Siliceous Rocks - Excess SiOg 

1 . Dolomitic
a. Tremolite-quartz
b. Diopside-quartz

2 . Cherty Limestone
a. Wollaston!te-quartz
b. Quartz

Calcareous Rocks - Deficient SiOg
1. Dolomite

a. Dolomite
b. Tremolite-calcite
c. Tremolite-dolomite-calcite
d. Tremolite-dolomite
e. Diopside
f. Diopside-calcite
"g. Dippside-wollastonite-calcite
h. Brucite-calcite

2 . Limestone
a. Calcite
b. Calcite-wollastonite
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3. Limestone - impurity
a. Wollaston!te-garnet-calcite
b. Diopside-garnet-calcite 

C. Shales and Siltstones
1 . KgO Absent

a. Diopside-quartz
b. Diopside-wollastonite-quartz
c. Diopside-garnet

2. KgO Present
a. Diopside-phlogopite-quartz 

II. System K20-( Al^^Fe^)-(FeO,MgO)-SiOg-HgO
A. Muscovite-quartz
B. Andalusite-muscovite-quartz + orthoclase
C. Andalusite-biotite-quartz + orthoclase
D. Biotite-quartz 
. Phlogopite-quartz-orthoclase

Table 5•— Continued

E



of the Beckers Butte Member which means that one or 
all of the above assumptions are invalid.

The assemblage tremolite-dolomite occurs in 
the fetid dolomite unit in specimens from the south
western portion of the mine where it is' unmineralized. 
The absence of calcite from this assemblage, which was 
determined by staining with alizarine red S solution, 
is anomalous if the tremolite formed by the reaction,
5 dolomite + 8 quartz + water = tremolite + 3 calcite +
7 carbon dioxide. Some of the tremolite formed under 
open system conditions as evidenced by its presence 
without associated calcite in clear, coarser grained, 
fracture controlled dolomite. In some thin sections 
some, but not all, of the tremolite is associated with 
pyrite which preferentially forms along the wavy organic 
laminations.

The assemblage, tremolite-dolomite-calcite, 
which would be expected in silica-deficient dolomites 
under closed-system equilibrium conditions, if the 
above reaction had occurred, is rarely present in the 
fetid dolomite unit. Where it is present the spatial 
relations of the tremolite and the calcite are not 
clearly indicative of the fact that the calcite formed 
by the tremolite-forming reaction.



The assemblage fcremolifce-calcite is present 
in only one thin section studied. It is from near the 
top of subunit 1 of the Martin Formation.

Diopside is a much more common decarbonation 
product of siliceous dolomite than tremolite. The 
assemblage diopside-dolomite is conspicuous by its 
absence in thin sections studied from the various dolo
mite units. This would be the expected assemblage in 
these rocks under closed-system equilibrium conditions 
if the diopside formed by the dolomite plus quartz 
reaction.

The assemblage diopside-calcite is very common 
in the dolomite horizons of the upper unit of the 
Martin Formation and the Escabrosa Limestone. Diopside 
and calcite are of similar size, commonly have sutured 
grain boundaries, and occur in all variations of rela
tive abundance. If the diopside formed by the dolomite 
plus quartz reaction, the calcite is not related to 
the diopside genesis. Diopside occurs in trace amounts 
in some of the marbles of the Naco Formation where its 
presence is thought to reflect minor amounts of silica 
and magnesia. The assemblage diopside-wollastonite- 
calcite is also restricted to the Naco Formation.



The assemblage brucite-calcite is moderately 
common in parts of the aphanitic dolomite unit of the 
Martin Formation. Brucite occurs as elliptical clus
ters of fibrous material which are typically 50 Jl in 
long dimension. Some of the clusters have magnetite 
centers. The associated calcite is anhedral and 
typically 150 jul in diameter. Brucite probably formed 
by the alteration of periclase. Since the brucite 
forms approximately 30 per cent of the rock, the rock 
name is predazzite.

Calcareous siliceous rocks have quartz asso
ciated with one of the following decarbonation products 
tremolite, diopside, or wollastonite. Wollaston!te is 
restricted to the outer boundaries of chert nodules in 
non-dolomitic carbonates. These may be partially or 
completely recrystallized, and they are typical of the 
Naco Formation. The assemblage diopside-quartz was 
noted in one thin section from the quartzite of subunit 
1 of the Martin Formation. Tremolite typically occurs 
in fibrous clusters within the matrix of calcareous 
quartzites at Christmas. This occurrence is character
istic of the upper part of the Cambrian quartzite and 
the basal Beckers Butte Member. Some of the tremolite 
from the Cambrian quartzite has a moderate to large



amount of the actinolite molecule present. In the non- 
calcareous quartzites from this unit chlorite occurs in 
place of tremolite.

Minor amounts of Fe^^ and AlgO^ impurities in 
low-silica carbonate rocks are incorporated in garnet. 
This occurrence is common in the Naco Formation where 
the garnet is associated with diopside or wollastonite 
and calcite. Garnet forms instead of epidote. At the 
surface, on the north side near the outer limit of the 
contact aureole, epidote occurs as a reaction rim 
between thin dark purple shale beds and limestone. It 
also occurs as a matrix mineral of the chert pebble 
conglomerate of unit 2 of the dolomite member of the 
Naco Formation in this same area. Elsewhere in the 
Christmas mine area epidote is a hydrothermal altera
tion mineral.

Shales and siltstones with high calcium and 
magnesium and low potassium contents were metamorphosed 
to diopside-quartz hornfels. Some of the hornfels have 
bands with the assemblage diopside-wollastonite-quartz. 
The two assemblages are gradational. Where the ini
tial rock contained potassium phlogopite developed.
Its identification is based on the pale brown pleo- 
chroism which it displays. Irregular brown bands one mm



thick of the assemblage diopside-phlogopite-quartz are 
interbanded with light gray diopside-quartz bands in 
the hornfels developed near the top of subunit 3 of 
the Martin Formation. The phlogopite is aligned with 
the basal cleavage direction parallel to the banding. 
These two mineral assemblages are thought to reflect 
initial differences in potassium content of the sedi
ment. Some specimens have detrital orthoclase and 
quartz associated with diopside.

Shales and siltstones with low calcium contents 
were metamorphosed to phlogopite hornfels. These rocks 
have the assemblage phlogopite-quartz-orthoclase. The 
shale of subunit 3 in the Martin Formation is meta
morphosed to hornfels of this type. Quartz and ortho
clase are detrital. Sphene and pyrite are common 
accessory minerals in the hornfels of this horizon. 
Epidote, actinolite, pyrite, and biotite, which is 
locally altered to length fast pennine, occur in 
fracture-filled veinlets and nodular recrystallized 
areas of hydrothermal origin. Phlogopite hornfels also 
occur in the Naco Formation where they are much less 
abundant than the diopside hornfels.

Unit 2 of the dolomite member of the Naco 
Formation and some of the siltstones and shales
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stratigraphically higher in the formation have high 
potash and alumina-bearing mineral assemblages with 
andalusite, and muscovite or biotite associated with 
detrital quartz and orthoclase of probable detrital 
origin. Cordierite was not noted either in thin sec
tion or in a diffractometer pattern of whole rock 
powder. Biotite, where present, is not uniformly 
distributed throughout the rock; it occurs in clusters 
commonly associated with andalusite. Muscovite may 
occur in the areas lacking biotite, but muscovite and 
biotite are generally not in contact with each other.

Evidence of Chemical Disequilibrium - Textural 
evidence indicates that some of the contact metamorphic 
rocks did not attain equilibrium during the recrystal
lization processes.

The quartz in many of the impure quartz rocks 
and hornfels retains a detrital appearance (Fig. 6 ).
There is no evidence to indicate that the quartz re- 
crystallized or played any role in the chemical reactions 
forming new minerals. The presence of orthoclase in the 
muscovite-andalusite-quartz rocks is regarded as similar 
evidence for incomplete recrystallization.



FIGURE 6
REMNANT DETRITAL QUARTZ IN TREMOLITE 
MATRIX
Little or no suturing has developed at 
the grain boundaries of the quartz. 
Plane light, x 105.

FIGURE 7

TREMOLITE IN FINE-GRAINED CALCITE AND 
COARSER GRAINED CALCITE OF RECRYSTALLIZED 
BRACHIOPOD SHELL MATERIAL
Small circular black spots are bubbles in 
the mounting medium. Larger black grains 
are pyrite. Plane light, x 105.
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REMNANT DETRITAL QUARTZ IN TREMOLITE MATRIX

FIGURE 7
TREMOLITE IN FINE-GRAINED CALCITE AND COARSER 
GRAINED CALCITE OF RECRYSTALLIZED BRACHIOPOD 
SHELL MATERIAL
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In marbles, wide variations in grain size and 

the presence of fossil fragments are indicative of 
incomplete recrystallization and non-attainment of 
equilibrium. Tremolite was noted in contact with both 
a brachiopod and the calcite surrounding it (Fig. 7).

The mineral assemblages present in the contact 
metamorphic rocks usually have two or at the most three 
phases. The assumption that an intergranular pore 
fluid was present adds one more phase. This assumption 
is quite probably valid in view of the probable shallow 
depth of burial of the rocks in question. The number 
of components of the systems is typically five. In 
rocks where evidence of disequilibrium is not present 
there is no operational way of deciding whether equili
brium was attained. This is because there is no â priori 
way of knowing what the variance of the equilibrium would 
be. Therefore, a phase rule analysis of the mineral 
assemblages cannot be carried out to indicate the number 
of mobile components. Such an analysis requires the 
assumptions that chemical equilibrium has been attained 
and that its variance is known. In the contact meta
morphic rocks of Christmas all that may be stated with 
certainty is that since the number of phases does not 
exceed the number of components, equilibrium may have



been attained in rocks where textural evidence of dis
equilibrium is not present. In view of the rather 
common occurrence of the latter it is quite probable 
that chemical equilibrium was not attained during the 
contact metamorphism at Christmas.

Facies Considerations - The mineral assemblages 
listed in table 5 are not diagnostic of any one of the 
three contact metamorphic facies. These are in order 
of increasing temperature: albite-epidote hornfels,
hornblende hornfels, and pyroxene hornfels.

Tremolite and diopside are often regarded as 
products of progressive metamorphism of siliceous dolo
mite with diopside forming from tremolite at a higher 
grade of metamorphism and the reaction marking the 
lower boundary of the hornblende hornfels facies. The 
assemblages tremolite-dolomite-calcite and tremolite- 
calcite are diagnostic of the albite-epidote hornfels 
facies (Turner and Verhoogen, i960, p. 51l). These 
assemblages occur in rocks interbedded with diopside
bearing rocks. Diopside is diagnostic of the horn
blende hornfels facies. Wollastonite forms only near 
the upper limit of the hornblende hornfels facies, and 
it is characteristic of the pyroxene hornfels.facies.
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The assemblage diopside-wollasfconifce-calcifce which is 
characteristic of the pyroxene hornfels facies occurs 
in Impure marble beds of the Naco Formation further 
from the "locus of mineralization" than tremolite- 
bearing rocks.

Evidence of progressive contact metamorphism 
at Christmas has not been found. There is no zonal 
distribution of the occurrences of tremolite, diopside, 
and wollastonite around the intrusive. Such a zonal 
relation would be indicative of albite-epidote facies 
conditions in the outer margin of the contact metamor- 
phic aureole followed successively in the direction 
of the intrusive by zones of hornblende hornfels and 
pyroxene hornfels facies conditions. Temperature con
siderations which are discussed later indicate that 
most of the contact aureole experienced temperatures 
characteristic of the albite-epidote hornfels facies 
or lower. The formation of diopside and wollastonite 
is a result of low carbon dioxide partial pressure in 
pore fluid as a result of open system conditions.

In summary, as the result of low temperature 
conditions and non-attainment of equilibrium along with 
open system effects, the facies concept is not applicable 
to the contact metamorphism at Christmas.



Skarns - General Data

General Statement - There are three different 
types of skarn at Christmas. These are endoskarn, 
andradite exoskarn, and forsterite-magnetite exoskarn 
which have developed in diorite, non-magnesian car
bonate, and magnesian carbonate host rocks respectively. 
The andradite exoskarn and the forsterite-magnetite 
exoskarn may be designated as Ca skarn and Mg skarn 
respectively. The endoskarn is spatially more variable 
in mineralogy and texture. The distinction between 
endo- and exoskarn cannot always be made with certainty. 
Where remnant igneous features are not preserved only 
similarity in mineralogy and texture with rocks in which 
they are preserved serves as a guide in the identifica
tion.

The major ore bodies occur in the andradite 
exoskarn and the forsterite-magnetite exoskarn, and 
the sulfide concentrations are confined to the skarns. 
Massive garnet exoskarn without sulfides occurs adja
cent to dikes and sills of diorite primarily on the 
north side away from the mine workings. This is dis
tinguished from the ore-bearing andradite exoskarn by 
its vuggy and monomineralic character.
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Texture - A common feature of the skarns re

gardless of the host rock is the extreme variability 
in grain size. Grains of the same mineral species 
typically exhibit a range in grain size up to two 
orders of magnitude commonly in the same thin section.
The presence of open spaces at the time of mineral 
genesis was a factor in controlling this. Larger 
grains of the skarn minerals with crystal faces extend 
into vug fillings of later minerals. Open space filling 
is an important factor in skarn genesis.

Chemical Composition Limits - Skarn Silicates - 
The skarn-forming silicates are members of isomorphic 
series usually with numerous minor element substitutional 
possibilities. Variability in chemical composition 
within a given grain is typical of some skarn silicates. 
Garnet and vesuvianite are the most notable examples.
In this study only first approximations to the chemical 
composition were determined.

Forsterite is the most precisely chemically 
defined skarn silicate, it is positive which places 
an upper limit on the fayalite content at 12 per cent, 
and Ny = 1 .6 5 3 which is very close to pure MggSiO^.
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The pyroxene in the exoskarns and hornfels is 

diopside. Ny is 1 .6 7 1 or close to this value which 
is the value for pure diopside. The green endoskarn 
pyroxene has higher indices with Ny ranging up to 
1.679. Based on its association with aluminous garnet 
and on the work of Sveshnikova and Shabynin (1961) on 
green skarn clinopyroxenes, this pyroxene has a con
siderable amount of the augite end member present. The 
upper limit of 40 per cent augite is rather imprecisely 
defined. Hedenbergite and salite were not found 
although Eastlick (1967) reports hedenbergite from the 
lower Martin ore body.

The composition of garnet in the various skarns 
is not precisely known. Zoning and color variations 
within individual grains indicate a high degree of 
variability in chemical composition. The cell constant, 
Aq, was determined from x-ray diffractometer powder 
patterns as a first approximation of the garnet compo
sition. The cell constant of the last 5 lowest d-spacing 
peaks was averaged. The assumption was made that the 
change in cell parameter is only the result of changes 
in the relative amounts of grossular and andradite end 
members present. Garnets from similar geologic environ
ments are typically predominantly composed of these two
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end members. However, minor contributions from alman- 
dine, spessartite, and pyrope end members may be pre
sent.

The data are summarized in table 6 . The 
presence of Ca, Al, Fe, Mn, Ti, Mg, Na, K, and V was 
detected by use of the emission spectrograph in 
samples 26-109, 7 8-9 1, 30-267, and 80-54. Chromium 
was not detected.

Table 6 . Garnet Cell Constants and Composition

Sample Source Color A 0  (A) Composition

30-267 Endoskarn 10 YR 8 /2 I I . 9 I 3 Gr°70And30
83-173 Endoskarn 5 YR 7/2 11.934 Gro60And40
78 -9 1 Endoskarn 5 Y 7/2 to 

10 R 7/4 l l . g G y Oro^Andgg

26-109 Endoskarn (?) 10 R 5/4 to 
10 R 7/4 12.042 Gro8Andg2

31-161 Exoskarn 5 GY 7/4 1 2.000 Gro28And72
80-54 Exoskarn 5 GY 7/4 12.041 Gro^And^

336-565 Exoskarn 5 GY 7/4 I2 .O27 Gro15And85
10-26 Exoskarn 5 GY 7/4 12.030 - Gro14And86



The data indicate that the light brown endo- 
skarn garnet has a higher grossular content than the 
light green exoskarn garnet. Samples 31-l6l and 80-54 
are from ore bodies in the Naco Formation. Sample 
26-109 is the red brown garnet from the lense-shaped . 
body of garnet rock enclosed within the diorite and 
described on page 54. Sample 336-565 is from subunit 1 
of the Martin Formation, and sample 10-26 is from the 
massive garnet exoskarn above the mine workings on the 
north side.

Based on an x-ray diffractometer powder pattern 
endoskarn epidote contains little or no clinozoisite 
molecule. The compositional variability of vesuvianite 
was not studied.

Endoskarn

General Statement - Adjacent to the sedimentary 
contacts the igneous fabric of the diorite is usually 
progressively destroyed by replacement as the contact 
is approached. Preservation of parts of the igneous 
fabric in the initial stages of skarn development indi
cates that the process took place after the solidifica
tion of at least the immediately adjacent diorite. Some 
of the skarn minerals are fracture controlled. The



width of the endoskarn is variablej it ranges from a 
few millimeters to several meters. Usually the width 
is on the order of a few centimeters.

Sequence of Skarn Development - The sequence 
of skarn development observed as the sedimentary con
tact is approached is regarded as a time sequence also. 
The sequence is not always the same, but certain regu
larities are notable. The process begins by selective 
replacement which is followed by pervasive replacement 
and open space filling.

The first feature in skarn development is the 
replacement of the mafic phenocrysts, biotite and 
hornblende by pale green, nonpleochroic, augitic clino- 
pyroxene. Accessory magnetite is also lost at this 
stage. Biotite phenocrysts are more sensitive to the 
replacement than hornblende; they are replaced along 
the cleavage direction (Fig. 8). Locally the unreplaced 
biotite has been altered to chlorite with commonly asso
ciated epidote. Hornblende phenocrysts are initially 
peripherally replaced by the pyroxene (Fig. 9 ). Pla- 
gioclase and quartz groundmass inclusions are commonly 
preserved in both types of replaced phenocrysts which 
results in sutured skeletal grains. Small sutured



AUGITIC CLINOPYROXENE REPLACING BIOTITE 
PHENOCRYST
Higher relief material is pyroxene and 
less abundant epidote. Low relief mate
rial is plagioclase and quartz. Some 
chloritized biotite remains. Plane light, 
x 9 0.

FIGURE 8

FIGURE 9

AUGITIC CLINOPYROXENE- REPLACING HORNBLENDE 
PHENOCRYST
Darker hornblende in center of phenocryst 
is replaced by lighter pyroxene. Enclosed 
light material in the phenocryst is pla
gioclase. Apatite and epidote inclusions 
are also present, but not clear in the 
picture. High relief material in the 
groundmass is pyroxene. Plane light, x 34.



FIGURE 8
AUGITIC CLINOPYROXENE REPLACING BIOTITE 
PHENOCRYST

FIGURE 9
AUGITIC CLINOPYROXENE REPLACING HORNBLENDE 
PHENOCRYST



pyroxene grains occur in the groundmass. Pyroxene also 
occurs as fracture fillings. Plagioclase and quartz 
in the groundmass usually remain unaffected. In some 
specimens pyroxene replaces plagioclase phenocrysts 
along the direction of the albite twin plane. Epidote 
may also replace the plagioclase phenocrysts; some of 
the epidote has stronger pleochroism varying from 
yellow green to greenish brown. Locally epidote may 
occur with pyroxene in the groundmass. Sphene is a 
common accessory mineral associated with the large 
pyroxene grains. It probably formed as the result of 
the liberation of titanium resulting from the replace
ment of hornblende.

Alteration of the plagioclase is the next 
feature in the sequence. In some specimens it is 
omitted. This process is not well understood. The 
plagioclase alters in one of two ways. It may alter 
directly to a clay mineral, or there may be an inter
mediate step in which it breaks down into granular 
masses of 15 to 35 j l equant grains which destroy the 
albite twinning but appear to still be plagioclase.
In most specimens the clay phase which is present be
longs to the montmorillonite group. The identification 
is based on x-ray diffractometer patterns of whole-rock



powder extracted from this zone. Some specimens con
tain sericite instead of a montmorillonoid clay as 
verified by x-ray diffraction. Figure 10 shows the 
relationships across this zone between fresh plagio- 
clase and garnet. Quartz is lost during the process 
of plagioclase alteration. Pyroxene and apatite re
main unaffected.

Garnet replaces the altered plagioclase and 
clay as the next stage in the sequence, or it may 
directly replace fresh plagioclase. Usually the gar
net is isotropic where remnant altered or fresh plagio
clase remain. Some specimens exhibit large skeletal 
zones of garnet which serve to outline the final volume 
to be occupied by the garnet grain (Fig. ll). As the 
replacement process proceeds zones appear to have been 
filled in between the initial skeletal zones. These 
typically are anisotropic. Linear vugs locally deve
lop along the margins of some zones. The central 
portion of the garnet grains commonly contains greater 
amounts of unreplaced clay.

Probably not all of the garnet grains grew in 
this manner. Many garnets are isotropic or nearly 
isotropic with only a few peripheral anisotropic zones.



FIGURE 10
ALTERED PLAGIOCLASE-CLAY ZONE BETWEEN 
FRESH PLAGIOCLASE AND GARNET
Plagioclase phenocryst at left center 
has been altered to clay and fine-grained 
sutured masses of plagioclase. Augitic 
clinopyroxene remains unaffected in the 
clay zone. Quartz which is present as the 
dark grain above the plagioclase phenocryst 
is not present in the clay zone. Dark 
material at extreme right is light brown 
isotropic garnet. Crossed nicols, x 9 0.

FIGURE 11
SKELETAL GARNET ZONES IN ALTERED PLAGIO
CLASE
High relief material is garnet. White 
is holes in the thin section. Plane light, 
x 23.
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FIGURE 10
ALTERED PLAGIOCLASE-CLAY ZONE BETWEEN FRESH 
PLAGIOCLASE AND GARNET

FIGURE 11

SKELETAL GARNET ZONES IN ALTERED PLAGIOCLASE



with or without penetration twinning. Peripheral iso
tropic zones may be present. The interior may be 
optically discontinuous with the anisotropic zones 
surrounding it. In other garnet grains the entire 
grain may be anisotropic and zoned with or without 
penetration twinning. In summary the zoning, twinning, 
and isotropy-anisotropy relations in the garnet grains 
are exceedingly complex. Several varieties may occur 
in the same thin section..

At this stage or slightly later the garnet re
placement becomes pervasive forming a coarse-grained 
garnet rock. Apatite is the only remaining igneous 
mineral which serves to indicate the genesis of the 
rock. As the result of the formation of garnet, which 
has a higher density than the replaced minerals, vugs 
are formed. The size of the vugs is variable, ranging 
from a few microns to several millimeters in diameter; 
the shape is typically irregular.

The vugs are lined with garnet crystals in most 
specimens. Minerals which fill the vugs locally re
place garnet. Anhydrite is the most common mineral : 
filling the vugs in the endoskarn associated with the 
Martin Formation; leonhardite, calcite, and quartz are 
common minerals filling the vugs in the endoskarn



associated with the Escabrosa Limestone and the Naco 
Formation. Of these minerals calcite is most common.

As the final stage in the sequence of skarn 
development fine-grained, 15 A  anhedral masses of 
colorless diopside selectively replace the pale green 
pyroxene. In some specimens garnet is replaced. In 
other specimens the diopside appears to be contempora
neous with the garnet. It occurs in masses in the 
interior of the garnet grains with the altered plagio- 
clase.

Some specimens of garnet endoskarn have radiat
ing euhedral prismatic clusters of pale greenish yellow 
(10 Y 8/2) vesuvianite up to 5 mm in long dimension.
The vesuvianite has an anomalous birefringence and 
color zoning in grains cut normal or inclined to the 
c axis. Locally the vesuvianite appears to replace 
garnet; the two minerals probably overlapped in time 
of formation.

The role of epidote in endoskarn development 
is uncertain. As noted above it occurs replacing pla- 
gioclase in rocks containing pale green pyroxene. It 
also occurs replacing garnet, diopside, and vesuvianite 
vesuvianite is preferentially replaced relative to the 
other two minerals. This occurrence is spatially



associated with chalcopyrite veinlets. Some specimens 
of endoskarn associated with the Martin Formation are 
coarse-grained epidote rocks which range in grain size 
from 0.5 to 5 nun in long dimension. The epidote has 
both linear and sutured grain boundaries. Some grains 
are zoned. Small 10 to 15 a  anhedral equant diopside 
and sphene grains are present as inclusions.

Locally, nearest the sedimentary contact, a 
nearly monomineralic rock of fine-grained, anhedral, 
colorless diopside has developed. Remnant euhedral 
apatite was noted in this rock type serving to iden
tify it as an endoskarn.

The occurrence of sulfides in endoskarns is 
not common. Chalcopyrite and much less common pyrite 
occur associated with stilbite veinlets in several 
endoskarn specimens which were associated with the 
Escabrosa Limestone. Specimens from endoskarn asso
ciated with the Martin Formation have anhydrite asso
ciated with the sulfide veinlets. Epidote is commonly 
associated with the margins of the sulfide-anhydrite 
veinlets. The sulfide veinlets generally formed late 
in the sequence of skarn development; however, in one 
specimen, stilbite-sulfide veinlets have a zone of 
plagioclase altered to clay minerals between the vein- 
let and the garnet wall rock.



Wollastonite also occurs in some endoskarn 
rocks. It pervasively replaces weakly altered pla- 
gioclase. Diopside and garnet are locally associated 
with the wollastonite. One thin section studied of 
endoskarn associated with the Martin Formation con
tains stubby, subhedral, length slow thulite grains 
which pervasively replace altered plagioclase. The 
size is typically 150 m  in long dimension and the 
pleochroism is weak which probably indicates a low 
manganese content.

Two other anomalous endoskarn specimens should 
be noted. They are anomalous in being the only speci
mens exhibiting the particular mineralogy. One speci
men associated with the Martin Formation has large 
clusters of mica-like material, pleochroic colorless 
to pale green, interstitial to brown isotropic zoned 
garnet. An x-ray diffractometer powder pattern of 
this material indicates that it is a mixture of phlog- 
opite and chlorite. The other specimen is associated 
with the upper Escabrosa Limestone. It contains sub
hedral to euhedral grains 1 to 3 mm in long dimension 
of a biaxial negative mineral with a low 2 V. The 
pleochroism is strong with X = pale reddish brown and 
Z = pale green. The optic plane is parallel to the



b axis. A basal cleavage is present, and Ny equals 
I.6 0 8. Based on these properties the mineral is identi
fied as xanthophyllite (Deer, Howie, and Zussman, 1962,
V. 3» p. 99). Large grains of anhedral forsterite 
partially altered to serpentine are associated with 
the xanthophyllite. Some color-zoned subhedral vesuv- 
ianite, euhedral isotropic garnet, and minor diopside 
are also present. Calcite and forsterite form the 
matrix.

Some sills of diorite do not display the usual 
sllication sequence progressing from diorite to sedi
ment. The only alteration affect within the diorite 
right up to a sharp linear contact with diopside horn- 
fels is the occurrence of diopside along fractures and 
the local replacement of the groundmass by clusters of 
fine-grained diopside.

Criteria for Distinguishing Endoskarn from 
Exoskarn - There are certain properties of endoskarn 
and Ca skarn which enable their distinction in the 
absence of preskarn features and diagnostic field 
relations. Apatite remains inert to the skarn form
ing process. Its presence in association with skarn 
silicates is diagnostic of endoskarn. Sphene forms in 
endoskarn as the result of the replacement of hornblende



by pyroxene. It is not as ubiquitous in endoskarns 
as apatite, but it was not noted in exoskarns.

The garnets of endoskarns are typically aniso
tropic with complex zoning and penetration twinning. 
They are commonly various hues of yellow brown, and 
they commonly have numerous diopside or altered pla- 
gioclase inclusions. Quartz is absent from the garnet 
endoskarns. The garnets of Ca exoskarns are isotropic 
unzoned, and usually lacking in inclusions; the color 
is moderate yellow green. Exoskarn garnets are com
monly associated with quartz or recrystallized chert.

The red brown isotropic garnet included in 
the diorite and occurring near it may be recognized 
by color and the association of abundant pyrite and 
magnetite with it.

The occurrence of epidote and fibrous vesu- 
vianite is confined to endoskarns. Zeolites are 
abundant in endoskarns not associated with the 
Martin Formation; they were not noted in Ca skarns.

These properties, when taken together, are 
generally sufficient to distinguish a hand specimen 
of endoskarn from exoskarn.



Certain fine-grained diopside endoskarn rocks 
are megascopically indistinguishable from diopside 
hornfels. Both rock types occur in hues of light 
gray to greenish gray and light olive gray to grayish 
yellow green. In thin section the presence of apa
tite serves to distinguish an endoskarn rock. The 
presence of abundant disseminated quartz is indicative 
of a hornfels; it usually displays a wide variation in 
size and shape and commonly retains its detrital appear
ance. Detrital zircon is usually also present in the 
hornfels. Phlogopite is also diagnostic of hornfels.
The montmorillonoid rock is megascopically distinguish
able from diopside hornfels on the basis of hardness.

Ore Bodies

General Statement - Developed ore bodies at 
Christmas occur in exoskarns, and the ore is spatially 
restricted to the skarn. The descriptions of the 
various ore bodies are organized according to the 
host rock type, limestone or dolomite.

Figure 12 is a generalized cross section show
ing the stratigraphic position and relationship to the 
diorite on the south side. The diorite contact is 
schematic; the numerous small sills and dikes.
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post-mineral faults, and structural features associated 
with the contact have been omitted. The generalized north 
side diorite contact is a mirror image except for more 
erosion of the upper Naco Formation and the bedding which 
dips toward the contact.

Ore Bodies in Limestone

Spatial Relations - Most of the ore bodies in the 
Naco Formation are in limestone strata, and a part of the 
upper Escabrosa ore body is in limestone. As a result 
of the occurrence of limestone interbedded with shales, 
siltstones, and impure limestones in much of the Naco 
Formation, the ore bodies tend to be thin-bedded replace
ments. Ore bodies extend laterally 50 to 400 feet from 
the "locus of mineralization" (Eastlick, 1967), but most 
of the ore occurs within 100 feet of the "locus of mine
ralization". Peterson and Swanson (1946) noted that the 
average width of the stopes on the south side is 53 feet. 
Near the "locus of mineralization" the entire bed is 
mineralized; beds of hornfels, diorite sills, or the 
montmorillonoid rock form the hanging wall and footwall 
of the ore bodies. Sometimes thin units of these rocks 
are contained within the ore body. The hanging wall 
and footwall contacts are sharp and stratigraphically



controlled (Fig. 13). The vertical dimension of the 
ore bodies ranges from 1 or 2 to 60 feet.

The fracture control of the mineralization be
comes apparent with increasing distance from the "locus 
of mineralization" where parts of the unreplaced marble 
beds occur between gametized fractures and irregular 
masses. In places garnetization tends to be more com
plete along the hanging wall and footwall contacts, 
but usually there is no such preferential garnetiza
tion.

The contact relations of the green garnet ore 
with the main mass of diorite are uncertain. The writer 
did not have opportunity to observe a diagnostic ex
posure indicating what happens to the green garnet near 
the intrusive contact. The apparent relation is that 
the green garnet grades into red brown garnet with 
strong magnetite and pyrite. Peterson and Swanson 
(1956, p. 364) noted that "along the main contacts 
there is generally a zone of low grade material between 
the ore bodies and the quartz diorite. Since the con
tact is not usually exposed in the stopes, the width of 
this zone is uncertain but probably it rarely exceeds 
25 feet."



99

FIGURE 13

GARNET-HORNFELS CONTACT
The sharp contact is typical of both the 
hanging wall and footwall of Naco ore bodies. 
View is from the upper part of the Naco 
Formation south side. Note the difference 
in density of fractures.



Correlation of Ore Beds - Peterson and Swanson 
(1956) recognized and described 9 distinct ore beds on 
the north side and correlated them across the main mass 
of diorite. Two more beds were added to the top of 
the sequence on the south side. The beds were named 
after the original stope in each bed.

The writer attempted to evaluate this work in 
the light of additional data obtained from diamond 
drilling primarily on the south side. Much of the 
data are from less intensely mineralized areas than 
were accessible to Peterson and Swanson. Correlation 
between the ore bed sequence of Peterson and Swanson 
and the diamond drill data was not possible. The 
primary reason for this appears to be the presence 
of the montmdrillonoid rock representing altered dio
rite which apparently was regarded as shale by 
Peterson and Swanson. Sections in excess of 200 feet 
from the "locus of mineralization" usually do not con
tain this material. It therefore is not possible to 
correlate the ore beds of Peterson and Swanson with 
less altered rock farther from the "locus of mineraliza 
tion". Also, there is more diorite with preserved 
porphyritic texture nearer the "locus of mineraliza
tion", and there are thicker sections of garnet.



The following statements regarding the corre
lation of the mineralized beds at Christmas with their 
unaltered equivalents should be regarded as somewhat 
tentative. On the south side in the eastern portion 
of the mine a 15 foot thick hornfels unit lies approxi
mately 70:feet below the 800 level. This bed is 
correlated with the clastic unit, unit 2, of.the Naco 
Formation dolomite member. The thickness of the. 
underlying altered dolomite is approximately 50 feet 
in this area. On the north side the clastic unit is 
mapped on the 600 level; it was accessible to the . 
writer: via diamond drill core. On the south side the 
top of unit 1 of the limestone member occurs on or 
slightly below the 800 level. The thickness;is approxi 
mately 70 feet. .
. ' In the mine area unit 2 of the limestone
member is a nearly continuous sequence of hornfels 
with numerous included sills and unmineralized skarns.
A 60 foot sill occurs approximately 60 feet above the 
base of the unit. The unit extends from the 800 level 
to slightly above the 600 level on the south side and 
from slightly below the 500 level to slightly.above 
the 300 level on the north side.



Unit 3 of the limestone member lies between 
the 600 level and the 500 level on the south side.
The unit consists of interbedded ore beds and hornfels. 
On the north side much of the early production on and 
below the 300 level was from this unit. The basal 
part of this unit is tentatively correlated with the 
Las Novias bed of Peterson and Swanson (1956).

Much of unit 4 of the limestone member is 
hornfels with included sills. On the south side the 
unit extends from below the 500 level to slightly 
below the 400 level. On the north side the unit ex
tends from the surface to approximately the 200 level; 
it accounted for a minor amount of the early production.

Units 5 and 6 are indistinguishable in the mine 
area. On the south side they extend from the surface 
to slightly below the 400 level. They were the source 
of most of the early production. On the north side 
much of the two units has been removed by erosion 
in the mineralized part of the mine area. The Johnny 
bed of Peterson and Swanson (1936) is very tentatively 
correlated with the base of unit 5 .

Description of the Ore - In hand specimen the 
ore consists of moderate yellow green (5 YG 7/4) gar- 
net with interstitial calcite and disseminated bornite



and/or chalcopyrite also interstitial to garnet. Cal- 
cite veinlets with the sulfides locally crosscut the 
garnet. Chert nodules are common.

In thin section the garnet is isotropic and 
euhedral except where it occurs in masses without the 
associated interstitial minerals and where replace
ment has not occurred. Some of the garnet has a 
moderate brown (5 YR 3/4) peripheral zone, and in 
thin section, it displays color zoning in plane light. 
Grain size is variable typically ranging from 0.05 to 
2 mm in diameter. Most of the garnet grains are well 
fractured.

Anhedral lath-shaped diopside typically 0.1 
to 1 mm in long dimension locally occurs with the 
garnet. Calcite and quartz which is usually chert 
or partially recrystallized chert occur interstitially 
to the calc-silicates. All gradations exist commonly 
in a single thin section between unrecrystall!zed 
chert with microcrystalline and length fast chalce- 
donic quartz and recrystallized chert which occurs as 
80 /i anhedral quartz grains with linear grain bounda
ries. Partially recrystallized chert occurs as masses 
of 10 to 15 jU' grains with undulose extinction and 
sutured grain boundaries. Garnet grains are in contact
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with all gradations of recrystallized chert. Diopside 
is usually confined to specimens having abundant inter
stitial calcite and minor or absent quartz.

Disseminated chalcopyrite and bornite are 
interstitial to garnet (Fig. 14) and, where it is pres
ent, diopside (Fig. 15). Less common is sphalerite 
which also occurs in this manner. Small anhedral sul
fide grains to QO.xc in diameter are included in the 
garnet. The calc-silicate minerals are locally included 
in the sulfides. It appears that the sulfides replaced 
calcite in preference to diopside and garnet. Sulfides 
also replace chert and recrystallized chert.

Bornite is typically more abundant than chal
copyrite, and chalcopyrite is commonly absent. Super
gene bornite is also locally present in some specimens 
from the upper part of the Naco Formation. It forms 
rims around the chalcopyrite and occurs as fracture 
fillings in the chalcopyrite. Chalcocite commonly rims 
this type of bornite. Hypogene bornite appears to be 
contemporaneous with chalcopyrite.

In most specimens calcite has partially replaced 
garnet and diopside. Some of the replacement is post
sulfide, and the sulfide grains were unaffected. Evi
dence for this replacement is the occurrence of sulfide



FIGURE 14
CHALCOPYRITE INTERSTITIAL TO GARNET
Calcite is associated with the chalco 
pyrite. Plane light, x 23.

FIGURE 15
DIOPSIDE ZONING AT THE GARNET-MARBLE 
CONTACT
From the garnetised fracture with chal- 
copyrite and diopside at the left the zones 
are: coarse-grained diopside with inter
stitial chalcopyrite, fine-grained diopside, 
and marble. Plane light, x 23.
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FIGURE 15

DIOPSIDE ZONING AT THE GARNET-MARBLE CONTACT



grains partially surrounding calcite grains which are 
pseudomorphic after calc-silicates. Sometimes parts 
of the calc-silicate grains remain. This late calcite 
is commonly very fine grained.and has sutured grain 
boundaries. Calcite also replaces chert and recrystal
lized chert./ Some specimens have sutured calcite and 
quartz which appear to be pseudomorphic after wollasto- 
nite.

Some of the ore occurring near the "locus of 
mineralization" is a yellow gray (5 Y 7/2) to light 
olive gray (5 Y 6/l) garnet rock. In addition to - : 
chalcopyrite, pyrlte, magnetite, and locally sphalerite 
are present. Commonly the rock consists of irregular, 
locally swirly bands of magnetite and/or chalcopyrite 
with interbanded garnet. Pyrite and sphalerite are 
also involved in the banding. Locally segmented vein- 
lets of chalcopyrite, epidote, calcite, and quartz . 
crosscut the banding.

In thin section the garnet bands consist of 
isotropic garnet .partially replaced by 5 ̂  calcite 
which usually forms the remainder of the band. The 
opaque minerals and quartzimay be present interstitial 
to the garnet. Quartz locally pervasively replaced ' 
the rock and .contains disseminated sulfides. The



chalcopyrite bands vary in width from 15 jjl to 1 mm. 
They consist of 10 to 15 equant sutured quartz 
grains associated with coarser grained opaques. Cal- • 
cite and pennine are locally present. The sulfide 
bands locally have the appearance of a fracture-filled 
veinlet. They commonly bifurcate and crosscut each 
other. Wide veinlets with more sulfides crosscut ' - 
narrow veinlets with no offset. Some narrow veinlets 
are segmented with quartz and calcite.

The red brown garnet skarn which occurs within 
or near the diorite megascopically consists of garnet, 
pyrite, magnetite, chalcopyrite, calcite, and locally 
epidote. Chalcopyrite is not always present, and the 
rock is most commonly characterized by a high pyrite 
content which is typically 5 to 10 per cent. Magne
tite is usually less abundant than pyrite. The garnet 
is andradite (sample 26-109, table 6).

In thin section the garnet is isotropic and 
anhedral to euhedral; it varies in size from 0.1 to 
1 mm in diameter. Anhedral diopside is present in 
trace amounts in some sections. Garnet and diopside 
are partially replaced by 15 to 150 anhedral equant 
calcite which forms the matrix of the rock. Magnetite 
chalcopyrite, pyrite, and locally sphalerite are



interstitial to the garnet and replace it. Magnetite 
which locally appears to be pseudomorphic after specu- 
larite occurs interstitial to pyrite in some specimens. 
In other specimens the magnetite is euhedral and chal- 
copyrite is interstitial to it. Sphalerite where 
present is closely associated with chalcopyrite. The 
chalcopyrite is interstitial to sphalerite and locally 
replaces it along cleavage directions.

Garnet-Marble Contact - Garnetization is frac
ture controlled. The garnet!zed fractures may be linear 
or sinuous. Locally they bulge out into irregular bul
bous masses. The fractures commonly crosscut each 
other with no apparent offset. Commonly but not in
variably a larger garnet!zed area occurs at the junc
tion of two fractures. The attitude of the fractures 
is most commonly steep, but shallow angle fractures 
also occur.

The contact between the garnet and the unre
placed marble is usually irregular and convex toward 
the marble (Fig. 16). It follows the boundaries of 
the individual garnet grains. Apparently unaffected 
calcite is interstitial to the peripheral garnet grains 
and clusters of garnet grains, and commonly similar 
appearing calcite occurs interstitial to garnet in the
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FIGURE 16

GARNET-MARBLE CONTACT
Garnet is on the left side. Reflected 
light, x 14.



main garnet!zed. rock. As the contact is approached 
from the marble side there is no change in the texture 
of the marble until the actual contact of the garnet 
grains is reached. Locally sphalerite with associated 
chalcopyrite is localized along the marble contact on 
the garnet side.

In specimens (Fig. 15) where garnetized frac
tures crosscut marbles with diopside interstitial to 
calcite there is commonly a zone peripheral to the 
garnet on the order of a few millimeters in width of 
coarser grained, nearly equant anhedral diopside 
which is typically 150 m * in diameter. The sulfides . 
occur interstitial to this type of diopside. Border
ing this zone on the marble side is a zone typically 
1 mm in width of 15 to 35 Ju' anhedral equant diopside 
which is similar in appearance to the diopside in the 
marble, but it is more concentrated in this zone than 
in the marble. Sulfides are not present in this zone. 
Diopside is also present in the garnetized fracture. 
These relations are interpreted as indicating that 
magnesia migrated toward the fracture resulting in 
recrystallization of the diopside.

Sulfide Zoning - A lateral zoning of the sul
fides in the ore bodies of the Naco Formation has been



noted by Easfclick (1958, 1967). This zoning consists 
of predominant magnetite and pyrite near the intrusive 
mass which grades laterally outward into a bornite- 
chalcopyrite intermediate zone and finally to an outer 
zone of chalcopyrite-pyrite-sphalerite and minor ga
lena.

In this study sphalerite was locally noted in 
the high magnetite-pyrite ore. Chalcopyrite is locally 
more concentrated in this ore, or it may be absent. 
Sphalerite is more highly concentrated in the outer 
margins of the ore bodies along the marble contact, 
but this concentration is erratic, and sphalerite is 
not always present. Galena is very rarely present in 
the outer margins of the ore bodies. The writer 
observed no case where pyrite is concentrated in the 
outer margins of the ore bodies. Bornite and/or chal
copyrite occur in the garnetized fractures at the 
outer margins of the ore bodies with local sphalerite 
and very minor galena. With the exception of the 
near-intrusive zone the bornite-chalcopyrite to pyrite 
ratio is always much less than unity.
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Ore Bodies in Dolomite 

Lower Martin Ore Body .

Spatial Relations - Mineralization in the 
lower part of the Martin Formation forms the largest 
known ore body in the Christmas mine. The gross aspect 
of the ore body is that of a bedded replacement, but 
the hanging wall is not stratigraphically controlled. 
Therefore, the stratigraphic thickness of the ore body 
is variable and increases with decreasing distance to 
the "locus of mineralization". The footwall of the 
ore body is usually stratigraphically controlled. It 
is marked by the upper contact of the Beckers Butte 
Member with the fetid dolomite unit. The upper part 
of the Beckers Butte Member is commonly mineralized 
and locally makes ore. Usually thin 1 to 3 foot well- 
mineralized horizons representing less siliceous dolo
mite beds are interlayered with lower grade silicated 
rock such that a 10 foot section rarely exceeds one 
per cent copper.

Near the outer periphery of the ore body only 
the basal part of the fetid dolomite unit is mineralized. 
With decreasing distance to the "locus of mineraliza
tion" increasing amounts of the fetid dolomite and the



overlying aphanitic dolomite units become involved in 
the mineralization. Near the "locus of mineraliza
tion" where the entire aphanitic dolomite unit is mine
ralized the hanging wall becomes stratigraphically 
controlled. It is formed by quartzites and associated 
silicated rocks of subunit 1 of the upper unit. In 
this area diorite sills also locally form the hanging 
wall.

In plan the ore body may be described as an 
elliptical ring surrounding the diorite intrusive which 
is cut off to the east by the Christmas fault and tem
porarily disrupted to the west by the east-west trend
ing diorite dikes (Fig. 17). To the north and west 
the limits of the ore body have been delineated by 
drilling and development. To the southwest, south, 
and southeast the ultimate limits of the ore body have 
not been delineated. The southeastern portion of the 
ore body is least well known.

Eastlick (1967) described the exposed lateral 
limits of mineralization as extending 2200 feet along 
the strike and 1100 feet up dip at the widest point 
on the north side and about 3300 feet along strike 
and approximately 1400 feet down dip on the south side.
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Available data indicate that the elliptical 
ring formed where the ore body is 30 feet thick, is 
approximately 600 to 700 feet wide on the north side 
and 600 to 800 feet wide on the south side where it 
decreases in width toward the east. This thickness 
involves slightly more than all of the fetid dolomite 
unit. The elliptical ring formed where the ore body 
is 60 feet thick is 100 to 300 feet wide on the north 
side and 400 to 600 feet wide on the south side where 
it also decreases in width toward the east. On the 
south side the maximum thickness of the ore body ex
ceeds 100 feet for 600 feet along strike, but more 
generally 80 feet is the maximum thickness.

The thickest portion of the ore body on the 
south side corresponds spatially with mineralization 
in the upper part of the Martin Formation. Here the 
entire stratigraphic interval between the Beckers Butte 
Member and the base of subunit 3 could be considered 
one ore body with thin zones of low grade material 
corresponding to interbedded quartzites and silicated 
rocks and local diorite sills.

Megascopic Description of the Ore - The 
structure of the ore on the scale of a hand specimen 
is generally stratigraphically controlled. Ore from



the fetid dolomite unit commonly has an intricate swirly 
banded structure. This swirly banded structure is 
generally lacking in mineralogically identical ore 
from the aphanitic dolomite unit.

In stopes in the fetid dolomite unit the entire 
face typically displays the intricately swirly banded 
structure. The bands are accented by interbanded light 
yellowish green serpentine and pyrite. Numerous vein- 
lets of sulfides with anhydrite crosscut the swirly 
bands. These veinlets are typically sinuous particu
larly the thinner ones. The width is from a few 
millimeters to several centimeters. There is no off
set where two veinlets crosscut each other. Figures 
18 and 19 are typical stope faces displaying these 
features.

The narrow sinuous veinlets are crosscut by 
more linear sulfide-anhydrite fracture-filled veinlets. 
These locally have continuity on the scale of an en
tire 15 foot face. Sulfide assemblages are the same 
as those of the sinuous veinlets and the banded rock. 
Magnetite may be present. Locally mineralized vein- 
lets are oriented parallel to the bedding, but most 
commonly they are steep and often vertical or nearly 
vertical.



FIGURE 18.
TYPICAL STORE FACE SWIRLY BANDED ORE
Swirly bands of pyrifce with chalcopyrifce 
are crosscut several anhydrite-sulfide 
veinlets. Both this figure and figure 19 
are from the southwestern part of the 
mine, and the faces display more pyrite 
than is commonly present.

FIGURE 19
TYPICAL STORE FACE SWIRLY BANDED ORE
Swirly bands of pyrite with chalcopyrite. 
Light material in the right part of the 
picture is serpentine along a fracture 
plane.



FIGURE 18
TYPICAL STOPE FACE SWIRLY BANDED ORE

FIGURE 19

TYPICAL STOPE FACE SWIRLY BANDED ORE



Nodular occurrences of coarse-grained brown 
and green garnet with diopside, anhydrite, chalcopy- 
rite, and locally bornite are not common, but they 
do occur in the ore. Their origin is uncertain, but 
they probably represent original chert nodules.

‘ Numerous post-ore fractures and shears with 
serpentine slickensides crosscut the rock. Most are 
high angle, but low-angle features are also present.

Bedding planes are preserved. In exposures 
where unmineralized hanging wall is present along 
with the banded ore the bedding planes in the ore 
are conformable with those in the hanging wall. They 
are not highly contorted or swirly. Post-ore bedding- 
plane fractures are locally present.

Stope faces in the aphanitic dolomite unit 
have all of the above features except the presence 
of the swirly banding. The ore is a massive fine
grained magnetite rock with disseminated anhydrite 
and sulfides. The magnetite content is variable, 
ranging typically from 5 to 25 per cent. In some 
specimens it forms as much as $0 per cent of the rock.

Microscopic Description of the Ore - In 
thin section the intricately irregular swirly banded 
structure of the ore is even more striking (Fig..20).
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FIGURE 20
SWIRLY MAGNETITE BANDS
Talc is interbanded with the magnetite. 
High relief clusters of coarser grained 
forsterite with magnetite, black, and 
anhydrite, white, disrupt the bands at 
the left and right corners of the pic
ture. Small veinlets of serpentine, 
white, crosscut the forsterite. Plane 
light, x 23.
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Dark bands of magnetite are interbanded with bands of 
forsterite, with anhydrite, or the magnetite may be 
interbanded with talc and/or serpentine. Locally, 
near the hanging wall, calcite occurs in place of 
anhydrite. The sulfides, chalcopyrite, pyrite, bor- 
nite, and sphalerite, are preferentially associated 
with the magnetite bands, or sulfides may be involved 
in the banding without magnetite. Where later replace
ment.has not occurred magnetite is euhedralj forsterite 
is typically subhedral, but it may be euhedral or an- 
hedral., Small 1 to 3/6 euhedral inclusions of magnetite 
are quite common.

The bands may consist of a layer of one grain 
varying in width from 5 to 150 A- , or they may consist 
of masses of fine grains with local segregations of 
larger grains. The latter type are typically on the 
order of 150 /i in width. Most bands are monomineralic, 
but bands with forsterite and magnetite are common.
In these magnetite is interstitial to the forsterite. 
Coarser grained magnetite occurs on the same side of 
the bands in a given part of some specimens.

. The periodicity of the interbanding is not uni
form. There are no general relationships between wide 
and narrow forsterite or magnetite bands or wide and



narrow bands mixed with the two minerals. Commonly 
the bands are disrupted by segregations of coarse
grained forsterite and magnetite with or without 
anhydrite and sulfides. The bands are also crosscut 
but not offset by linear forsterite-magnetite features.

The following descriptions are applicable to 
both banded and nonbanded ore.

Anhydrite occurs interstitially to forsterite, 
and larger grains of anhydrite to several millimeters 
in diameter have numerous forsterite inclusions.
These inclusions are subhedral to euhedral and not 
ragged or embayed by the anhydrite. Elsewhere euhe
dral forsterite grains line what appears to be vug 
fillings of anhydrite (Fig. 21). Magnetite sometimes 
exhibits similar relations with anhydrite. Small 5 
to 10 >56 euhedral magnetite grains are sometimes in
cluded in the anhydrite.

Brucite is also present in some specimens 
where intense serpentinization of the forsterite 
has not occurred. It occurs in anhedral clusters 
to 35 >56 in long dimension with anhydrite and exhi
bits similar textural relations with magnetite and 
forsterite as anhydrite.
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FIGURE 21
FORSTERITE GRAINS LINING ANHYDRITE VUG 
FILLING
Plane light, x 100.



The ore locally, and apparently erratically, 
contains subbedral tremolite commonly up to 0.5 mm in- 
long dimension. Tremolite is commonly associated with 
talc. The latter occurs as fine-grained anhedral masses 
Sulfides associated with tremolite are commonly elong
ated along the cleavage direction.

In most specimens the forsterite has been par
tially or completely replaced by fibrous serpentine. 
Since the structural state of the serpentine was not 
determined, the precise structural terms chrysotile 
and antigorite are not used in this paper. Where 
replacement is not intense, the fibrous serpentine 
occurs as veinlets which are typically 15 to 35 M- in 
width. In the usual occurrence two sets of length 
fast fibers extend toward each other from the walls 
of the veinlet perpendicular to oblique to the axis of 
the veinlet. The line of contact between the two sets 
of fibers is usually well defined, and there may be 
a central portion less than 1 ̂  in width of serpen
tine which is not aligned with the fibers. These 
features do not extend beyond the forsterite grains.
The associated interstitial anhydrite grains show no 
evidence of fracturing.



With further development of the replacement 
process islands of optically continuous forsterite are 
surrounded by sets of the fibrous serpentine pairs.
The final state of the serpentinization process is a 
mass of discontinuous fibrous serpentine pairs.

In another textural variation of serpentine, 
the fibrous pairs surround pale green platy serpen
tine .

Serpentine also occurs in fibrous masses. In 
places the color is pale green to pale yellow and 
golden yellow. Some is very weakly pleochroic. The 
writer suspects that the chondrodite reported by 
Eastlick (1967) was mistaken for this material. Its 
identification as a variety of serpentine was verified 
by a diffractometer powder pattern. Chondrodite was 
not found in this study.

Masses of very fine grained fibrous serpentine 
replace anhydrite. Ore specimens which have experi
enced pervasive serpentinization consist of nearly 
isotropic masses of apparently fibrous serpentine.
The individual fibers are less than 1 ̂  in long dimen
sion. Areas of coarser grained fibrous serpentine 
usually exhibiting mesh structure are dispersed through 
the finer grained serpentine. A few remnant forsterite



grains may be present associated with the coarser 
grained serpentine.

Generally, in specimens which have experi
enced pervasive serpentinization the magnetite and 
sulfides have been partially replaced at the grain 
peripheries by a fine-grained greenish black (5 G 2/1) 
material which a diffractometer powder pattern veri
fied as a variety of serpentine. In polished section 
magnetite and commonly the sulfides are typically 
rounded, ragged and pitted. Sphalerite is less 
readily attacked than the other sulfides. In thin 
sections, magnetite appears to be euhedral.

The sulfides, pyrite, chalcopyrite, pyrrho- 
tite, sphalerite, and bornite, are preferentially 
associated with magnetite. Usually they are of 
irregular anhedral grains. These sulfides, with 
the exception of sphalerite, replace magnetite. Bor
nite and chalcopyrite locally occur as cubic pseudo- 
morphs after magnetite. Sphalerite usually occurs 
interstitial to magnetite. Some of the sulfide 
.bands are coarser grained to 150 in width and 
have similar size magnetite associated with sulfides.
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Microscopic Description of the. Footv/all 

Beds - The most typical lithology of the upper part 
of the Beckers Butte Member is a light gray fine-grained 
diopside rock. It is not certain whether or not this 
rock is of contact metamorphic origin. Most probably 
it is because the diopside skarn rocks which occur 
stratigraphically higher in the Martin Formation do 
not have the alteration suite adjacent to anhydrite-. 
sulfide veinlets exhibited by this rock. In thin 
section the rock consists of masses of anhedral equant 
diopside 5 to 15 jut* in diameter with scattered gene
rally elliptical to nearly circular-shaped areas of 
coarser grained elongate diopside which is typically 
150 in long dimension. Anhydrite completely fills
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the central portion of some of these areas with,sub- 
hedral to euhedral diopside lining the margins. In 
others a minor amount of anhydrite is present inter- 
stitially to the diopside. Some also have magnetite 
with or without chalcopyrite and pyriteV Phlogopite 
is present in some specimens as anhedral clusters 
interstitial to diopside. The shape and size of the 
clusters is similar to that of the quartz grains which 
occur stratigraphically lower in the Beckers Butte 
Member. They may have formed by replacement of detrital
quartz. v iXv V"



The other lithology of the upper part of the 
Beckers Butte Member is an olive brown serpentine 
rock. In thin section this rock consists of masses 
of fine-grained fibrous serpentine, phlogopite, par
tially chloritized phlogopite, and length slow pennine. 
The pleochroism of the pennine is pale green to blue 
green. Magnetite, pyrite, and chalcopyrite are 
interstitial to serpentine. Minor sutured calcite is 
present. Red brown hematite is moderately common.
This rock type has a higher copper content than the 
diopside rock.

Some footwall specimens have features typical 
of both the serpentine and the diopside rock. The 
most common occurrence is a diopside rock with local 
irregular areas of fine-grained fibrous serpentine.

Hanging Wall-Ore Contact - The hanging 
wall-ore contact splendidly displays the fracture con
trol.on the genesis of the mineralization (Fig. 22).
It is a very irregular but sharp feature with numerous 
linear and sinuous magnetite-anhydrite-sulfide veinlets 
extending into the marble. Small bulbous masses of 
mineralized rock may occur in places along the vein- 
lets. Where the mineralization has not been pervasive 
irregular, commonly elliptical pods up to a few feet in
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FIGURE 22

FRACTURE CONTROL OF SWIRLY BANDING IN 
HANGING WALL MARBLE
Reflected light, x 14.



long dimension of marble are present in the mineralized 
rock. Commonly there is a 10 to 15 foot zone above 
the .ore body in which the magnetite-anhydrite-sulfide 
veinlets are more abundant than higher up in the hang
ing wall.

Typical specimens of hanging wall magnesian 
marble have numerous magnetite-anhydrite-sulfide vein- 
lets which crosscut each other with no offset. As a 
general rule wider veinlets crosscut narrow veinlets. 
There are usually several sets of veinlets such that 
the rock is crosscut at all angles. The veinlets 
are linear to irregular with undulatory walls and 
local bulges. A larger area of mineralization commonly 
but not invariably occurs at the intersection of two 
veinlets* The width of the veinlets is variable, 
ranging from 0.1 mm to several cm. The most typical 
width is 2 to 5 mm.

Thinner veinlets may be one grain width wide. 
These contain magnetite with calcite. Forsterite is 
locally marginal to magnetite along the veinlet walls. 
Elsewhere along the same veinlet magnetite and forste
rite may form a marginal zone.

Veinlets on the order of a millimeter or more 
in width usually have a border zone of fine-grained
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magnetite. Locally forsterite and sulfides, chalco- 
pyrite and sphalerite, are associated with the magne
tite. Between the magnetite zone and the unaffected 
dolomite there is a thin zone of calcite which is 
coarser grained than the dolomite. The magnetite 
zone and the marginal calcite zone are of approximately 
equal widths on both sides of the veinlet and vary in 
width along the veinlet; they form 30 to 50 per cent 
of the total veinlet width. Forsterite is commonly 
concentrated along the outer margin of the central 
portion of the veinlet. The central portion of the 
veinlet consists of anhydrite and/or calcite. Magne
tite and/or sulfides, chalcopyrite and sphalerite, 
may be associated with the anhydrite-calcite. Some 
veinlets have a zone of anhydrite surrounding a cen
tral zone of sulfides. Others have several bands of 
magnetite with interbanded bands of sulfides and anhy
drite. Still another type of veinlet which is rela
tively uncommon consists entirely of sphalerite; locally 
galena is associated with the sphalerite.

Some veinlets have undergone serpentinization 
and have sutured calcite with fine-grained fibrous 
serpentine interstitial to the sulfides and magne
tite.



Thin sections of the hanging wall marble 
directly above the ore commonly have forsterite occur
ring in large, typically 1 to 1.5 and locally to 6 mm, 
areas of optically continuous, anhedral, equant, 50 
to 80y<z grains separated by anhedral, equant, 80 to 
150 /c calcite grains which are not in optical con
tinuity. The remainder of the rock consists of fine
grained anhedral dolomite. Other specimens have 
disseminated forsterite surrounded by a rim of calcite 
in the dolomite.

Sphalerite locally with minor galena is con
centrated along the ore side of the hanging wall-ore 
contact in many places. The Zn to Cu ratio which is 
typically nil to locally 0.4 in most of the ore body 
commonly exceeds unity in the uppermost 1 to 5 feet 
of mineralization. However, sphalerite is not always
present at the hanging wall-ore contact. The concentre

%tion of sphalerite at the hanging wall-ore contact may 
be the result of a chemical affinity of zinc for car
bonate and/or a relatively higher mobility of zinc 
in the hydrothermal fluid. It probably is not a tem
perature effect.

Sulfide Zoning - Eastlick (1958, 1967) has 
described a zoning of the sulfide minerals. A pyrite
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chalcopyrlte zone occurs near the diorite. It is 
followed laterally outward by a chalcopyrlte-bornite 
intermediate zone and a pyrrhotite-pyrite-sphalerite- 
chalcopyrlte outer zone. For convenience in this 
paper, the latter is termed the pyrrhotite-chalcopyrite 
zone. Eastlick also noted a vertical zoning in thicker 
mineralized sections with pyrite-chalcopyrlte-sphalerite 
and local galena bordering a central chalcopyrlte-bor
nite zone.

Data obtained in this study confirm the general 
validity of some of these zones. A highly generalized 
description of the zoning (Fig. 17) would be to con
sider the chalcopyrlte-bornite zone as an inner ellip
tical shaped ring covering the southeastern portion of 
the 1300 level and the eastern portion of the 1400 sub- 
level on the north side and most of the developed part 
of the south side with the exception of the southwestern 
part of the mine. The pyrrhotite-chalcopyrite zone is 
peripheral to it. Development in this zone is most 
complete on the- 1300 level.

In general, the chalcopyrite-bornite zone 
conforms to the thicker part of the ore body where 
the mineralization is on the order of 60 feet or more 
in thickness (Fig. 17). The chalcopyrlte to bornite



133
ratio is variable; most commonly it is greater than 
unity. The grade of copper in this zone is slightly 
higher than the inner part of the pyrrhotite-chalco- 
pyrite zone. In polished section, specimens from 
this zone commonly show minor amounts of chalcocite 
or covellite* These minerals appear to be restricted 
to this zone. Sphalerite is also commonly present in 
this zone; higher concentrations occur at the hanging 
wall contact.

On the north side the pyrrhotite-chalcopyrite 
zone covers most of the northwest and north parts of 
the ore body. On the south side, development in this 
zone has been confined to the western part of the ore 
body, and its presence to the southwest is confirmed 
by diamond-drill data. Elsewhere on the south side the 
zone has not been exposed or penetrated.

The grade of copper decreases outward in this 
zone becoming slightly in excess of one per cent at 
the outer margin of development. The pyrrhobite to 
pyrite ratio is variable in all orders of magnitude; 
it is generally higher on the north side. The pyrite 
to chalcopyrite ratio generally increases outward. 
Sphalerite is erratically distributed throughout the 
zone; it is more abundant than in. the chalcopyrite-bornite



zone. Cubanifce and valleriite are confined to this 
zone on the north side.

The pyrite-chalcopyrite zone is not well de
fined spatially, and the writer is not sure of its 
validity. Adjacent to the diorite dikes on the 1400 
sublevel in the western part of the ore body intense 
development of pyrite has occurred. Mining in this 
area was close to the Beckers Butte footwall beds which 
typically have a high pyrite to chalcopyrite ratio. 
Diamond drill penetrations of stratigraphically higher 
beds showed a low pyrite to chalcopyrite ratio. Stopes 
on the south side in the aphanitic dolomite unit near 
the diorite did not have a high pyrite to chalcopyrite 
ratio.

The vertical zoning noted by Eastlick is par
tially valid in the chalcopyrite-bornite zone where 
sphalerite is concentrated at the hanging wall-ore 
contact. Sphalerite is also locally relatively more 
abundant in the footwall beds, but the writer never 
noted galena from this horizon. The footwall beds 
have a high pyrite to chalcopyrite ratio which exceeds 
unity throughout the ore body regardless of lateral 
zone. However, higher concentrations of pyrite near 
the hanging wall were not generally noted except
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locally where the hanging wall is silicated rock of 
subunit 1 or a diorite sill.

The lateral zoning is regarded as reflecting 
temporal and chemical changes in the ore-forming fluid. 
The pyrrhotite-chalcopyrite zone represents an earlier 
higher temperature sulfide deposition under relatively 
higher iron activity (Fig. 23) conditions than the 
slightly later lower temperature-lower iron activity 
availability sulfide deposition of the chalcopyrite- 
bornite zone. The temperature conditions reflected 
by the sulfide assemblages present in the two zones 
are discussed later.

Gangue Mineral Zoning - Data obtained from 
thin section study indicate that there is no lateral 
zoning of the gangue minerals in the lower Martin ore 
body. There is a stratigraphic control of the gangue 
minerals in the Beckers Butte footwall beds.

The data obtained does not agree with the zoning 
of the gangue minerals reported by Eastlick (1967).
This zoning is: "i) a near-contact zone of anhydrite,
chondrodite, and antigorite; 2) a central zone of 
anhydrite, antigorite, and tremolite-actinolite; 3) an 
outer zone of antigorite, sericite-chlorite, anhydrite, 
and gypsum."
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PYRITE

PYRRHOTITE
COVELLITE CUBANITE

HALCOPYRITE

BORNITECHALCOCITE

WEIGHT PER CENT

PYRRHOTITE -  CHALCOPYRITE ZONE
1. Chalcopyrite- Pyrite
2. Chalcopyrite
3. Chalcopyrite -  Pyrite -  Pyrrhotlte
4. Chalcopyrite -  Pyrrhotlte
5. Chalcopyrite -  Cubanite 

Chalcopyrite -  Cubanite -  Pyrite (R) 
Chalcopyrite -  Valleriite (R )  
Chalcopyrite -  Sphalerite (R )

CHALCOPYRITE-BORNITE ZONE 
y^Chalcopyrite -  Bornite 

^Bornite -  Chalcopyrite
8. Bornite -  Covellite
9. Bornite -  Chalcocite

(R )  signifies rare occurrence

FIGURE 2 3 .  SULFIDE ASSEMBLAGES LOWER MARTIN ORE BODY
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As noted above, the writer does not regard 

chondrodite as a valid mineral species at Christmas. 
Tremolite-actinolite is locally present in the ore, 
but its occurrence appears to be erratic. It is 
primarily confined to the Becker Butte footwall beds 
where it occurs as a fracture-controlled feature.
Chlorite is very rare in the ore body and is largely 
confined to the Beckers Butte footwall beds. Sericite 
occurs only in endoskarn and diorite. Gypsum is a 
late fracture filling mineral with no specific spatial 
relation to the diorite.

Anhydrite-Sulfide Veinlets - Because of 
their similarity in mineralogy and texture the sinuous 
and linear anhydrite-sulfide veinlets are conveniently 
described together. Both have anhydrite as the typi
cal gangue mineral. It commonly occurs along the 
margins of the veinlet as coarser grained anhedral 
grains and as disseminated anhedral grains within the 
veinlets. Megascopically, the color is usually pale 
purple (5 P 6/2).

Most veinlets have narrow, linear anhydrite 
fracture fillings which crosscut the sulfidesj and 
small, discontinuous, irregular anhydrite veinlets 
crosscut the sulfides at all angles. All these fractures
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within the anhydrite veinlets usually do not extend 
into the marginal anhydrite.

Some of the veinlets have a zone of serpentine 
and talc on the wall rock side of the marginal anhy
drite. This zone is commonly the locus of late frac
turing and movement.

The sulfide assemblages and textures of the 
anhydrite-sulfide veinlets vary according to the par
ticular sulfide zone. They are summarized in Fig. 23. 
The term assemblage as used here means minerals in 
mutual contact; therefore, there may be several assem
blages in one polished section. With the exception 
of sphalerite and rare galena and molybdenite, all of 
the sulfides present belong to the system Cu-Fe-S.
Only sphalerite is included in the sulfide assemblages 
of Fig. 23. The descriptions which follow are based 
on the study of approximately 60 polished sections of 
the anhydrite-sulfide veinlets.

In the pyrrhotite-chalcopyrite zone a typical 
veinlet contains euhedral to subhedral pyrite cubes 
typically 0.5 mm in diameter and anhedral masses of 
phrrhotite 0.5 mm in diameter enclosed in massive an
hedral chalcopyrite with individual grains typically 0.5 
to 1 mm in diameter. Anhedral anhydrite of similar



size is disseminated throughout the veinlet. Pyrrho- 
tite commonly is partially altered to pyrite with 
minor magnetite. Locally pyrrhotite occurs as irre
gular discontinuous veinlets in chalcopyrite. Pyrite 
also occurs in rounded and embayed grains in chalco
pyrite. Many of the pyrite specimens from this zone 
in the southwestern part of the ore body have a strong 
anisotropism; they were initially misidentified as 
marcasite but x-ray diffraction verified the identi
fication as pyrite. Pyrite forming from the alteration 
of pyrrhotite appears to be generally anisotropic. 
Although the evidence is somewhat tenuous, it is sug
gested that the irregular blebs of anisotropic pyrite 
enclosed in chalcopyrite which are quite common in 
the ore from the south side represent original pyrrho
tite. Chalcopyrite is locally twinned.

Two specimens from the north side have star
shaped and skeletal sphalerite grains 30 /i in diameter 
which are enclosed in chalcopyrite. These are of 
probable unmixing origin (Sugaki and Tashiro, 1957). 
Three specimens all from the north side have cubanite; 
it occurs as exsolution lamellae in chalcopyrite which 
range in.long dimension from 0.5 to 1 mm and are com
monly the sites of post-sulfide fractures. In one



instance a subhedral pyrifce grain was noted in the 
cubanite lamellae. One of the specimens which con
tains cubanite and star-shaped sphalerite also has 
valleriite. It occurs as rod-shaped grains of prob
able unmixing origin in chalcopyrite which are 3 to 
5/6 by 1 mm. The identification of valleriite is 
moderately certain, although as a result of the small 
quantity of material present it was not verified by 
x-ray diffraction. The anisotropism is creamy yellow 
to brownish gray. Mackinawite (Evans et al., 1964; 
Kouvo and Vuorelainen, 1963) has pink to pinkish gray 
anisotropism.

Less intensely pitted and embayed magnetite 
relative to that in the wall rocks also rarely occurs 
in the veinlets in this zone. With the exceptions of 
cubanite, valleriite, and star-shaped sphalerite all 
of the sulfides of the veinlets also occur disseminated 
in the wall rocks of this zone. Disseminated masses 
of sphalerite are much more common in the wall rock 
than is sphalerite in the veinlets. Only rarely are 
there blebs of chalcopyrite in the sphalerite which 
may be of unmixing origin.

In the chalcopyrite-bornite zone, bornite 
occurs as irregular inclusions in chalcopyrite, and



the reverse relation is equally common, depending on 
the relative abundances of bornite and chalcopyrite. 
Chalcopyrite also occurs as oriented rod-shaped inclu
sions in bornite. Pyrite was not found in the chalco
pyrite -bornite assemblage. Eastlick (1967), citing 
MeCurry, reports that chalcopyrite and chalcocite 
occur as oriented intergrowths in bornite. Chalcocite 
was not noted in contact with chalcopyrite in any of 
the specimens studied. In contrast to covellite which 
appears to be less common and restricted to replace
ments of bornite associated with minute anhydrite 
fractures, chalcocite also occurs associated with 
bornite disseminated in the wall rock.

In the footwall beds of the Beckers Butte 
Member the anhydrite-sulfide veinlets have zones of 
alteration spatially related to the veinlet. Some 
have pyrite, chalcopyrite, anhydrite, and minor magne
tite in the central portion of the veinlet which is 
typically 1 mm wide. The grain size of the individual 
minerals varies from 80 ̂  in diameter to the entire 
width of the veinlet. Pyrite occurs as cubes; chal
copyrite is anhedral. Magnetite is interstitial to 
pyrite. Anhydrite is anhedral and interstitial to the 
opaques. Some veinlets have tremolite-actinolite



interstitial to the sulfides; it is colorless to very 
weakly pleochroic. Oil immersion data indicate a varia
tion in composition from tremolite to actinolite. A zone 
of subhedral tremolite-actinolite up to 0.5 mm in long 
dimension with interstitial anhedral talc up to 80 /A in 
long dimension occurs marginal to the central portion of 
the veinlet (Fig. 24). Minor sulfides, magnetite and anhy
drite are also present in this zone. The opaque minerals 
are interstitial to tremolite-actinolite. Bordering this 
zone is a finer grained tremolite-actinolite up to 0.1 mm 
in long dimension with interstitial chalcopyrite and minor 
magnetite. Chalcopyrite and magnetite form a continuous, 
very irregular rim in the outer 100 A  portion of this 
zone. They are elongate in the direction of the amphibole 
cleavage. Between this rim and the fine-grained diopside 
wall rock there may be a zone of elongate diopside typi
cally 1 mm in long dimension, or the chalcopyrite-magnetite 
rim may be in contact with the fine-grained diopside wall 
rock.

All veinlets in the footwall do not display such 
a complex zoning between the veinlet and the wall rock, 
but invariably there is a marginal tremolite-actinolite 
zone usually with talc and phlogopite (?) between the 
veinlet and the wall rock. Megascopically, this zone has 
a dark green color.

142
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FIGURE 24

ANHYDRITE-SULFIDE VEINLET ZONING, BECKERS 
BUTTE FOOTWALL BEDS
From the anhydrite-sulfide veinlet at the 
left the zones are: tremollte-talc,
tremolite-magnetlte-sulflde, tremollte with 
minor talc and sulfides, tremolite-magnetite- 
sulfide, and coarse-grained diopside. The 
fine grained diopside wall rock is not 
shown. Plane light, x 34.



The hydrous silicates of this marginal zone 
probably formed by reaction of diopside with the hydro- 
thermal fluid from which the other minerals in the 
veinlets formed.

Paragenesis - Some previous work has been 
done on the paragenesis of the lower Martin ore body.
MeCurry (1967, written and oral communication) based 
on a polished section study primarily of the anhydrite- 
sulfide veinlets has divided the sulfide mineralization 
into three stages. In the first stage magnetite and 
disseminated sulfides form in a rock already contain
ing a silicate gangue. MeCurry reports hematite form
ing in this stage and continuing into the sulfide 
mineralization of the veinlets which forms the second 
stage. The writer has not observed any hematite in 
the ore except the red brown earthy type which forms 
as a post-sulfide alteration product. Mineralization 
related to anhydrite fracture fillings within the 
anhydrite-sulfide veinlets forms the third stage.

Eastlick (1967, Fig. 7 ), relying on the obser
vations of MeCurry and a private company report has 
discussed the paragenesis in terms of four separate 
stages with considerable time intervals between them. 
These are from oldest to youngest: the metamorphic.
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hydrothermal alteration, main sulfide mineralization, 
and late gangue stages. Eastlick implies a time equi
valency between the recrystallization forming marble 
and the formation of the skarn silicates by including 
marble with the silicates, chondrodite, pyroxene, and 
tremolite, in the metamorphic stage. The writer be
lieves this relationship to be incorrect, and it is 
discussed further in the chapter on mineral genesis. 
Minerals listed in the hydrothermal alteration stage 
are antigorite and anhydrite which form earlier than 
time-equivalent magnetite and hematite which, in turn, 
form earlier than pyrite. Data gained in this study 
indicate that anhydrite is time equivalent with the 
sulfides, rather than being earlier than the sulfides. 
Serpentinization began during the sulfide mineraliza
tion, and pervasive serpentinization post-dates most 
of the sulfide mineralization. Magnetite, forsterite, 
anhydrite and sulfides are overlapping in time of 
formation, and as noted above, hematite is not pro
perly placed early in the sequence of mineralization.

Paragenetic relations between the individual 
sulfides should be discussed in terms of the particu
lar lateral sulfide zone involved. The fact that they 
are not is a source of confusion in Eastlick* s paragenesis
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diagram. The late gangue stage is apparently equiva
lent to MeCurry1s third stage. Cuban!te is incorrectly 
placed in this stage; it forms as the probable result 
of unmixing from chalcopyrite in anhydrite-sulfide 
veinlets of the pyrrhotite-chalcopyrite zone.

Origin of the Banded Structure - The origin 
of the swirly banded structure is an intriguing and 
unsolved problem in the genesis of the ore body. Some 
hanging wall specimens (Pig. 22) display the confine
ment of the swirly banded structure to fracture-controlled 
veinlets. These features indicate the whole body has not 
become thoroughly plastic as would seem to be demanded 
upon first examination of a completely mineralized 
stope face. The banded structure has to have formed 
in some manner during the replacement process which 
formed the ore. The time of formation is fixed by the 
crosscutting anhydrite-sulfide veinlets. It was ini
tially thought that the banding reflected the wavy 
organic laminations of the fetid dolomite unit because 
most of the banded ore is from this unit. A few speci
mens of hanging wall marble from this unit which con
tained banding in the marble were collected. Thin 
section examination of this rock revealed that it is 
hydrothermally altered with minor magnetite and serpentine



pseudomorphs after forsterite with interbanded calcite. 
Later banded ore specimens from other stratigraphic 
horizons were collected negating the hypothesis that 
the banding reflects wavy organic laminations in the 
initial sedimentary rock.

Banded fluorite-bearing magnetite rocks have 
been described from the Iron Mountain district. New 
Mexico (Jahns, 1944), Lost River, Seward Peninsula, 
Alaska (Knopf, 1908), and central Kazakhstan 
(Georgievskaya, 1955). These authors rely upon a 
Liesegang ring model consisting of diffusion and 
rhythmic precipitation outward from fractures as the 
mode of origin of the banding. This model does not 
account for disruption of the banding by segregations 
of coarser-grained forsterite (Fig. 20) which is a 
moderately common feature in the banded ore at 
Christmas. This is regarded as destructive to the 
Liesegang ring hypothesis. No other hypothesis is 
suggested, and the origin of the banding is unfortu
nately left as an unsolved problem.

Escabrosa Limestone Ore Bodies

Spatial Relations - Ore bodies in the dolo 
mite horizons of the Escabrosa Limestone are known only 
from the diamond-drill penetrations. The entire



formation is generally mineralized for a lateral dis
tance on the order of 150 to 200 feet from the "locus 
of mineralization". The Tornado Peak sill divides the 
mineralization into two ore bodies (Fig. 12).

. Near the "locus of mineralization" the ore 
body in the lower Escabrosa Limestone beneath the sill 
extends stratigraphically from the basal part of sub
unit 4 of the Martin Formation to the sill contact.
It is locally interupted near the sill by a quartzite 
unit. The maximum vertical thickness is 120 feet.
The ore body thins to a few feet directly beneath the 
sill and endoskarn at distances in excess of 200 feet 
from the "locus of mineralization". On the south side 
as delineated by drilling the ore body extends 1000 
feet east-west along the "locus of mineralization".
On the north side it is less well penetrated, appears 
to be thinner, and extends approximately 800 feet east 
west along the "locus of mineralization".'

On the south side the ore body above the 
Tornado Peak sill extends stratigraphically from the 
. sill contact to the base of unit 2 of the dolomite 
member of the Naco Formation. The ore body is approxi 
mately 300 feet in vertical dimension, 100 feet in 
lateral dimension, and extends for 1500 feet along the



"locus of mineralization" (Easfclick, 1967). The verti
cal dimension decreases toward the west. Much of the 
included stratigraphic interval is dolomite and dolomi- 
tic limestone which has the forsterite-magnetite altera
tion of Mg skarn with generally intense serpentinization. 
The interbedded limestone has the green andradite altera- 
tion typical of Ca skarn.

The upper contact of the Tornado Peak sill is 
much less favorable for mineralization than the lower 
contact. In diamond-drill penetrations several hundred 
feet from the "locus of mineralization", mineralization 
may be absent above the sill while several feet are 
present below the sill.

On the north side in the western portion of the 
mine intrusive relations are complex. Several ore 
bodies are present in limestone embayments in the dio- 
rite and in limestone blocks completely surrounded by 
the diorite. Eastlick (1967) has described the mine
ralized zone as 150 feet in vertical dimension, 75 feet 
in lateral dimension, and extending for at least 1200 
feet along the "locus of mineralization".

Description of the Ore - Megascopically, 
the ore from the dolomite horizons of these ore bodies 
is typically a massive fine-grained greenish black
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(5 G 2/l) serpentine rock with abundant fine-grained 
disseminated magnetite and veinlets and dissemina
tions of chalcopyrite, locally with pyrite and spha
lerite with or without bornite. Pyrrhotite is locally 
present. Some of the ore is banded and swirly. Specu- 
larite is also locally present.

In thin section both strongly serpentinized and 
unserpentinized ore are present. Serpentinized ore is 
most commonj it consists of a network of rectangular 
fibrous serpentine surrounding grains of platy ser
pentine or rarely forsterite 10 to 80 m . in diameter. 
Minor amounts of equally fine-grained calcite, chlorite, 
and talc may be present. The sulfides and magnetite 
are disseminated throughout the rock. Magnetite is 
subhedral to euhedral and of similar size as the platy 
serpentine. •Sulfides are preferentially associated 
with magnetite. Anhydrite is conspicuous by its 
absence. One specimen studied contains about 60 per 
cent length slow pennine and approximately equal amounts 
of yellow, fibrous serpentine and magnetite. It is very 
similar in appearance to some of the serpentinized rock 
from the Beckers Butte Member.

The unserpentinized ore consists of anhedral 
to euhedral forsterite with disseminated magnetite



and sulfides. Fibrous serpentine is absent or present 
in minor amounts.

Ore from the Martin Formation part of the lower 
Escabrosa ore body usually has calc-silicate minerals 
similar to the upper Martin ore from stratigraphic 
horizons below subunit 3, and it is described with 
this ore. Much of the ore from the upper Escabrosa 
ore bodies on the north side consists of red brown gar
net with abundant pyrite, magnetite, and usually chalco- 
pyrite.

Zoning - Eastlick (1958, 1967) has des
cribed a lateral zoning of the metallic minerals with 
magnetite, pyrite, and chalcopyrite more abundant near 
the diorite, and sphalerite, specular!te, and galena 
more abundant near the marble contact. Vertical zoning 
is also locally present in the Escabrosa ore body 
below the Tornado Peak sill contact; sphalerite occurs 
farthest from the sill followed by concentrations of 
chalcopyrite-pyrrhotite and pyrite. Bornite appears 
to be present in the lower Escabrosa ore body spatially 
above areas of bornite mineralization in the Martin 
Formation.

Eastlick (1967) noted a zoning of the gangue 
minerals: "The clay minerals together with tremolite.



diopside, and chlorite predominate near the intrusive 
contacts, grading into garnet and tremolite in the 
intermediate zone, and into garnet-marble in the outer 
extremities." In the present study sampling of the 
Escabrosa ore bodies is not considered detailed enough 
to justify a. discussion as to the validity of this 
zoning. However, tremolite was not found in any of 
the thin sections studied; the clay minerals are prob
ably talc and serpentine. The zoning combines dolomitic 
with non-dolomitic alteration.

Ore-Marble Contact - The ore-marble con
tact is fracture controlled and displays the same 
features as the hanging wall-ore contact of the lower 
Martin ore body.

Upper Martin Formation Ore Bodies

Spatial Relations - There are two ore- 
bearing stratigraphic horizons in the upper unit of 
the Jerome Member in the Martin Formation. Both are 
known only from diamond drill data.

The lower stratigraphic horizon occurs in sub
unit 1 where beds above the quartzites are mineralized. 
Since the quartzites are variable in number and thick
ness, the horizon is not precisely defined. Where
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there are several Interbedded quartzites and dolomites 
there are several thin mineralized horizons corres
ponding to the dolomites. The total thickness of the 
ore is generally 5 to 8 feet. In some diamond-drill 
penetrations the inclusion of thin interbedded quartzite 
beds results in an ore body up to 35 feet thick. Known 
mineralization extends along the south contact for 1200 
feet and laterally 200 feet from the contact. Data are 
not available to delineate the lateral dimensions on the 
north side.

The upper mineralized horizon occurs in subunit 
2 below the base of the hornfels of subunit 3. Locally 
there may be up to 15 feet of silicated rock between 
the base of the hornfels and the ore. The vertical thick
ness of the ore rarely exceeds 10 feet. The lateral 
dimensions are imperfectly known; it is best developed 
on the south side.

Description of the Ore - As a result of the 
similarity of the ore from both stratigraphic horizons 
they are conveniently described together. These two 
stratigraphic horizons are regarded as examples of the 
behavior of siliceous dolomite to the skarn-ore forming 
processes. Some of the silication may be of contact 
metamorphic origin. The ore usually exhibits textural
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similarities with skarn in the variability of grain 
size and the local presence of vugs and vug fillings.

Three types of silicated rocks which are grada
tional to each other make up the ore, or they are closely 
associated with the ore. These are: coarse-grained
diopside, fine-grained diopside, and coarse-grained 
garnet.

The coarse-grained diopside rock is the major 
sulfide-bearing type. It contains moderate greenish 
yellow (10 Y 7/4) diopside. In thin section the diop
side is anhedral to subhedral and 1 to 5 mm in long 
dimension. Some specimens exhibit a variation in grain 
size down to 10 to 15 A> which is typical of the fine
grained diopside rock. The fine-grained diopside 
occurs in anhedral masses of equant grains. Some 
specimens have light olive brown (5 Y 5/6) vesuvianite 
1 to 3 min in long dimension. In thin section the 
vesuvianite occurs as euhedral grains which display 
anomalous birefringence and color zoning. Anhedral 
to subhedral isotropic garnet may also be present.
Calcite is locally present; it occurs interstitially 
to diopside and vesuvianite. Magnetite and chalcopy- 
rite to 1 mm in diameter are interstitial to diopside 
and vesuvianite and locally replace them. One specimen



studied has forsberifce interstitial to vesuvianite. 
Fibrous serpentine is interstitial to magnetite and 
chalcopyrite and replaces diopside and vesuvianite. 
Some specimens have chlorite associated with the 
chalcopyrite. Anhydrite-sulfide veinlets are locally 
present.

The fine-grained diopside rock is a light gray 
rock consisting, in thin section, of 10 to 15 m  an- 
hedral equant diopside grains with local clusters of 
coarser grained subhedral diopside. Coarser grained 
diopside also occurs along fractures. Vesuvianite and 
isotropic brown and green garnet are locally present; 
they are not necessarily associated. Anhydrite occurs 
as veinlets and replacements of diopside. Sulfides 
are usually absent. This rock is similar in appear
ance to the diopside rock of the Beckers Butte Member, 
but it lacks the hydrous silicates associated with 
anhydrite-sulfide veinlets. Deep green spinel spa
tially related to an anhydrite veinlet is present in 
one specimen studied.

The garnet rocks have coarse-grained euhedral 
to subhedral generally isotropic garnet which is typi
cally 1 to 1.5 mm in diameter. Some garnet rocks are 
sulfide bearing; these are similar to the Ca skarns of



the Naco Formation ore bodies. They probably, reflect 
low -initial magnesia contents in the original carbonate. 
Serpentine is not present; anhydrite is locally abun
dant. Subhedral to anhedral diopside tends to be 
interstitial to the garnet. It typically ranges in 
long dimension from 0.1 to 1 mm. Chalcopyrite is 
interstitial to diopside and garnet; magnetite is • . . 
absent. • - -, , . * ■ .

Anisotropic garnet rocks seem to be non-sulfide 
bearing. They have fine-grained diopside interstitial 
to garnet and as inclusions in the garnet. Some speci
mens have unfilled vugs. These rocks are similar in 
mineralogy and texture to garnet endoskarn, but the 
garnet color is moderate greenish yellow (10 Y 7/4), 
and the composition is primarily andradite (specimen 
336-565, table 6).

Garnet usually occurs adjacent to the quartzite 
beds forming a zone between them and the coarse-grained 
diopside rock. This occurrence is a reflection of the 
fact that a higher silica content is requisite for 
garnet formation.

One unusual skarn specimen contains both iso
tropic green and anisotropic brown garnet with penetra
tion twinning. Anhedral diopside inclusions occur in



both types of garnet. The brown garnet borders large 
grains of fluorite and calcite 3 to 5 mm in diameter. 
Euhedral brown garnet and epidote grains occur as in
clusions in the calcite and fluoritej the garnet and 
epidote have diopside inclusions of the same size as 
the garnet elsewhere in the specimen. Elsewhere in 
the specimen epidote and diopside occur as inclusions 
in anhydrite. This is the only specimen studied which 
contains fluorite.



MINERAL GENESIS

Genetic Classification of Hypogene Minerals

Table 7 summarizes the mineralogy of the various 
types of mineralization according to the host rock type. 
Only the contact alteration is considered. The rock 
name precedes the typical minerals occurring in it.

Table 8 lists the hypogene minerals found at 
Christmas according to their mode of formation. Minerals 
found in the skarn derived from the siliceous dolomites 
in the upper Martin Formation have been included in 
the magnesium skarn. Minerals which have been reported 
from Christmas, but which were not seen by the writer 
include: barite, hedenbergite, and chondrodite (Eastlick,
1967). These are omitted from the table.

Plagioclase is listed as an uncertain contact 
metamorphic mineral. Albite twinning was not observed 
in the hornfels. Diffractometer powder patterns of 
these rocks were interpreted with some difficulty be
cause of interference caused by the other minerals 
present. Staining and thin section study indicated 
that the feldspar present is orthoclase, but some
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Table 7. Genetic Classification of Minerals by Host Rock Type

Host Rock Contact
Metamorphism

Skarn
Mineralization

Sulfide
Mineralization

Diorite Endoskarn:
Garnet, Epidote 
Augitic Pyroxene 
Diopside, Vesu- 
vianite. Wollaston- 
ite (r)

Chalcopyrite, Pyrite(uc) 
Bornite (r), Stilbite 
Anhydrite, Molybdenite

Limestone 
fNaco Fm.) 
(Escabrosa) 

(Ls.)

Marble: 
Calcite 
Hollastonite 
Diopside (uc)

Ca Exoskarn: 
Andradite 
Diopside 
Calcite

Bornite, Chalcopyrite 
Sphalerite, Pyrite (uc) 
Magnetite (uc)

Dolomite 
(Lower Martin) 

(Fm.)
Marble: 
Dolomite 
Tremolite 
Calcite (uc)

Mg Exoskarn: 
Forsterite 
Magnetite 
Brucite (uc)

Anhydrite, Chalcopyrite 
Bornite, Pyrite 
Sphalerite, Pyrrhotite 
Serpentine, Talc 
Cubanite (r), Covel- 
lite (r), Chalcocite (r) 
Galena (r), Valleriite
(r)

Dolomite
(Escabrosa)

(Ls.)
Marble: 
Calcite 
Dolomite (uc) 
Diopside (r)

Mg Exoskarn:
Forsterite
Magnetite

Serpentine, Chalcopy
rite, Bornite, Pyrite 
Sphalerite, Pyrrho- 
tite (uc)
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Table 7— Continued

Host Rock Contact
Metamorphism

Skarn
Mineralization

Sulfide
Mineral!zation

Specularite (uc) 
Chlorite, Talc, Cal- 
clte

Siliceous 
Dolomite 
(Upper Beckers) 
(Butte Member)

Diopside 
Hornfels: 
Diopside

Diopside (?) Tremolite-Actinolite 
Talc, Chlorite, Ser
pentine, Phlogopite (uc) 
Anhydrite, Magnetite 
.Pyrite, Sphalerite 
Chalcopyrite, Hematite

Siliceous 
Dolomite & 
Dolomitic 
Limestone 
(Upper Martin) 

(Fm.)

Diopside 
Hornfels: 
Diopside

Exoskarn: 
Diopside 
Andradite 
Vesuvianlte 
Calcite 
Epidote (r) 
Forsterite (r) 
Fluorite (r)

Anhydrite, Chalcopy
rite, Magnetite 
Bornite (uc), Serpen
tine, Calcite

09
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Table 7— Continued

Host Rock Contact
Metamorphism

Skarn
Mineralization

Sulfide
Mineralization

Shale Dlopside 
Hornfels: 
Dlopside 
Quartz

Chalcopyrite (r) 
Zeolites

Phlogopite 
Hornfels: 
Phlogopite 
Quartz

Pyrite, Molybdenite 
Chalcopyrite, Chlorite 
Calcite, Quartz

Quartzite Quartzite: 
Quartz
Tremolite (uc) 
Actinolite (uc)

Pyrite, Molybdenite 
Chalcopyrite, Chlorite 
Calcite, Quartz

(r) rare (uc) uncommon

T9T
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Table 8. Genetic Classification of Minerals by 

Mode of Formation
1 Sedimentary remnant
2 Contact metamorphism3 Igneous crystallization4 Igneous hydrothermal alteration
5 Sedimentary hydrothermal alteration-

sulfides and associated minerals
6 Endoskarn
7 Mg exoskarn
8 Ca exoskarn
9 Late hypogene alteration
x
x
X

Mineral species present 
Mineral species present but rare 
Genetic classification of mineral 

species uncertain

Mineral Species 1 2  3 4 5 6 ?  8 9

Actinolite x(r) X

Allanite X

Anatase x(r)
Andalusite x(r)
Anhydrite X X X

Apatite X

Augite X X

Biotite x(r) X X x(r) •

Bornite X X X

Brucite X X

Calcite X X X X X

Chabazite X X x(?)
Chalcocite x(r)
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Table 8— Continued

Mineral Species 1 2 3 4 5 6 7 8 9
Chalcopyrite X X X

Chlorite x(?) X X

Clinozoisite x(r)
Covellite x(r)
Cubanite x(r)
Diopside X X X X

Dolomite X

Epidote x(r) x(?) X X x x(r)
Fluorite x(r)
Forsterite x(r) x
Galena X

Garnet-Andradite x(r) x(r) X

Garnet-Grossular X X

Gypsum X

Hematite X

Hornblende X X

Leonhardite X X X

Magnetite X X X

Marcasite X

Mesolite X

Molybdenite X X
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Table 8— Continued

Mineral Species 1 2 3 4 5 6 7 8 9

Montmorillonoid X X

Muscovite x(r)
Olivine X

Orthoclase X X X

Plagioclase x(?) X

Phlogopite X X

Pyrite x(r) X X X

Pyrrhotite X

Quartz X X X X x(r) X X

Rutile x(r) x(r)
Sericite X x(r)
Serpentine X X

Specularite X

Sphalerite X

Sphene x(?) x(r) X X

Spinel x(r)
Stilbite X X x(?)
Talc X x(r)
Thulite x(r)
Tourmalene x(r)
Tremolite X X x(r)
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Table 8— Continued

Mineral Species 1 2 3 4 5 6 7 8 9
Valleriifce x(r)
Vesuvianite X X

Wollaston!te X x(r)
Xanthophy H i  t e x(r)
Zircon x X
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untwinned plagioclase may have gone unobserved as a 
result of the fine-grained nature of the rock.

Time Relations of Types of Mineralization

The time relations between the various types 
of mineralization at Christmas and between the same 
type of mineralization in different rock types are 
uncertain. The greatest uncertainty lies in the rela
tive time relations between the events which occurred 
within the diorite and the events which occurred in 
the sedimentary rocks.

In the sedimentary rocks two possible time 
models of mineral genesis with several possible varia
tions are proposed: l) the mineralization took place
in a time sequence of separate stages with or without 
breaks in time between each of the stages, or 2) all 
types of mineralization took place simultaneously.
The simultaneous model places added emphasis on the 
importance of the chemical and physical properties of 
the host rock in influencing the type of mineraliza
tion. Observable paragenetic relations are the result 
of varying rates of simultaneous processes or.of in situ 
changes in the phases of the system in response to 
externally controlled changes in the parameters of the



system. The separate-stage model in hydrothermal 
systems requires either that the system can be open 
then closed and then reopened, or that the composi
tion of hydrothermal fluid changes with time or dis
tance. This model provides a mechanism of keeping 
the hydrothermal fluid relatively more simple since 
only certain components need to be added to the system 
by the fluid at a particular time.

At Christmas, available evidence on the spa
tial relations of the various types of mineralization 
does not indicate a clear-cut choice between one or 
the other of the.two models. It is proposed that the 
contact metamorphism predated the hydrothermal altera
tion which consisted of skarn formation and concurrent 
sulfide mineralization. Sulfide mineralization con
tinued after the cessation of skarn formation. Some 
post-sulfide alteration occurred as the conclusion to 
a continuous mineralization sequence.

The fact that the contact metamorphic aureole 
is much more extensive than the skarn aureole, in 
combination with the fact that the skarn exhibits a 
fracture control while the contact metamorphic rocks 
exhibit only a stratigraphic control, may indicate 
that the contact metamorphism formed earlier than the



skarn and that the thermal gradients forming it were 
not fracture controlled. However, the time required 
for heat transport entirely by conduction for several 
thousand feet indicates that some sort of a fluid 
acted to transport the heat causing recrystallization. 
This leads to the conclusion that, in terms of the 
mechanism of formation, contact metamorphism and con
tact metasomatism are parts of the same process. The 
differences in the end product of this process are a 
function of the relative amounts of added components 
to the rocks involved. The writer has no observational 
argument against the statement that the fluid causing 
skarn formation also contemporaneously caused the re
crystallization in the surrounding rocks except to 
note that there is no striking evidence of fracture- 
controlled thermal gradients in the contact metamor- 
phic rocks. Hornfels beds may be followed hundreds of 
feet along strike on the north side; they retain very 
sharp and linear contacts which are stratigraphically 
controlled. The fact that the garnet skarns in the 
Naco Formation are confined to marble beds and avoid 
the interbedded hornfels may indicate that the hornfels 
and marble existed before the skarn and that the skarn 
formation avoided the hard impermeable hornfels beds



which were also more chemically similar to the skarn 
than the marble.

The close spatial relation of the massive gar
net exoskarns adjacent to dikes and sills of diorite 
away from the mineralized area indicates that these 
skarns were probably formed earlier than the ore-bearing 
garnet skarns in the mine at the time of intrusion and 
solidification of the diorite bodies since all of the 
ore-bearing garnet skarn does not exhibit this rela
tion with the diorite. The formation of these skarns 
probably was time equivalent with the contact meta
morphism.

Endoskarns formed after the solidification of 
the immediately adjacent diorite in the mine area.
The formation of the adjacent exoskarns was probably 
time equivalent to this process. This means that the 
contact metamorphism probably formed at the time of 
the diorite intrusion.

The sulfide mineralization clearly post-dates 
the contact metamorphism. This relation is clearly 
evidenced in the hornfels beds such as the hornfels 
of subunit 3 in the Martin Formation. In this rock 
veinlets of pyrite with epidote, actinolite, local 
biotite and minor chalcopyrite crosscut the rock.



Similarly, the diopside rock of the upper Beckers 
Butte Member is crosscut by anhydrite-sulfide vein- 
lets with associated tremolite-actinolite and talc 
alteration products.

Evidence indicating that skarn mineralization 
predated some sulfide mineralization includes the fol
lowing observations: sulfides interstitial to skarn
silicates and locally replacing them, sulfide veinlets 
crosscutting skarns, and with local veinlets of dissemi 
nated sulfide crosscutting marble without associated 
skarn silicates. In ore beds of the Naco Formation, 
Peterson and Swanson (1956) considered the garnetiza- 
tion of the limestone beds as a separate event and an 
important prerequisite for ore deposition. It was 
followed by post-garnet fracturing and faulting which 
provided the means of access for the mineralizing 
solutions.

. Sulfide mineralization is most commonly con
fined to the areas of skarn mineralization. The cri
tical question is whether this is a matter of ground 
preparation with an earlier skarn mineralization in
creasing the permeability and porosity or whether it 
is a matter of time coincidence of the two types of
mineralization.
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The occurrence of sulfides and anhydrite in 

the intricate swirly magnetite and forsterite bands 
of the lower Martin ore body suggests an intimate tem
poral relation between all of these minerals. Euhedral 
forsterite grains are locally present as inclusions in 
anhydrite. Magnetite and forsterite are also asso
ciated with anhydrite and sulfides in veinlets within 
the hanging wall marble. Veinlets in the footwall 
also suggest a time equivalency between the hydrous 
silicates, tremolite-actinolite, and talc, and the sul
fides, anhydrite, and magnetite. Similarly, in the Naco 
ore bodies, sulfides are most commonly also present in 
garnet!zed fractures. Sulfide-stilbite veinlets in 
endoskarn locally have a marginal zone of altered 
plagioclase. This is the only occurrence of this 
material in the rock with the exception of a few in
clusions in the central portions of the garnet grains. 
These relations suggest that at least the fractures 
and perhaps the fracture fillings were present at the 
time of garnet formation.

All of these features indicate a time equiva
lency of skarn mineralization with sulfide mineraliza
tion. As indicated by the. sulfide and anhydrite-sulfide 
veinlets which crosscut the skarns but do not contain
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skarn silicates, the sulfide mineralization continued 
beyond the time of skarn silicate formation. These 
time relations between the sulfides and silicates best 
account for all of the observed features at Christmas. 
Pervasive late alteration formed after the sulfide 
mineralization or more probably overlapped it. This 
late alteration consists of serpentinization in the 
Mg skarns and development of calcite in the Ca skarns. 
Post-sulfide fracturing and fracture filling probably 
overlapped this alteration and continued after its 
completion.

Evidence indicating that contact metamorphism 
predates the skarn-sulfide mineralization has been 
noted. However, in view of the fact that textural 
evidence indicates that the sulfides are an integral 
part of the magmatic system, there is no evidence to 
indicate that some skarn-sulfide mineralization did 
not occur while the diorite was in a liquid or par
tially crystallized state. It should be noted however, 
that the endoskarns formed after the solidification 
of the immediately adjacent diorite. The assumption 
is made that the exoskarns formed at the same time as 
the endoskarns. It has been implied in this discussion 
that skarn-sulfide mineralization in the Martin Formation



is time equivalent to. that , in the Escabrosa Limestone 
and the Naco Formation. This is based on an assump
tion which, cannot be proven; the basis of this assump
tion lies in the fact that it provides a simple model 
of mineral genesis. Further, it should be noted that 
the number of phases of diorite and their time rela
tions are not known. The actual time relations between 
the various, types of mineralization and phases of 
diorite was therefore probably much more complex than 
has been outlined here.

In summary, the writer considers that the 
possibility that much of the hydrothermal mineraliza
tion at Christmas is pyrometasomatic, in the strict 
sense of the term as defined by Lindgren (1922), is 
at least strongly suggested.

In contrast to the proposed model in which 
the writer would emphasize the possible brevity in 
the time involved, Eastlick (1967) described the gene
sis of mineralization in terms of four separate stages 
with timê  intervals between them. His earliest stage 
is the metamorphic stage which accompanies the intru
sion of the coarse-grained diorite. Hydrothermal 
mineralization begins in the second stage which is 
temporally related to a phase of the diorite, the



dacite porphyry dikes, which were considered by Easfclick 
as a separate intrusion. This is a ground preparation 
stage which is followed, after a considerable time in
terval, by the ore mineralization which is in turn 
separated from the late gangue stage.

Physical and Chemical Parameters

Pressure Considerations - The assumption that 
3000 feet of post-Naco volcanic and sedimentary cover 
Which is assumed to have a mean rock density of 2.7 
gms/cc was present in the mine area at the time of 
intrusion of the diorite places limits on the litho- 
static pressure of 250 to 500 bars in the rock systems 
of interest in this study. This is the thickness of 
Cretaceous rocks in a diamond drill penetration re
ported by Willden (1964) from another locality in the 
Christmas quadrangle. The thickness of Cretaceous 
rocks in the mine area is unknown.

The fact that the diorite was emplaced by 
fracture-controlled forceful injection with some assi
milation means that the magmatic system was open to the 
surface and the wall rocks. Fluid pressures could 
therefore have been maintained at values less than 
lithostatic pressure. Magmatic pressures greater than



lithostatic pressure would be transient effects. Fluid 
pressures in the contact metamorphic rocks were prob
ably equivalent to lithostatic pressure until the rocks 
were penetrated by hydrothermal fluid.

Temperature Considerations - An approximation 
of the temperature of the diorite magma is best ob
tained from the minimum melting curve of granite deter
mined by Tuttle and Bowen (1958* Fig. 43). At 500 bars 
"wet" granite melts at approximately 790° C, and at 
250 bars it melts at approximately 870° C. The upper 
stability limits of chalcopyrite and pyrite indicate 
that the late magmatic temperatures were slightly in 
excess of 700° C. Based on these considerations, the 
temperature of final crystallization of the diorite 
magma was probably within the range of 750° to 85O0 C.

An estimation of the maximum temperatures 
attained in the sedimentary contact rocks is made 
here following the discussion provided by Jaeger (1957 * 
1959)• Many simplifying assumptions are required in 
order that the problem may be treated quantitatively. 
These are: l) the intrusive body has the form of a
tabular body of thickness D; 2) the magma was emplaced, 
at its liquidus temperature and the time of emplace
ment was short relative to the time of solidification;



3) cooling of the magma was by conduction only with 
no convection; 4) the country rock was at a constant 
temperature at the time of intrusion; 5 ) thermal con
ductivity, specific heat, and diffusivity of the country 
rock are temperature independent; 6) heat transport by 
volatiles from the magma may be neglected; 7 ) tempera
ture effects of vaporization of pore water may be 
neglected; 8) temperature effects of contact metamor- 
phic reactions may be neglected.

The maximum temperature at the contact of the 
intrusive on the sedimentary side is obtained by 
assuming a liquidus temperature of the magma of 800° C. 
The latent heat of fusion is assumed to be 100 cal/gm. 
Data on the thermal conductivity and diffusivity of 
diorite and the sedimentary rock types present listed 
by Lovering (1936, table l) indicates that, with the 
exception of shale, the assumption of equality in 
thermal properties of intrusive and country rock is 
valid. Under these conditions the maximum temperature 
at the contact is 51^° C (Jaeger, ‘1959, table l). If 
the rock temperature at the surface is assumed to be 
20° C, the geothermal gradient assumed to be 30° C/km, 
and the depth of intrusion assumed to be 1 km, the 
maximum temperature at the contact is 564° C. If a
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range in solidification temperatures from 9OO0 to 
700° C is assumed under the same conditions, the maxi
mum temperature at the contact would be 6ll° C (Jaeger,
1957, table 1).

The maximum temperature attained at various 
points in the contact aureole away from the intrusive 
contact is obtained under all of the assumptions in
volved from figure 1 of Jaeger (1959)• In this figure, 
the ratio of the maximum temperature attained at a 
distance X from the contact to the maximum tempera
ture at the contact is plotted against the ratio of 
distance X to the thickness D of the intrusive for a 
solidification temperature range of 900° to 700° C.
The temperatures obtained by assuming the thickness 
of the main mass of diorite to be 1500 feet are listed 
in table 10.

Table 10. Maximum Temperatures in the Contact Rocks

Distance from Contact (Feet)

0 150 300 450 600 750

Temperature
(° C) 611 546 484 428 374 347

The values of table 10 are of course only approxi
mations. Probably the greatest source of error lies in



the factor of volatile heat transport. Presumably 
this was of minor importance during the contact meta
morphism. The other numerous bodies of diorite com
plicate the temperature pattern in the aureole so that 
the distance values only become meaningful toward the 
outer margin of the aureole where the effects of the 
small bodies of diorite become negligible. The assump
tions involved in the initial temperature of country 
rocks may be invalid as a result of possible residual 
heat effects from the Cretaceous volcanic and intru
sive activity.

To the extent that the data of table 10 are 
valid, they indicate that temperature conditions in 
much of the contact aureole were in the range of the 
albite-epidote hornfels facies which is listed by 
Winkler (1965, table 4) as 400° to 530° + 15° C at 
1000 bars. An inner zone of hornblende hornfels facies 
temperature conditions was also present. The upper 
temperature limit of this facies is listed by Winkler 
as 605° + 25° C at 1000 bars. Pyroxene hornfels facies 
conditions occurred only near the intrusive contact.
The temperature data indicate that the occurrence of 
wollastonite and diopside at considerable distances 
from the intrusive contacts is the result of low carbon 
dioxide partial pressures in the pore fluid.



The fact that much of the contact aureole was 
in the lower temperature range of the albite-epidote 
hornfels facies accounts for the abundance of textural 
evidence indicating nonattainment of chemical equili
brium. Equilibrium was not attained as the result of 
lower reaction rates at the lower temperatures and 
relatively rapid cooling resulting from proximity to 
the surface.

The relatively higher sensitivity of shales 
to contact metamorphism is at least in part explained 
by the difference in thermal properties between shale 
and limestone. If shale were the predominant rock 
type in the stratigraphic column at Christmas, the 
maximum temperature at the intrusive contact with a 
constant melting temperature of the diorite magma at 
800° C would have been 710° C instead of 564° C under 
the assumptions involved (Jaeger, 1959, table l)..

Contact metamorphism probably began with 
rising temperatures resulting from the diorite intru
sion and solidification and continued through the 
temperature maximum to decreasing temperature condi
tions with time. The lack of evidence for progressive 
metamorphism is probably a reflection of the relatively 
rapid rise in temperature with time compared to the.



much longer period of maximum and slowly decreasing 
temperature conditions at each point within the 
aureole away from the intrusive contacts.

Heat transfer by fluid flow began with skarn 
mineralization. This heat transfer probably began to 
take place near the temperature maximum at points away 
from the intrusive contacts. Skarn formation probably 
raised the temperature of the contact rocks, particu
larly toward the outer margins of the skarn aureole 
where heat loss to the wall rocks may have been an 
important factor in decreasing the penetrating potency 
of the skarn-forming fluid.

The upper temperature limit of skarn formation 
is not very well defined; it is probably best placed 
between 600 and 650° C. Kalinin (1966a) has reported 
the formation of garnet of the grossular-andradite 
series and anorthite by the reaction of finely ground 
plagioclase in the presence of CaClg-NaCl solution at 
600° - 650° C and 400 - 650 atm for 48 - 96 hours. In 
the Mg skarn of the lower Martin ore body the absence 
of the assemblage talc-enstatite places an upper limit 
on skarn formation of 630° C at a water pressure of 
500 bars. The assemblage talc-forsterite is stable 
in the temperature range 49O0 - 630° C (Bowen and
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Tuttle, 1949). Serpentlnlzatlon of the forsterite took 
place at temperatures below 490° C which places a good 
minimum on the temperature of Mg skarn genesis. An 
ultimate temperature minimum for Ca skarn formation 
is provided by the work of Kalinin (1966a) who reported 
the minimum temperature for the hydrothermal synthesis 
of andradite and pyroxene of the diopside-hedenbergite 
series at 1500 atm in the presence of CaCl^ solution 
as 255° - 280° C and 350° - 380° C, respectively.
Based on these data the skarn mineralization at the 
Christmas mine most probably formed in the temperature 
range 400° to 600° C.

Based on the evidence discussed in the section 
on the time relations of the various types of mineraliza
tion, sulfide mineralization began at the upper tem
perature limit of skarn mineralization. The Cu-Fe-S 
system has been experimentally investigated to the 
extent that there are several temperature reference 
points which serve to bracket the temperature range 
of sulfide mineralization. The discussion here is 
based primarily on the sulfides of the lower Martin 
ore body which has been most thoroughly studied.

The common assemblage chalcopyrite-pyrite indi
cates that the temperature conditions were below 739° C
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(Roseboom and Kullerud, 1958). The rather rare 
occurrence of lamellar twinning in chalcopyrite may
be the result of polymorphic inversion from the iso
metric to the tetragonal form which occurs at 547° +
5° C (Yund and Kullerud, 1966). Pyrite is typically 
absent from bornite-chalcopyrite ore; its presence 
in one specimen studied from the lower Escabrosa ore 
body indicates that the temperature of formation was 
below 574° C (Craig and Kullerud, 1965). The presence 
of covellite in the chalcopyrite-bornite zone indi
cates a temperature of formation below 507° C for the 
late anhydrite veinlets (Roseboom and Kullerud, 1958).
The local occurrence of star-shaped sphalerite grains 
of unmixing origin in chalcopyrite indicates tempera
tures of formation in excess of 480° to 515° C (Sugaki 
and Tashiro, 1957). Yund and Kullerud (1966) regard 
valleriite as a probable polymorph of chalcopyrite 
stable below 450° C.

The temperature of formation of two pyrrhotite 
specimens from the same diamond drill hole on the north 
side was determined by the method of Arnold (1962).
Both specimens are hexagonal and contain the assemblage 
pyrrhotite-pyrite-chalcopyrite. The determined tem
peratures of formation are 390° and 450° C. These values



are probably too low since the pyrrhotite can take 
significant amounts of copper into solid solution so 
that the d^02 is not entirely a function of iron con
tent of the pyrrhotite formed in equilibrium with 
pyrite (Von Gehlen and Kullerud, 1962). The 450° C 
specimen is from the lower Martin ore body, and the 
other specimen is from the lower Escabrosa ore body 
directly below the Tornado Peak sill.

The rare assemblage chalcopyrite-cubanite- 
pyrite indicates that the temperature of formation was 
above 334° + 17° C (Yund and Kullerud, 1966). Below 
this temperature the assemblage chalcopyrite-cubanite- 
pyrrhotite is stable. The absence of digenite from 
the chalcopyrite-bornite zone places a minimum on the 
temperature of formation of above 228° + 5° C (Yund 
and Kullerud, 1966). This may be only apparent rather 
than real, although all material which might be con
fused with digenite was anisotropic. The association 
of some sulfides with stilbite veinlets indicates that 
some sulfide deposition took place at temperatures 
approximately below 350° - 370° C, the decomposition 
range of stilbite (Coombs et al., 1959)• The data, 
however, are for 5000 bars.
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These data indicate that the sulfide formation 

took place in the temperature range 250° to 600° C.
The major amount of sulfide mineralization therefore 
took place under hypothermal temperature conditions.
The common occurrence of unmixing textures indicates 
the importance of slow cooling which promoted unmixing.
It is suspected that most of the observable paragenetic 
relations are the result of post depositional, in situ 
changes which took place in the sulfides in response 
to lower temperature conditions. The major sulfide 
deposition probably took place in the temperature 
range of 400° to 500° C with post depositional rearrange
ments occurring within the temperature range of 250° to 
400° C. Pervasive serpentinization probably began at 
approximately 400° C and continued after the tempera
ture decreased below the range of sulfide formation.

The limiting values of temperature are not 
precise enough to indicate whether the lateral zoning 
in the lower Martin ore body was partially the result 
of temperature differences or whether it was entirely 
the result of chemical differences.

Physical State of the Hydrothermal Fluid - The 
temperature range of the skarn and sulfide mineraliza
tion is above the critical point of pure water, 374° C,



but the hydrothermal fluid may not be supercritical 
as a result of dissolved non-volatile solutes.

The only direct evidence of the state of the 
hydrothermal fluid comes from fluid inclusions. Fluid 
inclusions are most abundant in endoskarn diopside, 
and they are also moderately common in the diopside 
of Ca skarn. The inclusions are generally elliptical 
in shape and are partially to completely filled with 
liquid. Fluid inclusions were not noted in the garnet 
associated with diopside, nor are they present in 
endoskarn epidote and vesuvianite. In the Mg skarn of 
the lower Martin ore body fluid inclusions are not 
present in forsterite, but they are rarely present in 
anhydrite where they occur both as elliptical shaped 
and rectangular shaped completely filled bodies. The 
latter are controlled by the cleavage directions of 
the anhydrite.

The liquid in the fluid inclusions could repre
sent a condensed gas phase, but it may also be regarded 
as evidence of a subcritical state for the hydrothermal 
fluid. The postulate that the hydrothermal fluid was 
gaseous provides for the possibility of fluidized 
systems and the physical methods of gaseous transport 
discussed by Ringwood (1956). The writer, however.
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regards the fine scale of the endoskarn zoning in 
combination with the data from fluid inclusions as 
indicative of liquid hydrothermal fluid.

Chemical Considerations - Data from the analyses 
of thermal waters and fluid inclusions indicate that 
hydrothermal solutions are electrolytic alkali chloride 
solutions (Helgeson, 1964; Kalinin, 1964) in which sul
fides are transported as chloride complexes. The im
portance of chloride solutions in the synthesis of gar
net has been reported by Kalinin (1966a). The pH of a 
hydrothermal fluid does not deviate significantly from 
neutrality at temperatures up to and above the criti
cal point (Helgeson, 1964); the reason for this is that 
strongly disassociated acids and bases at atmospheric 
conditions become highly associated at elevated tem
peratures.

Deposition from the hydrothermal solution is 
regarded as being caused by a decrease in the pH or 
a change from reducing to oxidizing conditions by 
Barnes (1965) who discussed transport in terms of bisul
fide complexes. Increased acidity and the formation of 
S0^“2 ion probably result from the solutioning of car
bonate host rocks. Carbon dioxide must have been a very



important constituent in the hydrothermal fluid and 
perhaps may have formed a separate gaseous phase.

- In view of the shallow depth below the surface 
mixing of the hydrothermal fluid with meteoric water 
probably was an important control in mineral deposition 
at Christmas, but it cannot be quantitatively evaluated.

To the knowledge of the writer, the occurrence 
of disseminated anhydrite with sulfides, forsterite, 
and magnetite in the lower Martin ore body at Christmas 
is unique among the described mineral deposits of the 
world. A significant factor in the occurrence of 
anhydrite at Christmas is its absence in stratigraphic 
horizons above the Martin Formation. Anhydrite occurs 
in skarns throughout the formation and associated 
endoskarns, and it also occurs as a hydrothermal al
teration product in the diorite from the deepest 
penetration by diamond drilling. Possibly the anhy
drite in Mg skarn formed by an exchange reaction of 
sulfate with carbonate ion released from the dissolving 
of calcite. The occurrence of anhydrite with sulfides 
is readily explained by the overlap of stability fields 
of sulfide minerals with anhydrite in the log summa
tion S versus log 0^ diagrams of Krauskopf (1965); the 
occurrence of magnetite and probably forsterite with



anhydrite can similarly be explained; The presence of 
anhydrite is indicative of:oxidizing conditions. Its 
absence in stratigraphic horizons nearer the surface, 
where presumably higher oxidizing conditions occurred, 
is not readily explained unless it is assumed:that the 
small amount of supergene gypsum present near the sur
face formed by hydration:of Janhydrite. Perhaps the. 
concentration of anhydrite in the Martin Formation is 
in some manner related; to the mixing of meteoric •. water 
with the hydrothermal fluid.

'Data on the"experimental synthesis of bire- 
fringent garnet (Kalinin, 1967)‘ 'provide some insight . 
as to the manner of formation of this important feature 
at Christmas. .Birefringence in:garnets occurs:only in 
garnets of variable grbssular-andradite composition)1 
it is not characteristic of the end members. The.
•bifefringent crystals were formed under chemical con
ditions providing for a rapid growth rate without the 
appearance of metastable phases in the system.^ Weakly 
birefringent or isotropic .garnets.were formed at low 
growth rates with the crystallization:of intermediate 
metastable phases.• The synthesis of birefringent gar
net was always [related to the kinetics of garnet . 
crystallization and was independent of temperature.



There are several mine-wide chemical .affini
ties which are listed here; their cause is unknown.
A discussion on the possible chemical reasons for the 
difference in behavior of dolomite and limestone in 
processes of skarn formation is presented in the sec
tion on skarn genesis. Molybdenum in the form of 
molybdenite is associated with quartz-bearing rocks. 
The only exception to this is the Occurrence of 
molybdenite paint along slickensided fracture planes 
near some of the major post-mineral faults in the 
lower Martin ore body. Molybdenite is most abundant 
in fracture-filled veinlets in the Cambrian quartzite. 
Zeolites avoid carbonate-rich rocks; they are confined 
to the diorite, endoskarn, and hornfels in spite of 
the fact that the zeolites found at Christmas are all 
calcium zeolites. Zeolites are probably relatively 
much more abundant in the Cretaceous andesites east 
of the Christmas fault. Sphalerite and less common 
galena exhibit an affinity for marble. Pyrrhotite 
appears to be confined to Mg skarns. Pyrite exhibits 
an affinity for altered shaley horizons. In nonmagne- 
sian environments epidote exhibits an affinity for 
pyrite. Finally, sulfides exhibit an affinity for 
magnetite in the lower Martin ore body.
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Skarn Genesis

Korzhinskii1s Theoretical Concepts on the Origin 
of Metasomatic Rocks - The theoretical concepts of 
Korzhinskii of the origin of metasomatic rocks have 
provided the basis for most of the descriptive and 
geochemical studies of skarn deposits in the Soviet 
Union where much of the current research on this deposit 
type is being conducted, and they provide considerable 
insight to skarn genesis at Christmas. These concepts 
are discussed in several non-Russian language papers 
(Korzhinskii, 1959, 1964a, 1964b, and 1965) and they 
are briefly summarized here.

Korzhinskii considers that because, on a 
world-wide basis, metasomatic rocks have a simple 
mineralogy and are commonly monomineralic, chemical 
equilibrium must have exerted a strong control in 
their genesis. Chemical equilibrium may therefore 
occur in open systems. A system out of equilibrium 
because of concentration gradients may be subdivided 
into elementary volumes in which equilibrium is attained. 
This is "mosaic equilibrium". Mobile components whose 
chemical potentials are externally controlled may cross 
the system boundaries in contrast to inert components 
which are equilibrium factors of the system. A relative
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mobility series of components may be derived from 
field relations for various physical and chemical 
environments, depth-facies classification.

Korzhinskii distinguishes two types of meta
somatism based on the rate of penetration of the pore 
fluid through the rock, diffusion metasomatism, and 
infiltration metasomatism. Infiltration metasomatism 
occurs under conditions of relatively more rapid rates 
of penetration of the pore fluid through the rock. The 
added components are introduced into the rock by the 
flow of the fluid. Replacement reactions occur if the 
pore fluid is out of equilibrium with the wall rocks, 
and the wall rock and pore fluid change simultaneously 
which results in metasomatic zoning. Replacement 
reactions occur only at the contact between two zones.
In diffusion metasomatism the invading fluid penetrates 
the rock at a slow rate, and the mobile components 
diffuse through the fluid. The controlling parameter 
is chemical potential. In the usual case both types 
of metasomatism are occurring concurrently. Diffusion 
metasomatism represents a less intense metasomatic 
action, and it commonly precedes infiltration metasoma
tism. Diffusion metasomatic zoning may be operationally 
distinguished from infiltration metasomatic zoning by
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continuous variation in composition within each zone.
This is in contrast to infiltration metasomatic zoning 
where there is a uniform composition in each zone. 
Metasomatic zoning arises from the relative mobility 
concept and the filtration effect in which imperme
able rock horizons act as barriers to all but the most 
mobile components. Korzhinskii has derived differen
tial equations which describe the two types of meta
somatism.

Bimetasomatism is a type of diffusion metasomatism 
in which simultaneous diffusion of mobile components 
through the pore fluid of two chemically dissimilar rocks 
occurs. The most common bimetasomatic skarn forms at 
the contact between granitoid intrusives and carbonates. 
Infiltration metasomatism forms contact infiltration 
or simply infiltration skarns. They are much larger 
than bimetasomatic.skarns which rarely exceed a few 
meters in width and have characteristically narrow 
zones. Most ore deposits are spatially associated with 
infiltration skarns.

Host rock composition controls skarn mineralogy. 
Skarns developed in dolomite. Mg skarns, have a dif
ferent mineralogy and zoning from Ca skarns developed 
in limestone, and endoskarns. The typical mineralogy
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of Mg skarn is forstierite, diopside, and spinel, which 
are commonly zoned in that order toward the endoskarn, 
with one or more of the humite group commonly present. 
Garnet, pyroxene, usually diopside or salite, and 
wollastonite characterize Ca skarns. The garnet is 
typically andradite and less commonly grossular.
Endoskarns are characterized by aluminum-bearing calc- 
silicates.

A time zoning of skarn minerals is also implied 
in Korzhinskil's model; the earlier formed zones are 
spread outward, and they are replaced at their initial 
points of formation by successively later skarn mineral 
zones.

The writer does not subscribe to Korzhinskii1s 
views on open system chemical equilibria, but the 
remainder of the concepts provide a model which ex
plains many of the features of the skarns at Christmas. 
Endoskarn, Mg skarn, and Ca skarn are present with the 
exceptions to the above mineralogy which include: abun
dant magnetite, rare diopside, and absent spinel and 
humite group minerals in Mg skarns and absent salite 
and wollastonite in Ca skarns. Both bimetasomatic and 
infiltration skarns are present at Christmas. Korzhinskii 
places the time of skarn formation as postmagmatic which
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is in agreement with the features of most of the skarns 
at Christmas.

Bimetasomatic Skarn - The endoskarns at Christmas 
have all of the features of bimetasomatic skarn. The 
zones are narrow and the composition varies within zones. 
This is splendidly displayed by the zoned garnet which, 
does not usually occur in exoskarn. A bimetasomatic 
system is therefore envisioned along most of the 
dlorite-carbonate contacts with some of the exoskarn 
being of bimetasomatic origin.

The lateral zoning in endoskarn is: diorite,
augite, augite-clay, grossular-augite, grossular- 
andradite, grossular-andradite-diopside. Diopside is 
not always present; it is commonly restricted to endo
skarn associated with Mg skarn, and in the Mg skarn 
there is a diopside zone adjacent to it. Epidote 
locally takes the place of the grossular-andradite 
zone. This may possibly reflect lower temperature con
ditions. Vesuvianite is locally present in the grossu
lar-andradite zone. These zonal relations are shown 
in figure 25, and the mineral assemblages present in 
each, zone are shown in figure 2 6. Figure 27 shows the 
zonal relations in exoskarns. The chemical changes re
sulting from skarn formation in the three typesof skarn 
host rocks are schematically shown in figure 2 8.
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The augitie zone forms first in the bimetasomatic 

model and expands inward toward the. center of the dio- 
rite. The development of augitie clinopyroxene by 
replacement of biotite and hornblende reflects the 
mobility of HgO, NagO, KgO, and CaO, The alteration 
of plagiqclase to clay minerals before the development 
of garnet has not, to the writer's knowledge, been 
reported in skarn deposits elsewhere. More precise 
chemical determinations of the clay phases present 
are required before the chemistry of this process can 
be discussed. Development of the grossular-andradite 
zone reflects the mobility of ferric oxide and alumina, 
and diopside reflects the mobility of magnesia. Lime 
and magnesia are added to the endoskarn most probably 
from the carbonates since endoskarn does not occur 
within the diorite away from carbonate contacts. Silica 
and iron are.added from the hydrothermal fluid, and 
alumina, soda, and potash are removed. Until the 
formation of andradite, alumina in combination with 
lime are the predominant components serving to control 
the mineralogy.

With the development of each new zone more 
components become mobile until in the grossular- 
andradite -diopside zone the mineralogy is entirely a



reflection of mobile components with the exception of 
minor diopside and much less common sphene. Based on 
the observed zonal sequence the relative mobility 
series in order of decreasing mobility is: H^O, CO^,
KgO, Na20, CaO, SlOg, F e ^ ,  A l ^ ,  MgO, TIOg, P20 .

Infiltration Skarns - The ore-bearing skarns 
at Christmas are regarded as having formed by infil
tration metasomatism. Both the Mg skarns and Ca skarns 
do not display any regularity in silicate zoning. They 
are of much larger size than the bimetasomatic skarns. 
The massive garnet exoskarns adjacent to the diorite 
dikes and sills away from the mine workings are also 
regarded as infiltration skarns. However, in contrast 
to the ore-bearing Ca skarns, they locally have zoned 
garnet and lack interstitial calcite.

In Mg skarns lime is a mobile component with 
magnesia relatively inert while in Ca skarns lime is 
relatively inert with magnesia relatively more mobile. 
The reversal in the relative mobilities of magnesia 
and lime in part provides an explanation for the dif
ference in mineralogy of the two types of skarn. As 
a result of the mobility of lime, magnesia is present 
in excess in Mg skarns. This provides an explanation 
for the general absence of garnet in Mg skarns.



Kalinin (1966b) could not synthesize garnet in the pre
sence of CaClg solution in systems which did not contain 
an excess of lime. Minor Mg in the system favored 
diopside formation and garnet was not formed until the 
Mg was accounted for in diopside. Systems lacking an 
excess of lime formed pyroxene of the diopside-heden- 
bergite series. Systems having an excess of MgClg over 
CaClg formed forsterite instead of diopside. This ex
perimental work explains the presence of forsterite in 
place of diopside in Mg skarn, the presence of diop- 
side in Ca skarn, and the absence of garnet in Mg 
skarn.

'Iron and silica are the predominant added com
ponents to both types of skarn. In Mg skarn silica 
forms forsterite because of the low lime to magnesia 
ratio. Iron has no silica to combine"with and there
fore forms magnetite. In Ca skarns, because of the 
high lime to magnesia ratio, the minor magnesia present 
forms diopside by combination with added silica. Ex
cess silica is present over the amount required to form 
diopside which combines with iron and inert lime to 
form andradite garnet. The cherty nature of many ori
ginal limestones particularly in the upper part of the 
Naco Formation results in the presence of excess silica



in many Ca skarns. All of the iron added to the system 
is used in andradite formation and therefore magnetite 
does not form.

The importance of silica content in controlling 
garnet genesis is well displayed in the Mg skarn of the 
lower Martin ore body. Garnet occurs adjacent to re
crystallized and partially recrystallized chert nodules, 
and magnetite is absent. Diopside occurs in a zone 
between the garnet and the magnetite-forsterite assem
blage. The relatively higher silica content is a 
control for diopside formation in place of forsterite. 
The higher silica content accounts for the presence 
of diopside adjacent to endoskarn and its occurrence 
in the skarns of the upper Martin Formation.

Vertical Versus Lateral Migration of the 
Hydrothermal Fluid - The infiltration skarn model of 
genesis of the ore bodies requires that the predomi
nant vector of fluid movement be vertical, but the 
importance of the horizontal vector is not necessarily 
excluded. The importance of the vertical vector is 
emphasized by the predominance of steep-angle mine
ralized veinlets. However, if the vertical vector was 
important, it is not indicated by small unimpressive 
sulfide veinlets in the quartzite beds below the lower



Martin ore body. The fact that the mineralization in 
the lower Martin ore body extends 300 feet laterally 
farther from the "locus of mineralization" on the 
down-dip south side than on the north side is evidence 
of the importance of lateral movement.

The writer envisions a network of steep to 
vertical fractures which controlled the penetration 
of mineralizing fluids with an important lateral vec
tor of migration away from the loci of penetration. 
These loci were more numerous near the "locus of 
mineralization".

Near the "locus of mineralization" all pure 
carbonate beds were mineralized. Interbedded hornfels 
and diorite sills acted as.local dams to vertical vec
tor of fluid penetration which resulted in the increase 
in the lateral dimension of the skarn below them. This 
damming effect is the probable explanation for the 
relatively greater lateral dimension of the ore bodies 
in the Naco Formation which are confined between sills 
or beds of hornfels in comparison with the unconfined 
ore bodies of the Escabrosa Limestone in which the 
vertical dimension exceeds the lateral dimension.

It is difficult to evaluate the importance of 
the actual diorite-sediment contact as the locus of
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introduction followed by migration into favorable beds.
It certainly cannot be ruled out as a possible important
factor. The comments of Ross (1925> p. 36) on this
subject with reference to the Banner mining district
seem deserving of quotation:

"The lateral limits of the replacement 
bodies are conceived to have been deter
mined in each place largely by the dis
tance the emanations traveled along a 
particular bed from the point of access 
to the point where chemical interaction 
ceased because of exhaustion of the 
emanation. The point of exhaustion was 
in turn dependent on the quantity, char
acter, and physical condition of the 
material given off by the intrusive magma, 
or on the readiness with which it was 
able to react with and permeate the lime
stone. The points of access were appa
rently along the contact of the more 
replaceable bed with an intrusive body 
of quartz mica diorite and along fracture 
zones that cut the bed. The valuable 
sulphides were in the main localized along 
the fracture zones and not at the intrusive 
contact."

Favorable Bed Criteria - Skarn mineralization 
is not regarded as a ground-preparation stage which 
increases the permeability and porosity for later sul
fide mineralization, although both permeability and 
porosity were increased as the result of skarn forma
tion.

Pure carbonate beds were favorable for skarn 
mineralization. The principal reason for this favorability



is regarded as their reactivity. In the proposed model 
of mineral genesis the interbedded shales, siltstones, 
and impure carbonates had been recrystallized into non
reactive hard impermeable hornfels at the time of skarn 
mineralization. The pure carbonates were recrystallized 
to marbles with a higher permeability and reactivity.

In terms of grade of copper the Ca skarns are 
equivalent to Mg skarns; both are higher grade nearer 
the diorite.

The most important ore horizon in the mine in 
terms of areal extent of mineralization is the fetid 
dolomite unit. A Mg skarn has developed in this hori
zon. The favorability of the fetid dolomite unit is 
attributed to its stratigraphic position as the first 
pure carbonate horizon above a thick sequence of non
reactive quartzites. Prescott (1925, p. 24?) long 
ago noted, "The first favorable limestone encountered 
by the ascending mineralizer is often by far the most 
productive", as one of the "laws" governing limestone 
replacement. The aphanitic dolomite provided no- 
impermeable barrier to fluid penetration, and there
fore the hanging wall mineralization is not stratigra- 
phically controlled. The fetid dolomite is a coarser 
grained rock than the surrounding units, and the marble



derived from it is coarser grained than the marbles 
of the aphanitic dolomite. It was, therefore, presum
ably preferentially favorable to penetration by the 
mineralizing fluid. The importance of the commonly 
preserved organic laminations in influencing the mine
ralization is unknown, but the pressure of H^S which 
causes the fetid odor may have been chemically signi
ficant in localizing the mineralization.

Brief speculation on the potential of the Mescal 
Limestone as an ore host rock seems in order. The 
banded siliceous nature of much of the Mescal Limestone 
decidedly detracts from its potential as an ore host 
rock. Chemically similar rocks in the Martin Formation 
are altered to impermeable and nonreactive diopside 
hornfels. Pure carbonate beds which are probably of 
minor abundance would form ore-bearing Ca or Mg skarns 
according to whether or not the carbonate was dolomi- 
tic. The diabase associated with the Mescal Limestone 
is not expected to be a favorable host rock. A fur
ther negative feature with respect to potential ore 
horizons is the fact that the intrusive relations of 
the diabase are complex as are the variations in thick
ness and lithology of the formation. These considera
tions permit the distinct possibility that potential



ore-bearing carbonate beds may be absent in the Mescal 
Limestone at Christmas which strengthens the strati
graphic-position postulate as the explanation for the 
favorability of the fetid dolomite unit.

The presence of calcite in the Ca skarns seems 
to be an important factor in ore control. Ca skarns 
with sulfides do occur where there is little or no 
interstitial calcite, but analysis shows, that in most 
specimens the sulfides preferentially replace calcite 
in contrast to garnet or diopside. The absence of cal
cite in endoskarn may explain in part why these rocks 
do not make ore.

The presence of abundant chert in the limestone 
beds of the upper part of the Naco Formation may be a 
factor favoring the development of garnet in them.

Loss in Volume - Skarn formation at Christmas 
is considered to be a nonisochoric process in which 
some volume reduction has occurred. A casual analysis 
of the thicknesses of the various stratigraphic units 
at Christmas and comparison with their unaltered equi
valents indicates that the stratigraphic column is 
thinner in the mine area. The abundance of diorite 
and the difficulty in correlation between altered and
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unaltered sections generally renders impossible cal
culations as to the amount of section lost.

An attempt to evaluate quantitatively the 
amount of loss in section was made in the Martin Forma
tion where altered units can be correlated with their 
unaltered equivalents. Data on the thickness of sec
tion from the top of the Beckers Butte Member to the 
base of the hornfels derived from the shale of subunit 
3 were obtained from steep to vertical diamond drill 
holes which did not penetrate diorite or crosscut the 
major post-mineral faults. The angle of banding of 
the hornfels to the core was used to correct for the 
true stratigraphic thickness.

Only 9 diamond drill holes met the requirements. 
Of these, 4 penetrated recrystallized sediments and a 
thin section of skarn such that the hanging wall of the 
lower Martin ore body was in the fetid dolomite unit.
The range in stratigraphic thickness was 178 to 192 

feet, and the average was 186 feet. This is in good 
agreement with the average thickness from 2 diamond 
drill holes and the measured section of Peterson (Huddle 
and Dobrovolny, 1952, section 19) in the vicinity of 
Tornado Peak. Parts of these sections have experienced 
contact metamorphism so that they do not serve as an



absolute reference standard upon which to base state
ments on the amount of volume loss as a result of the 
contact metamorphism, but there appears to be little 
if any change in volume associated with contact meta
morphism at Christmas such as has been reported at 
Johnson Camp, Arizona by Cooper (1957). At Johnson 
Camp, Cooper described evidence for progressive contact 
metamorphism, a type which did not take place at 
Christmas.

Five diamond drill holes penetrated thick sec
tions of skarn in the lower Martin ore body. In these 
the range in stratigraphic thickness was 141 to 166 

feet, and the average was 155 feet. The 16 .7 per cent 
loss in thickness should be regarded as an upper limit 
to an approximation of the amount of volume loss as a 
result of skarn-sulfide mineralization because initial 
stratigraphic variability in lithology and thickness 
doubtless accounts for some of the differences in mea
sured thicknesses. The data are from throughout the 
mine area. The distinctly lower values in thicker 
mineralized sections clearly proves that a loss of 
volume did occur. Textural evidence indicates that 
some of the volume loss resulting from skarn formation



is compensated by an increase in porosity, which is 
typical in skarn formation.

Resume of Mineral Genesis

Fracture-controlled forceful injection of a 
composite porphyritic intrusion of diorite, in the form 
of a stock-like mass and a complexity of associated 
dikes and sills, initiated the continuous sequence of 
mineralization at the Christmas mine. Three facies 
of the intrusive are recognized but the relative age 
relations between them are unknown. Copper sulfides, 
chalcopyrite, and bornite were an integral part of the 
magmatic system and crystallized directly from the 
magma or replaced magnetite late in the magmatic his
tory of the rock. Conditions within the diorite passed 
without interruption from the magmatic to the hydro- 
thermal stage, and the minerals formed in the late 
magmatic stage were the same as those formed early in 
the hydrothermal stage. Final magmatic crystalliza
tion took place within the temperature range 750° - 
850° C.

Contact metamorphism began with the emplacement 
of the diorite and continued through the temperature 
maximum resulting from conductive heat transfer from
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the solidifying magma. Temperature conditions reached 
only to the albite-epidote hornfels facies in most of 
the contact aureole with small zones of hornblende 
hornfels facies and pyroxene hornfels facies tempera
ture conditions restricted to proximity to the intru
sive contacts. Chemical equilibrium was not generally 
attained, and progressive metamorphism did not occur.

After solidification of at least the contact 
part of the diorite, skarn mineralization along both 
sides of the contact occurred along with concurrent 
sulfide mineralization. The temperature range was 400° 
to 600° C with sulfide mineralization continuing to 
250° C. Post-sulfide alteration and late fracture 
fillings represent the final phases of the mineraliza
tion.

Intrusion of a dike of hornblende andesite por
phyry occurred during the post-sulfide alteration. 
Intrusion of dikes of olivine basalt porphyry occurred 
after all but some of the late fracture filling.

Classification of the Christmas Deposit

Christmas is a porphyry copper deposit of the 
"complex" type (Titley, 1966) with mineralization in 
both the intrusive and intruded rock. The mineralization



in the mefcasedimentary contact aureole has oversha
dowed that in the porphyry in economic importance. 
Mineralization in the porphyry is magmatic to meso- 
thermal in the genetic classification of Lindgren 
(1933, p. 212), and that in the metasedimentary rocks 
is pyrometasOmatic to mesothermal. In the genetic 
classification of Ingerson (1965) the mineralization 
in the metasedimentary rocks is epi-hypothermal with 
some epi-mesothermal mineralization. Christmas can 
also be classified as a skarn-copper deposit. It is 
a contact jnetasomatic deposit in the classification 
of Bateman (1950, p. 363). Most of these terms desig 
nate all or parts of the results of a continuous 
mineralization process which began under magmatic 
conditions in the porphyry and continued with decrees 
ing temperature to medium-temperature hydrothermal 
conditions.



SUGGESTIONS FOR FURTHER STUDY

Trace element studies provide the potentially 
most fruitful area for further research at Christmas. 
Comparative trace element study of particular mineral 
species from different chemical environments would 
seem to be particularly useful in determining possible 
relative ages of the same mineral in different environ
ments or in ascertaining how the environment influences 
the trace element content of a given mineral species.
The boundaries of such a study are unlimited, but the 
minerals most suitable for examination because of their 
ubiquity include: garnet, magnetite, pyrite, chalco-
pyrite, bornite, and diopside. Another approach to 
trace element study would be to examine the trace ele
ment distribution of a particular mineral in a given 
environment such as chalcopyrite in the lower Martin 
ore body. Studies of this type would have the potential 
of delineating somewhat quantitatively possible chemical 
gradients and loci of introduction, and of qualitatively 
determining whether age relations between the same mine
ral in different parts of the same ore body exist.
Trace element studies of zoned minerals, particularly
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garnet, with sampling according to position within 
individual grains, would yield potentially signifi
cant data on the genesis of the zoning. Trace element 
studies on apparently cogenetic minerals would yield 
important data on partition coefficients which would 
be useful in interpreting their genesis. Whole-rock 
trace element studies along traverses*across ore-marble 
contacts might delineate a more extensive alteration 
halo with respect to certain elements than is micro
scopically apparent, but negative results are antici
pated.

Previous work on trace elements at Christmas 
consists of a quantitative spectrographic analysis of 
chalcopyrite, presumably from one of the Naco ore 
bodies, by Burnham (1959) who reported the following 
concentrations in ppm: Ag 10, Co 20, In 10, Mn 400,
Mo 60, Hi 40, and Sn 30. Not detected were As, Bi, 
Cd, Ge, and Sb. Tainter (1948) lists 7 analyses of ore 
from the Martin Formation and Escabrosa Limestone in 
which the concentrations of Ag, As,.Au, Co, Cu, Mn, Mo, 
Ni, Pb, Sb, and Zn are listed; Bi was reported as nil. 
These data indicate the potentially most useful elements 
for investigations of the metallic minerals to which Se 
should be added. Manganese and nickel would possibly 
be particularly interesting.



Trace element studies requiring mechanical se
paration techniques of individual phases will be hin
dered by the fine-grained character of most of the 
rocks at Christmas and the common occurrence of included 
phases.

The lower Martin ore body offers an opportunity 
to conduct a sulfur isotope study which should yield 
important data on the sulfide-sulfate formation.

The Christmas mine also offers an excellent 
opportunity to study hot and cold mine waters. Four 
analyses of the mine water have been published by 
Tainter (1948); two of these are from the Cambrian 
quartzite, and the other two are from the Naco and 
Martin Formations. The pH of 3 analyses including 
the one from the Martin Formation ranges from 7.95 to 
8 .5 8. The water from the Martin Formation is char
acterized by a high sulfate content and higher calcium 
and sodium contents than the other waters. The other 
waters are characterized by a high bicarbonate content.

A more thorough study of the clay minerals 
present and their role in the genesis of the deposit 
is also suggested as an area of fruitful research.

In view of the proposed model of mineral gene
sis in which contact metamorphism predates the _ , .



216
skarn-sulflde mineralization, permeability and porosity 
studies of the unaltered sedimentary rocks as a means 
of attack on the favorable bed problem are not consi
dered to be useful. Comparative study of the ore and 
unaltered sedimentary equivalents would doubtless prove 
quantitatively that skarn-sulfide mineralization does 
increase the porosity and permeability, a fact which 
is both megascopically and microscopically apparent.

On the north side, away from the mine workings, 
the excellent exposures provide an opportunity to con
duct a detailed study of low temperature incipient 
features of contact metamorphism. The studies could 
be carried out on particular beds which may be traced 
along strike by several hornfels marker beds. Corre
lation with equivalent unaltered rocks across the 
major east-west drainage is considered possible. The 
brachiopodal biointrasparrudite at the top of unit 3 

of the limestone member is a good marker unit with which 
to begin. The local effect of several small diorite 
bodies can also be studied in detail as a result of the 
good exposures.

Further work is needed to delineate precisely 
how complex the diorite intrusion is in terms of the 
number of facies and their relative age relations.



Mapping of new exposures resulting from open-pit 
operations combined with the petrographic study of 
thin sections is required. The diorite at Christmas 
is an interesting part of a regional problem in petro
logy which is the petrogenesis of the petrographically 
similar bodies of diorite, some mineralized, but most 
barren, which are distributed over a considerable area 
in the Ray and Christmas quadrangles. There is also 
the intriguing question* of possible genetic affinities 
between the Cretaceous andesites and the diorite.

The list of suggested subjects for further 
study could doubtless be lengthened. Readers with 
more extensive knowledge of the genesis of this type 
of mineral deposit will hopefully find features in 
the descriptive data presented which are deserving of 
further study and discussion.



APPENDIX A

Usap;e of the Terms Skarn and Tacbite

The nomenclature of contact metasomatic rocks 
within the setting of igneous metamorphism has been 
confused by the misuse of the terms skarn and tactite.
The derivation and usage of these two terms is re
viewed here, and the recommendations as to future usage 
are made.

The term skarn was first introduced into American
geological literature by Sjogren (1907, p. 770):

”Skarn is the Swedish name for rocks of 
varying composition, mostly consisting of 
lime-, magnesia-iron-, and alumina-silicates 
of the pyroxene, amphibole and garnet groups; 
as secondary minerals epidote, chlorite, 
biotite, and talc occur. The skarn is scarcely 
an independent rock, but is formed through 
an interchange between silica of the quartz- 
feldspar rocks and the basic constituents 
of the ore formation."

Sjogren discussed the term with reference to the iron 
ores of the Archean crystalline schists and noted (p.
7 7 8) that "ores of this type have been formed by meta
somatic replacement of limestone and dolomite by 
iron-bearing solutions, the ore and the minerals com
prising the gangue thus becoming of younger formation
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than the rocks." Skarn was not applied by Sjogren to 
the iron deposits of the Kristiania district, Norway, 
which were considered at that time to be the type ex
ample of contact metamorphic mineralization.

Prescott (1908) applied the term to the magne
tite ores of Shasta County, California, a contact meta
morphic occurrence (p. 469): "Skarn is a very coarse
grained dark green rock seamed with epidote and pyrite 
and associated with garnet and magnetite."

In 19H  Goldschmidt adopted the term for the 
contact metamorphic ores of the Kristiania district 
(p. 220): "Skarn rocks are iron rich silicate rocks
developed by metasomatic transformation of limestone." 
Skarn was not generally used by other writers in this 
period of rather intense interest and study of contact 
metamorphic deposits.

Hess (1919) introduced the term tactite. This 
term designates a rock (p. 378) "of more or less com
plex mineralogy formed by the contact metamorphism of 
limestone, dolomite, or other soluble rocks into which 
foreign matter from the intruding magma has been intro
duced by hot solutions or gases. It does not_include 
the inclosing zone of tremolite, wollastonite and 
calcite." Tactite was not readily adopted for the
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designation of contact metasomatic rocks although it 
gradually became entrenched in American geological 
literature as the result of usage by the U. S. Geologi
cal Survey in preference to the older term skarn.

To many American geologists skarn designates 
an iron-rich contact metasomatic rock usually with 
abundant magnetite, and tactite designates a non iron
bearing or non iron-rich contact metasomatic rock.
Both terms indicate metasomatic silication of carbonate 
rocks. Unfortunately, this distinction has not been 
uniformly carried through by the profession. Tactite 
has been used to designate "iron-rich silicate rock" 
(Jahns, 1944, p. 177)> and skarn has been considered 
as synonymous with tactite (Bateman, 1965, p. 127).

In geologic literature outside of the United 
States skarn has received wide usage particularly with 
the recent revived interest in this type of deposit.
It has been applied to contact metasomatic rocks with
out restrictions with regard to iron content.

It is proposed in this paper that skarn be 
defined as a metasomatic rock formed at the contact 
of two chemically dissimilar rock types. This removes 
all restrictions on the host rock type and on the chemi
cal composition. Skarns may form by contact metamorphism
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in which a thermally induced chemical interchange 
between two chemically dissimilar beds occurs as the 
result of their proximity to an igneous contact. A 
similar thermally induced chemical interchange may 
occur in regional metamorphism resulting in skarn.
Most commonly skarns form by metasomatism spatially 
associated with igneous contacts, contact metasomatism. 
The contact metasomatism may be fracture controlled 
and.not strictly confined to the igneous interface.

The terms endoskarn and exoskarn have been 
adopted in this paper to distinguish skarns formed on 
the igneous side of the contact from those formed on 
the sedimentary side respectively. This follows the 
common usage in foreign literature. The writer is not 
certain who first proposed the terms endoskarn and 
exoskarn; they appear to have come into common usage 
in the Soviet Union about i960, and they have been 
used in Japan (Tsusue, 1961).

Silication of the igneous rock has long been 
recognized as an important phenomenon in igneous meta
morphism since it was first described at Velardena, 
Mexico by Spurr and Carrey (1908). Classic descriptions 
of the phenomenon have been provided in the work of 
Spurr, Carrey, and Fenner (1912) at the Dolores mine.
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Matehuala, Mexico and Umpleby (1914) in the Mackay 
district, Idaho. The term endomorphism is most com
monly used in American literature to designate the 
igneous silication. This term may lead to confusion 
because it has not always been restricted to the 
alteration of igneous rock which is spatially restricted 
to proximity to the igneous contact. Endoskarn forma
tion is therefore regarded as a better term to designate 
this process.

Sangster (1964) has proposed the term skarnifica- 
tion to designate the processes by which skarns form.
If the proposed definition of skarn is adopted, there 
appears to be no need for this term or the terms skarni- 
zation and skarnized.

Use of the term skarn in the proposed manner will 
render the term tactite unnecessary since no chemical 
restrictions are placed on the composition of skarn. 
Appropriate chemical and mineral adjectives may be used 
to designate skarns of specific composition.
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