








































GEOLOGICAL SURVEY RESEARCH 1968 

CHEMISTRY OF PRIMARY MINERALS AND ROCKS FROM THE 

RED MOUNTAIN-DEL PUERTO ULTRAMAFIC MASS, CALIFORNIA 

By G. R. HIMMELBERG and R. G. COLEMAN, Menlo Park, Calif. 

Abstract.-Rocks from the Red Mountain-Del Puerto ultra­
mafic mass consist mainly of partly serpentinized harzburgite, 
dunite, and clinopyroxenite. Electron-microprobe and wet chem­
ical analyses show that the compositional ranges of the primary 
silicate minerals from these rocks are small but can be related 
to sympathetic variations in bulk rock composition. Olivine 
from dunite and harzburgite is chemically homogeneous and 
ranges in composition from F.o su to Fo oo.o, whereas olivine from 
clinopyroxenite bias a composition of Fo 75.5· Orthopyroxene 
ranges from En oo.o to En oo.s and has a small but significant 
range in Ab03 contell't. Accessory chromian spinel shows a rel­
atively large range in chemical composition, particularly in the 
Or/ Al ratio. Comparison of rock and primary mineral com­
position indicates that serpentinization occurred with minimal 
changes in rock chemistry, thereby requiring an appreciable 
volume increase of the serpentinized parts of the rocks·. 

The Red Mountain-Del Puerto ultramafic mass is on 
the eastern flank of the northwest-trending Diablo 
Range of northern California, where it occupies the 
axial part of the east-west trending Red Mountain syn­
cline (fig. 1) . kocording to Maddock ( 1964), tthe ultra­
mafic mass is roughly tabular and has been folded after 
emp'lacement. Its contact against the surrounding 
Franciscan Formation of Jurassic and Cretaceous age is 
everywhere faulted or sheared, and its eastern part has 
been truncated by the Tesla-Ortigalita reverse fault, 
which separates the Franciscan Formation on the west 
from the Great Valley sedimentary sequence on the east. 
The Franciscan sedimentary and volcanic rocks are in­
cipiently metamorphosed locally with the development 
of jadeite, lawsonite, and glaucophane (Maddock, 1964; 
Soliman, 1965). Glaucophane schists and related blue­
schist facies metamorphic rocks occur as small isolated 
tectonic blocks on the Franciscan erosional surface. Em­
placement of the ultramafic mass and blueschist facies 
metamorphism may have been contemporaneous, but 
there is no direct evidence to substantiate contempor­
aneity. For a more extensive discussion of the regional 
and local geologic setting of the Red Mountain-Del 
Puerto ultramafic mass, the reader is referred to the 
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studies of Hawkes, Wells, and Wheeler (1942), Boden­
los ( 1950) , Maddock ( 1964) , Soliman ( 1965) , and Rog­
ers (1965). 

In contrast to most ultramafic masses of the Coast 
Ranges, which typically consist of highly sheared and 
completely serpentinized rocks, the Red Mountain­
Del Puerto, Burro Mountain, and Cazadero ultramafic 
masses contain extensive areas of unserpentinized or 
only partly serpentinized primary rocks (Bailey and 
others, 1964). The purpose of this paper is to (1) estab­
lish the chemical, mineralogical, and petrological re­
lationships between the ultramafic rocks of the Red 
Mountain-Del Puerto mass, and (2) evaluate the subse­
quent serpentinization in light of these relationships. 

PETROGRAPHY AND STRUCTURAL RELATIONSHIPS 
OF THE ULTR·AMAFIC MASS 

The Red Mountain-Del Puerto ultramafic mass con­
sists primarily of harzburgite and dunite that are part­
ly to completely serpentinized. Pyroxenite, gabbro, and 
wehrlite are present as minor bodies or dikes within the 
dunite and harzburgite. At the contact with the country 
rock, the ultramafic is generally sheared serpentinite 
containing coherent blocks of massive serpentinite that 
increase in size and number inward from the contact. 
The contact between the ultramafic rocks and the Fran­
ciscan rocks as shown in figure 1 should not be inter­
preted as an igneous contact. The sheared and serpen­
tinized margin of the ultramafic body and the lack of 
a metamorphic aureole indicate that the Red Mountain­
Del Puerto mass was tectonically em placed as a cold, 
solid intrusion. 

Zones of sheared and brecciated serpentinite also oc­
cur away from the contact areas and commonly contain 
magnesite or other carbonate minerals (hydromagne­
site, aragonite, dolomite, and calcite; I van Barnes, oral 
commun., 1967). The magnesite in some occurrences has 
been mined, and a detailed discussion of these deposits 
is given by Bodenlos (1950). 
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FIGURE 1.-Generalized geologic map of the Red Mountain-Del Puerto ultramafic mass and surrounding area. 
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Harzburgite 

The harzburgite is generally massive, except :for local 
development of a crude :foliation defined by alined py­
roxene grains. The primary minerals in the harzburgite 
are olivine, orthopyroxene, and clinopyroxene, all of 
which occur as coavse, anhedral grains producing a 
granular interlocking fabric. Olivine, which generally 
has kink bands, and pyroxene are generally approxi­
mately equant; however, some of the smaller pyroxene 
grains appear to fill interstices. Orthopyroxene may 
exhibit undulatory extinction and bent cleavage traces 
and has fine lamellae, assumed to be exsolved diopside, 
parallel to (100). Accessory chromian spinel is suhhed­
ral to euhedral in some samples and anhedral in others. 
A modal analysis of one harzburgite sample (specimen 
66-R-20) yielded the following mineral constituents 
(volume percent) : olivine, 61.4; orthopyroxene, 27.2; 
clinopyroxene, 4.5 ; chromian spinel, 1.5 ; and serpentine, 
5.4. Other harzburgite samples studied are more serpen­
tinized, but their primary mineral content prior to ser­
pentinization was probably $imilar to that of specimen 
66-R-20. 

Secondary minerals are abundant in the harzburgite, 
and were identified by optical, X-ray diffraction, and 
electron-microprobe techniques. Mesh-textured and bas­
tite serpentine minerals (lizardite and minor chrysotile) 
coexisting with magnetite are ubiquitous. Brucite is a 
serpentinization product in some harzburgite samples. 
Replacement of pyroxene by tremolite is common, and 
textural evidence indicates that this process preceded 
serpentinization. A secondary mineral ·assemblage of 
talc, chlorite, and iron-rich serpentine (approximately 
16 percent total iron as FeO) after orthopyroxene was 
observed in one sample. Antigorite is present locally 
in a zone at the top of Red Mountain ; specimens con­
taining antigorite also contain large, irregular mag­
netite grains and fibrous amphibole as narrow rims 
around pyroxene. Some specimens have chrysotile veins 
that cut the antigorite. 

Dunite 

Contacts between the dunite and harzburgite are 
commonly sheared and appear to be steep. The dunite is 
massive, and the only megascopic structures associated 
with it result :from disseminated chromite deposits that 
have narrow bands and lenses of chromitite alternating 
with dunite. 
. The dunite consists of coarse anhedral olivine produc­

ing a granular interlocking fabric, a.ccessory euhedral to 
subhedral chromian spinel, and trace amounts of ortho­
pyroxene and clinopyroxene. IGnk bands of varied 
width are common in the olivine. Secondary minerals 
consist of mesh-textured serpentine (lizardite and minor 
chrysotile), brucite, and magnetite. 

Other rocks 

l\{ost pyroxenites in the ultramafic mass are clino­
pyroxenites that occur as veins and irregular "layers" 
and masses within other ultramafic rocks. At one locality 
clinopyroxenite is interlayered with harzburgite, and 
the interlayered pyroxenite-harzburgite is in turn en­
closed in dunite. The clinopyroxenite layers range in 
thickness :from several inches to 30 :feet, and the trend 
of the layering is subparallel to the crude :foliation in 
the harzburgiite. Some ·small pyroxenite layers consist of 
alternating bands of orthopyroxene and clinopyroxene; 
one such layer, which has been folded, exhibits a well­
developed foliation parallel to the axial plane of the 
fold. 

Minet~als of the clinopyroxenite are clinopyroxene and 
minor amounts of olivine, orthopyroxene, amphibole, 
and an opaque mineral. The rock has a medium to coarse 
granular texture. Orthopyroxene has fine lamellae of 
exsolved diopside parallel to ( 100). Clinopyroxene con­
tains orthopyroxene lamellae and commonly exhibits 
bent cleavage traces. The only secondary n1ineral present 
is serpentine that rims olivine. 

Orthopyroxenite veins and subparallel layers or dikes 
(generally less than 1 foot thick) of wehrlite in dunite 
are locally present but not common. 

Two types of gabbro are present within the ultra­
mafic body; olivine gabbro and a clinopyroxene­
plagioclase gabbro. The olivine gabbro occurs near the 
eastern margin of the ultramafic mass as subparallel 
dikes as much as 3 :feet thick cutting the dunite. The 
gabbro dikes are younger than clinopyroxenite veins in 
the dunite. Principal minerals are plagioclase (An9t), 
augite, olivine, and brown hornblende that replaces 
augite. The dike rocks have a crude banding, nemato­
blastic texture, and zones ·of cataclasis subparallel to the 
margins. The olivine is partly serpentinized. Foliated 
and llneated clinopyroxene-plagioelase gabbro occurs as 
a lenticular mass (75 to 100 feet thick) in sheared ser­
pentinite near the eastern border of the ul·trama,fic body. 
The primary minerals are clinopyroxene and plagio­
clase, and the texture of the rock is medium grained 
granular. Green hornblende partly replaCEiS pyroxene, 
and the plagioclase is altered to hydrogrossular. Sec­
ondary prehnite, calcite, and chlorite are· present in 
minor amounts. 

The areas shown as "crystalline rocks undivided'' on 
figure 1 were previously mapped as gabbro by Hawkes 
and others (1942) and by Maddock (1964), whereas 
these areas in fact contain poorly exposed amphibolite, 
volcanic rocks, porphyritic diorites, norite, aplite dikes, 
numerous quartz veins, and :feldspathic peridotite. The 
contact between the ultramafic rocks and the "crystal­
line rocks undivided" is a fault contact (Hawkes and 
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others, 1942; Maddock, 1964) , well delineated by 
sheared serpentinite. 

In the explanation of figure 1, no age relationships 
are implied for the various ultramafic rocks and the 
crystalline rocks undivided. The gabbro dikes and at 
least some pyroxenites are later than the dunite, but no 
age relationships were established between the dunite 
and harzburgite. The crystalline rocks undivided may 
be genetically related to the Red Mountain-Del Puerto 
ultramafic rocks; however, poor exposures and tectonic 
juxtaposition preclude any definite determination. The 
serpentine is a result of alteration of dunite and harz­
burgite, a process that is probably still occurring 
(Barnes and others, 1967). 

The nature of the primary crystallization of the Red 
Mountain-Del Puerto ultramafic rocks was not deter­
mined. The coarse-grained, interlocking fabric of the 
ultramafic rocks has none of the crystal settling textural 
characteristics described by Jackson ( 1961) for the 

Stillwater Complex, Montana. ~Ioreov~r, the fabric, the 
presence of deformed olivine and pyroxene grains, and 
the small folds are more characteristic of metamorphic 
rocks than of igneous rocks, and it is possible that the 
existing fabric is a result of metamorphic recrystal­
lization. 

Che·mical composition of the ultramafic rocks 

Rapid rock chemical analyses of dunite, harzburgite, 
clinopyroxenite, and gabbro are presented in table 1, 
spectrographic analyses of minor elements in table 2. 
The varied degree of serpentinization of the ultramafic 
rocks results in varied H20 content and introduces 
some difficulty in comparison of the analyses. The 
Fe203 content of the ultramafic rocks largely reflects the 
amount of magnetite, a byproduct of serpentinization. 

For calculation of the ~{g ratios in table 1, 
~1g+Fe+Mn 

Fe203 was recalculated to FeO. 

TABLE 1.-Chemical analyses of ultramafic rocks and gabbro 

[Sample locations on figure I. Chemical analyses after methods described bv Shapiro and Brannoek (19fi2). supplemented by atomic absorption analyses. Analysts: P.L.D. 
Elmore, Lowell Artis, G. W. Chloe, J. L. Glenn, S.C. Botts, H. Smith, Dennis Taylor, and S.M. Berthold! 

Dunite Harzburgite Clinopy- Gabbro 2 
roxenite I 

Constituent oxide 
65--R-1 65--R-3 65--R-12 66-H-6 66-R-22 65--R-9 65--R-10 66-R-20 65--R-i 66-R-5 66-R-10 

Si02-------------------------- 35. 9 35. 7 35. 7 36. 1 39. 0 43. 2 40. 0 44. 9 52. 5 42. 0 48. 7 
AlaOa--------- ---------------- . 43 . 19 . 28 . 76 . 04 . 58 . 58 . 91 1.2 11. 0 15. 0 
Fe20a------------------------- 4. 5 5. 3 3. 8 3. 7 2. 8 1.7 3. 2 . 80 . 70 2. 1 1.0 FeO __________________________ 3. 7 4. 9 3.2 4. 5 5. 0 5. 6 4. 0 7. 0 5. 0 7. 6 3. 8 

~:~-~:~===================== 
42. 2 41. 3 42. 6 41. 7 46. 1 41. 5 41. 8 43. 0 20. 6 19. 3 10. 8 

. 30 . 22 . 30 . 85 . 00 . 73 . 30 1.5 18. 8 12. 0 15. 7 
~a20------------------------- . 00 . 00 . 00 . 08 . 00 . 00 . 00 . 02 . 00 . 71 1.7 K

2
0 __________________________ . 05 . 04 . 00 . 63 . 23 . 12 . 04 . 08 . 24 . 07 . 12 

H 20- ----- ___ --------- ------- . 65 . 55 . 57 . 45 . 50 . 16 . 65 . 09 .11 . 32 . 19 
H 20+ ---- _______ ------------- 11. 7 11. 3 12. 6 10. 3 5. 6 5. 9 9. 0 1.0 . 47 3. 3 2. 5 Ti0

2 
_________________________ 

. 02 . 00 . 00 . 02 . 02 . 02 . 00 . 02 . 00 . 82 . 29 
P206------------------------- . 07 . 07 . 06 . 03 . 03 . 06 . 06 . 03 . 06 . 04 . 02 
~no _________________________ 

. 14 . 18 . 12 . 12 .11 . 15 . 12 . 12 . 18 . 16 . 09 
C02--- ----------- ___ - ___ ----- . 32 . 34 . 24 . 08 . 21 <. 05 . 25 <. 05 . 05 . 16 <· 05 
~iO __________________________ . 24 . 15 . 24 . 22 . 35 . 28 . 32 . 32 . 02 .11 . 02 
Cr203----- ___ - _____________ --- . 67 . 16 . 94 . 93 . 44 . 58 . 60 . 47 . 17 . 25 . 24 

TotaL ___________ --------- 100. 9 100.4 100. 6 100. 5 100.4 100. 6 100. 9 100. 3 100. 1 99. 9 100. 2 
Si02: ~gO ________________ . 85 . 86 . 84 . 87 . 85 1. 04 . 96 1. 04 ----------------------
~ole ratio 

~gX100 
90. 6 88. 1 91. 9 90.4 91. 5 91. 1 91. 4 90. 8 86. 3 78. 1 80.2 

~g+Fe+~n---
Density __________________ 2. 71 2. 72 2. 67 2. 72 2. 83 3. 14 2. 80 3. 22 3. 25 3. 00 3. 04 
Degree of serpentinization a_ 78. 5 77. 0 83. 5 77. 0 62. 5 19. 5 66. 5 10. 0 ----------------------

1 Clinopyroxenite intcrlayered with harzburgite; harzburgite-pyroxenite enclosed in dunite. 
2 Specimen 66-R-5 is from an olivine gabbro dike that intrudes dunite. Specimen 66-R-10 is from a clinopyroxene-plagioclase gabbro lens in dunite. 
3 Based on density of rock by using 3.30 g/cc ns density of fresh dunite and harzburgite, and 2.50 gjcc as demity of serpentino. 

CHEMICAL COMPOSITION OF THE PRIMARY 
MINERALS 

Analyses of primary minerals from dunite, harzburg­
ite, clinopyroxenite, and gabbro are given in tables 3 
through 6. Most analyses were made with a Materials 
Analysis Co. model-400 electron-microprobe analyzer 
using a 20 kilovolt excitation potential and a 0.0500-

1nicroampere specimen current. Intensities of K a X-ray 
lines were integrated over 20 seconds using potassi urn 
acid phthalate (I\:AP), ammonium dihydrogen phos­
phate (ADP), and LiF crystals and flow-proportional 
counters. 

Mineral standards were used for analysis of all ele­
ments except for the minor elements Ni, Ti, and Cr, for 
which pure-element standards were used. All intensities 
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Element 

Al ______ ---- _--Ba _____________ 
Ca _____________ 
Co _____________ 
Cr _____________ 
Cu __ - ____ --- ___ Mn ____________ 
Ni _____________ 
Sc _____________ 

MINERALOGY AND PETROLOGY 

TABLE 2.-Spectrographic analyses, in weight percent, of ultramafic rocks and gabbro 

[Sample locations on figure 1. Analyst: R. E. Mays. Abbreviation: n.d., not determined) 

Dunite Harzburgite Clinopyroxenite 1 

65-R-1 65-R-3 65-R-12 66-R-6 66-R-22 65-R-9 65-R-10 66-R-20 65-R-7 

0. 24 0. 070 0. 18 0. 34 0. 080 0. 46 0. 30 0. 70 0. 90 <. 0002' <. 0002 <. 0002 <. 0002 <. 0002 . 0006 . 0010 <. 0002 . 0002 
. 16 .11 . 18 . 80 . 050 . 80 . 26 1.8 n.d . 
. 0095 . 0095 . 010 . 010 . 011 . 013 . 0095 . 0075 . 0055 
. 40 .11 . 46 . 50 . 26 . 28 . 28 . 20 . 15 
. 0008 . 0006 . 0004 . 0024 . 0008 . 0005 . 0005 . 0022 . 0007 
.10 .11 . 090 . 060 . 060 . 10 . 090 . 10 . 14 
. 22 . 10 . 20 . 14 . 21 . 24 . 24 . 18 . 017 

<. 0008 <. 0008 <. 0008 <. 0008 <. 0008 . 0013 <. 0008 . 0018 . 0080 
Sr-------------------------------------------------------------------------------------------------Ti _____________ . 0080 . 0015 . 0026 . 012 . 0008 . 0046 . 0018 . 0032 . 060 v ______________ 

. 0019 <. 001 . 0019 . 004 <. 001 . 0044 . 0030 . 005 . 016 

I Clinopyroxenite interlayered with harzburgite; harzburgite-pyroxenite enclosed In dunite. 
2 Specimen 66-R-51s from an olivine gabbro dike intrusive into dunite. Specimen 66-R-10 is from a clinopyroxene-plagioclase gabbro lens In dunite. 

Gabbro 2 

66-R-5 66-R-10 

n.d. n.d. 
0. 0006 0. 0022 

n.d . n.d. 
. 0065 . 0040 
.11 . 12 
. 017 . 018 
. 10 . 065 
. 065 . 018 
. 0055 . 0060 
. 020 . 036 
. 50 . 16 
. 029 . 014 

TABLE 3.-Chemical composition and structural formula of olivine from dunite, harzburgite, pyroxenite, and gabbro 

(Sample locations on figure 1. Electron-microprobe analyses by G. R. Himrnelberg, except where otherwise indicated. Abbreviation: n.d., not determined] 

Dunlte Harz burglte Clino- Gabbro 
Constituents pyroxeoite 

65-R-1 65-R-11 65-R-3 66-R-6 66-R-22 65-R-5 65-R-9 65-R-91 65-R-10 66-R-20 65-R-7 66-R-5 

Chemical composition, in percent 

Si 02---- - - - - - - - 39.8 40. 1 38. 7 40. 9 41. 1 39. 5 40. 7 40. 4 40. 4 40. 5 38. 4 40. 2 
Fe20a- ----------------- .2 ------------------------------------------ .9 ----------------------------------FeO 2 _____ - - ___ 9. 8 8. 5 12. 7 9. 3 8. 9 15. 6 9. 8 8. 5 9. 2 10. 1 19. 6 22.9 
MgO __ - - - - - - _ - 49. 8 49. 8 48. 2 49. 9 50. 9 46. 4 49. 4 49. 6 49. 2 50. 1 42. 9 39. 4 
Mn 0 ________ - - .2 . 14 n.d. . 1 . 1 n.d. . 1 . 13 . 1 . 1 n.d. .4 NiO ______ -- ___ .3 . 18 n.d. .3 .3 n.d. .3 . 22 .3 .3 n.d. . 04 
H20 +-- - - - - - - - n.d. . 56 n.d. n.d. n.d. n.d. n.d. . 41 n.d. n.d. n.d . n.d . 
H20- __ ------- n.d. . 03 n.d. n.d. n.d. n.d. n.d. . 02 n.d. n.d . n.d. n.d. 

TotaL _____ 99. 9 99. 5 99. 6 100. 5 101. 6 101. 5 100. 3 100. 2 100. 0 101. 1 100. 9 103. 0 

Structural formula, as number of cations per 4 oxygens 

Si ________ - - ___ 0. 98 0. 99 0. 97 1. 00 0. 99 0. 98 1. 00 0. 99 1. 00 0. 99 0. 98 1. 01 Fe+
3 
___________________ 

. 004 ------------------------------------------ . 02 ----------------------------------Mg ___________ 
1. 83 1. 83 1. 80 1. 81 1. 82 1. 72 1. 80 1. 81 1. 81 1. 82 1. 63 1. 48 Fe+2 ___________ . 20 . 18 . 26 . 19 . 18 . 32 . 20 . 17 . 19 . 21 . 42 . 48 Mn ___________ 
. 004 . 003 . 002 . 002 -------- . 002 . 003 . 002 . 002 -------- . 008 

Ni ____________ . 006 . 004 . 006 . 006 -------- . 006 . 004 . 006 . 006 -------- . 001 
.Sum of 2. 04 2_. 02 2. 06 2. 01 2. 01 

two 
valent 
cations. 

MgX 100 ____ 90.0 90. 7 87. 4 90. 4 90. 9 
Mg+Fe+Mn 

1 Wet chemical analysis hy Marcel~n Cremer. 
2 Total iron computed as FeO for e ectron-mlcroprobe analyses 

were corrected for background and instrument drift. 
Absorption corrections were made using Philibert's 
( 1963) formula for f (x) as modified by Duncumb and 
Shields ( 1966). Heinrich's ( 1966) mass absorption 
coefficients were used. The geometrical factor 1.6071 was 
used in the absorption correction for the expression 
cosec(} sinq,, where () refers to the X-ray takeoff angle 
and q, refers to the electron beam angle of incidence. 
Data corrected for absorption were refined to 0.1 weight 
percent of the elements. 

2. 04 2. 01 1. 99 2. 01 2. 03 2. 05 1. 97 

84. 3 89. 9 90. 4 90. 4 89.6 79. 5 75. 2 

The microprobe analyses given are averages of deter­
minations on 5 to 10 points per grain, using 4 or 5 
grains per sample. The precision of a, single point deter­
mination (one standard deviation) is within 2 percent 
of the amount of the element present. The concentra­
tion of total iron was computed as FeO. 

Pure mineral separates for standard chemical analy­
ses were obtained from -200 to+ 325 mesh material 
by means of centrifuging in heavy liquids and by use of 
the Frantz isodynamic magnetic separator. Structural 
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TABLE 4.-Spectrographic analyses, in weight percent, of olivine 
and pyroxene 

.[Analyst: R. E. Mays. Abbreviation: n.d., not determined, major element] 

Element 
Olivine (in 

dunite, 65-R-1) 
Olivine (In 

harz burg! tc, 
65-R-9) 

Clinopyroxene 
(in cllnopyroxe­

nite, 65-R-7) 

AI _________________ _ 
Ca _________________ _ 
Co _________________ _ 
Cr _________________ _ 
Cu _________________ _ 
~n ________________ _ 
Ni _________________ _ 
Sc _________________ _ 
Ti _________________ _ 
v __________________ _ 

0. 005 
. 020 

0. 14 
. 0080 
. 0006 
. 12 
. 14 

<. 0002 
. 0008 <. 001 

1. 007 
. 014 
. 014 
. 0085 
. 0030 
. 12 
. 17 <. 0002 

<· 0004 <· 001 

0. 70 
n.d . 

. 0030 

. 10 

. 0032 

. 12 

. 010 

. 010 

. 055 

. 020 

TABLE 5.-Chemical composition and structural formula of pyrox­
ene from harzburgite and clinopyroxenite 

[Sample locations on figure 1. Electron-microprobe analyses by G. R. Himmel berg, 
except where otherwise Indicated. Abbreviation: n.d., not determined] 

Orthopyroxene Clinopyroxene 
Constituent oxides 

and elements 65-R-9 1 65-R-10 1 66-R-20 1 66-R-20 1 65-R-

Chemical composition, in percent 

Si02----------- 56.7 57.5 55.2 52.5 
Ah03.------ _ _ _ _ 1. 0 . 7 2. 8 2. 0 
Fe20a---------------------------------------------
Fe0'----------- 5.8 5.9 6.2 2.0 
~gO ___________ 35.0 36.2 35.2 17.9 
CaO _ _ _ _ _ _ _ _ _ _ _ . 7 . 5 . 6 24. 8 
~no___________ . 1 . 1 . 2 _______ _ 
Cr20 3___________ • 3 n.d. . 5 . 6 Ti0

2
_____________________________________ .02 

H20+---------- n.d. n.d. n.d. n.d. 
H20----------- n.d. n.d. n.d. n.d. 

7 2, a 

53.4 
1.1 
.5 

3.2 
17.5 
23.6 

. 13 

. 15 

. 22 

. 04 

TotaL______ 99.6 100.9 100. 7 99.8 99.6 

Structural rormula, as number or cations per G oxygens 

z{Si ___________ 1.96 1.96 1.90 1.92 
A}IV__________ . 04 . 03 . 10 . 08 

AI vI_-- --- . 003 --------- . 01 . 004 Ti__________________________________ .001 
Cr_______ .008 --------- .014 .02 

X y Fe+a----------------------------------------
I ~g_____ _ _ 1. 80 1.84 1. 80 • 97 

Fe+2______ . 17 . 17 . 18 . 06 
~n______ .003 .003 .006 --------
Ca_______ .03 .018 .02 .97 

Sum X, Y 
group____ 2. 01 

Atomic ratios 
~g ____ 90.3 
Fe _____ 8.4 
Ca____ _ 1. 3 

~g X 100 _ _ _ 91. 20 
~g+Fe+Mn 

1 From harzburgite. 
2 From cllnopyroxenito. 

2.03 

90.8 
8.3 
.9 

91.4 

a Wet chemical analysis by Marcelyn Cremer. 
• Total iron computed as FeO for probe analyses. 

2.03 2.02 

90.0 48.6 
8.9 3.0 
1.1 48.4 

90.6 94. 1 

1. 96 
. 04 
. 005 

. 004 

. 01 

. 96 

. 10 

. 004 

. 93 

2.01 

48.3 
4.9 

46.8 
90.2 

formulas were calculated by the hydrogen-equivalent 
method (Jackson and others, 1967). 

Olivine 

Tables 3 and 4 give the chemical composition, mineral 
formula, and minor-element content of olivine from 
some rocks of the Red Mountain-Del Puerto mass. Most 
of the chemical compos~tions were determined by elec­
tron-Inicroprobe teclmiques; however, olivine from two 
samples (65-R-1, 65-R-9) was also analyzed by stand­
ard wet chemical methods for comparison. Agree:m.enlt 
between the two methods is within 1 percent of the 
amount present for MgO and Si02; but total iron shows 
a significant difference for olivine from sample 65-R-1. 
The analysis of olivine from sample 66-R-5 (table 1) 
contains a significant error that is probably a result of 
no correction for fluorescence, as there is a large com­
positional difference between the sample (Fo75 ) and the 
standard (Fo9I). 

The electron-microprobe analyses of olivine show 
them to be chemically homogeneous; there are no meas­
urable compositional differences from grain to grain 
and no zoning within individual grains. In general, the 
standard deviation from the average composition is less 
than 2 percent of the a.mount present, which is within 
the analytical precision of the analyses. The maximum 
relative standard deviation was 3.5 percent for Si02 in 
one sample. 

Analyzed olivine from dunite and harzburgite has a 
small range in composition, Fos4.3 rto Fo90.9. The harz­
burgite with olivine of composition Fos4.3 is inter layered 
with clinopyroxenite that has an olivine of Fo79.5 com­
position. The most iron-rich olivine analyzed (approxi­
mately Fo76 ) is from an olivine gabbro dike that in­
trudes dunite. 

The range in composition of olivine (Fo8 4.3 to Fo9o.9) 
from dunite and harzburgite from ~the Red Mountain­
Del Pue~to ultramafic mass is similar to the composi­
tional range of olivine from other alpine-type perido­
tites, which, as compiled by Green (1964), is typically 
Foss to Fo9s· 

Orthopyroxene 

Table 5 shows that the three orthopyroxenes analyzed 
have a range in composition from En9o.o to En9o.8, which 
is within the precision of the analytical method and is 
typical of the compositional range of orthopyroxene 
from other alpine-type peridotites (Ross and others, 
1954; Green, 1964; Challis, 1965; Page, 1967). The dis­
tribution of the major elements Si, Mg, and Fe is chem­
ically homogeneous within analytical precision. 
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The CaO content (less than 1 percent) of the ortho­
pyroxene is lower than generally reported for ortho­
pyroxenes from other alpine-type peridotites (Ross and 
others, 1954; Green, 1964; Challis, 1965). The presence 
of clinopyroxene exSdlution lamellae, however, indi­
cates that calcium was removed from the orthopyrox­
ene struoture during cooling, and the microprobe anal­
yses do not fully account for these lameHae nor the ori­
ginal calcium content of the orthopyroxenes. Howie and 
Smith (1966, p. 454) have shown that, in general, micro­
probe analyses of orthopyroxene yield lower values for 
calcium than do wet chemical analyses. The: calcium 
distribution in the orthopyroxene as determined with 
the ~lootron microprobe is irregular and is probably a 
result of the clinopyroxene exsolution lamellae being 
partly included for some determination points. : 

Aluminum is irregularly distributed in a single ortho­
pyroxene grain and shows a significant difference be­
twe.en orthopyroxene samples. The bulk composition 
control for the variation can be seen by comparing the 
Al20s con:tent of the orthopyroxenes with the Al20 3 con­
tent of the whole rock. For example, the orthopyroxene 
with the highest Al20 3 content (sample 66-R-20, 2.8 
percent Al20 3 ) is from the harzburgite with the highest 
Al20s content ( 0.91 percent Al20s, table 1) and coexists 
with an aluminium-rich chromian spinel (36.2 percent 
Al20s, table 6). 

Nickel and titanium were looked for with the micro­
probe but were not detected. 

Clinopyroxene 

Table 5 shows that clinopyroxene from the clino­
pyroxenite (sample 65-R-7) is significantly higher in 
iron content than the clinopyroxene from the harz­
burgite (sample 66-R-20); similarly, in the same 
specimens the olivine from the clinopyroxenite is 
higher in iron content than olivine from the harz­
burgite (see table 3). The other major differences are 
higher Al203 and Cr20 3 contents in the clinopyroxene 
from the harzburgite. 

The clinopyroxene from the harzburgite ha~ a higher 

Mg+ ~:+ Mn ratio and a lower Al20 3 content compared 

with the coexisting orthopyroxene. The two coexisting 
pyroxenes, however, have similar Cr20 3 contents. 
Spectrographic analysis for clinopyroxene from the 
clinopyroxenite (sample 65-R-7) is given in table 4. 

Chromian spinel 

In contrast to the primary silicate minerals, the 
chromian spinels show a considerable range iu chemical 
composition (table 6), particularly in Cr/Cr+Al ratio 
(fig. 2). Irvine's (1967) compilation of chromian spinel 
compositions from other alpine-type peridotites shows 

TABLE 6.-Chemical composition and structural formula of chrom­
ian spinel 

[Sample locations on figure 1. All analyses made with electron microprobe by G. R. 
Himmel berg] 

Constituent oxides and 
elements 

____ n_un_ite Harzburgite 

65-R-1 66-R-6 66R-22 65-R-9 66-R-20 

Chemical composition, in percent 

Cr20a- ________________ 41. 5 42. 0 56.3 50. 7 27. 9 
AhOa- ________________ 17.8 15. 2 7. 4 11. 4 36. 2 
Fe20a1 ________________ 10. 1 12. 0 7. 2 6. 7 3. 2 FeO __________________ 20. 5 21. 6 21. 7 22. 2 12. 7 
~gO _________________ 9. 1 8. 1 7. 5 7. 2 15. 4 

TotaL ____________ 99.0 98. 9 100. 1 98. 2 95.4 

Structural formula, as number of cations per 32 oxygens 

Cr ___________________ 8. 55 8.83 12. 14 10.95 5. 26 Al ___________________ 5. 47 4. 76 2. 38 3. 67 10. 17 
Fe+3 __________________ 1. 98 2. 40 1. 48 1. 38 . 57 Fe+2 __________________ 4. 47 4. 80 4. 95 5. 07 2. 53 
~g ________ 7 _________ 3. 53 3. 21 3. 05 2.93 5. 47 

Sum R+a __________ 16. 00 15. 99 16. 00 16. 00 16. 00 
S urn R +2 __________ 8. 00 8. 01 8. 00 8. 00 8. 00 

CrX 100 ______________ 61. 0 65. 0 83. 6 74. 9 34. 1 
Cr+Al 
Fe+3 X 1 00 _____________ 12. 4 15. 0 9. 2 8. 6 3. 6 
Fe+3+Cr+Al 
~g X 100 _____________ 44. 1 40. 1 38. 1 36. 6 68. 4 
~g+Fe+2 

1 Calculated from total iron by assuming RO/R203 ratio of 1/1, and the structural 
formula was calculated on this basis. 

similar variations. Also unlike the silicate minerals, 
individual spinel grains show significant chemical in­
homogeneity for all elements analyzed (± 5 to 10 
percent of the average amount present). 

Although not compelling, the data suggest ·a possible 
correlation between texture and chemical composition. 
The most aluminum-rich spinel (36.2 percent Al20a, 
sample 66-R-20) oocurs in harzburgite as anhedral 
grains, some of which ·appea.r to be interstitial, whereas 
the other four analyzed chromian spinels contain less 
than 20 percent Al203 and occur as subhedral to euhed­
ral grains. Moreover, the most aluminum-rich chromian 
spinel coexists with the most aluminum-rich orthopy­
roxene analyzed. 

SERPENTINIZATION 

The effect of serpentinization on the chemical 
composition of the Red Mountain-Del Puerto ultra­
mafic rocks can be partly evaluated by comparing the 
rock composition, mineral composition, and degree of 
serpentinization. The density of both olivine of compp­
sition Fo90 and orthopyroxene of composition En90 is 
approximately 3.30 g/cc, and the density of serpentine 
is about 2.50 g/cco; therefore, the density of dunite and 
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FIGURE 2.-Cr/Cr+ Al and Mg/Mg+ Fe+2 ratios of accessory 
chromian spinels from rocks of the Red Mountain-Del 
Puerto ultramafic mass. Outlined area is approximate field 
of composition of chromian spinels from other alpine-type 
peridotites as shown by Irvine (1967). Sample localities 
shown on figure 1. 

harzburgite composed mainly of olivine and ortho­
pyroxene can be used as an approximate index of 
serpentinization (table 1). 

. MgXlOO 
In table 7, the molecular ratw Mg+Fe+Mn IS 

compared for olivine, orthopyroxene, and whole rock. 
. MgXlOO 

For calculatwn of the Mg+ Fe+ Mn ratio of whole 

rock, the Fe+3 present was assumed to be largely from 
magnetite produced during serpentinization and was 
recalculated to Fe+2

• Within analytical error, the 

MgX 100 t' f h l' . . h f h Mg+Fe+Mn ra 10 o t eo Ivme Is t e same as or t e 

orthopyroxene in the same rock. Because these two 
minerals composed nearly all of the original rock, their 

MgX100 . . . MgXIOO 
Mg+ Fe+ Mn ratiO m effect determmes the Mg+ Fe+ Mn 

ratio of the primary rock. In view of the fact that these 
rocks are largely serpentinized (except for harzburgite 
66-R-20; see table 1), the close agreement between 
. MgXlOO . 

the Mg+Fe+Mn ratw of the whole rock and of the 

contained minerals indicates that serpentinization of 
these rocks proceeded under conditions that maintained a 

nearly constant M Mgi 10~ ratio. 
g+ e+ n 

TABLE 7.-Comparison of mole ratio, MgX 100 , for whole rock 
Mg+Fe+Mn 

and coexisting olivine and orthopyroxene 

Sample Whole rock 1 

65-R-1 __________________ _ 

65-R-3--------------------66-R-6 ___________________ _ 
66-R-22 __________________ _ 
65- R-9 __________________ _ 
65-R-10 ________________ - _-
66-R-20 __________________ _ 

1 FesOa converted to FeO . 
2 Mn not determined. Ratio is MgXIOO. 

Mg+Fe 

90.6 
88.1 
90.4 
91.5 
91.1 
91.4 
90.8 

Olivine Orthopyroxene 

90.0 ----------
2 87.4 ----------

90.4 ----------
90.9 ----------
90.4 91.2 
90.4 91.4 
89.6 90.6 

A dunite consisting mainly of olivine of composition 
Fo90 should have an Si02/MgO ratio of approximately 
0.83, and if serpentinization proceeds under conditions 
of constant chemical composition, this ratio should not 
change apprecirubly. 'Table 1 shows that the Si02/Mg0 
ratios of the dunites are slightly larger than 0.83 and 
range from 0.84 to 0.87. The differences between the du­
nite and olivine SiOdMgO ratios are smaH, and because 
there is no correlation with degree of serpentiniza­
tion, it is possible that the differences are due to analy­
t]cal errors. 

If, however, the differences between dunite and olivine 
Si02/Mg0 ratios are real, then the increased ratio of 
the dunites could be due to addition of silica or removal 
of magnesia during serpentinization. If it is assumed 
that there was no addition of silica, the Si02/M:g0 
ratios of the dunites require tha:t approximately 1 to 5 
mole percent of the original magnesia was removed 
from the dunites during serpentinization. Migration of 
this amount of magnesia is comparable to the findings 
of Hostetler, Co'leman, Mumpton, and Evans (1966, p. 
91) for other serpentinized dunites. An alternative ex­
planation for the Si02/Mg0 ratios of the dunites is 
that they originally contained 1 to 5 percent orthopy­
roxene of composition En90 , which has an Si02/~lg0 
ratio of 1.65. The data suggest that serpentinization of 
the Red Mountain-Del Puerto ultramafic rocks pro­
ceeded with minimal chemical changes, ·and therefore 
imply an appreciable volume increase of the serpen­
tinized parts of the rocks. 
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