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ABSTRACT 

Sheets of carbonate breccia and unbrecciat;ed calcitie carbonate rocks, called carbonate breccia 
nappes, occur as tectonic slices in nappe piles dominated by pelitic rocks of Early Mesozoic age in the 
Carson Sink region of Nevada. The most extensive carbonate breccia, nappe, the Muttlebury nappe, 
crops out over 100 km". Such sheets are composites of a number of different carbonat-e rock types, 
jnchidin.g widespread calcite marble; The coarse grain size and granoblastic texture of the marble 
i.'iiply an origin by metamorphism of a t least moderat-e grade. The degree of apparent reerystallization 
of marble, ho^n'cver, contrasts markedly with that of inost of the limestone with which it is intercalated 
oncl is independent of degree of ineta-morphism, locally nil, of pelitic rocks in adjacent nappes. If the 
marble is a product of thermal metamorphi.sm, its grade is scer.iingl.y incompatible with that of 
!\?50ciated rocks. On the basis of field and petrographic studies, the origir. of the marble is enigmatic. 
Carbon and oxygen isotopic ratios of calcites from various carbonate rocks of the Muttlebury Forma
tion and the,probably correlative Jurassic Lovelock Formation fall into two distinct trends. One 
trend has nearly constant ^C^' and variable (50'^, and the other has nearly constant SO^^ and ^C'^ 
that varies between —7 and —25 %<, (FDB). The fir.=t includes all the fine-grained carbonate rocks 
nnd calcarenite v.'hereas the second comprises all of the analyses of the problematic marble. The 
inicrpretation of the isotopic t-i'end of marble is that rocks precursory to the marble were coarse-
erained g7;n5Sum such as those which are abundant in the Lovelock Formation and in one small body 
in the .Muttlebury.Format-ion. The gypsum rocks were calcitized by biogenic carbon derived from 
sources outside the sulfate beds, probably from euxinic limestones st.ratigraphically below the sulfate 
deposits, or perhaps, from a widespread polite tcrrane. Biogenic carbon could have been transported 
.IS h.ydrocarbons in an. aqueous medium or as dissolved carbon species o.xidized in the .source beds. 
Intraformational breccia of the Muttleburi ' Formation is a solution breccia created b3' aqueous 
dissolution of sulfate rocks remaining after eaicitization was com)3lete, Ca-lcite-quartz sand, ubiquitous 
in the breccia, was derived from sand originally disseminated throughout such sulfat-e beds-

nsTRODUCTION 

.An extensive carbonate nappe iii the 
West Humboldt Range, Nevada, contains 
coarse-grained marble as its predominant 
lithic constituent. The origin of the marble 
on the basis of field and petrographic 
studies is enigmatic because, on one hand, 
its texture is suggestive of substantial 
metamorphism, but on the other, many of 
the rocks coiitacting marble are little 
metamorphosed. Analyses of the carbon 
and oxj'gen isotopic compositions of rocks 
of the carbonate nappe, however, indicate 
disparate isotopic histories between marble 
and associated carbonate rocks. The 
isotopic studies lead to the proposal that 

' Manuscript received March 5, 1974; revised 
June 20, 1974. 
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marble originated by replacement of 
coarse-grained gypsum. Replacement pro
ceeded either by oxidation by sulfate of 
biogenic carbon moving through the 
gj'psum unit or by transfer of oxidized 
biogenic carbon species to gj^sum beds 
undergoing acjueous solution, followed in 
both cases bj' calcite precipitation. The 
first reaction is similar to that proposed by 
Thode et al. (1954) and Feely and Kulp 
(1957) for the origin of cap rock in salt 
domes. There is no evident role of elevated 
temperature in the replacement of gypsum 
by marble. The possibilitj' emerges that 
stratiform carbonate rocks generated by 
eaicitization of sulfate beds might exist in 
terranes other than the Carson region. By 
visual inspection, the rocks so produceid 
are not easily distinguished from meta
morphosed carbonate rocks of depositional 
origin. 
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GEOLOGIC SETTING 
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Thrust-bounded tabular bodies (nappes) 
of carbonate rocks occur at different 
structural levels in several nappe piles of 
Jurassic age in the Carson Sink region of 
Nevada (Speed 1974o). Mesozoic pelitic 
rocks are the major constituent of the 
nappe piles, and the carbonate bodies 
represent no more than 1% or so of the 
Mesozoic terrane in the Carson region. The 
carbonate bodies are called carbonate 
breccia nappes because they contain 
breccia in generally greater abundance 
than unbrecciated rocks. 

The most extensively exposed carbonate 
breccia nappe of the Carson region is the 
Muttlebury nappe whose rocks constitute 
the Muttlebury Formation (fig. I). The 
Muttleburj- Formation crops out in the 
West Humboldt Range over a strike 

.length of 22 km. Its exposure area is 
100 km-, and its original extent could have 
been a factor of 5 to 10 greater (Speed 
1974a). The maximum thickness of the 
Muttlebiuy Formation is about 70 m. 
Geologic and isotopic studies of carbonate 
breccia nappes in the Carson region have 
centered on the Muttlebury nappe, but 
reconnaissance of the other nappes tenta
tively indicates that hypotheses of origin 
of the iiluttleburj' Formation are appli
cable to the others. Further description of 
the Muttlebury Formation is given in the 
next section. 

Tlirust nappes of pelite with which the 
carbonate breccia nappes are intercalated 
represent slices from a thick and wide
spread terrane in the Carson region of 
Lower Mesozoic silicate mudstone, minor 
saitdstone, and generally sparse dark 
clastic and algal limestone. No recognized 
carbonate units withiii depositionally con
tinuous sections of pelite can be correlated 
•with rocks of the carbonate breccia 
nappes. Thus, the source of rocks in the 
carbonate breccia nappes must have been 
a unit (or units) other than the pelite 
succession.. 

The only nonpelitic Mesozoic formation 
of the western Carson region, the Lower 

[. I Cenozoic 

I •» J gronodiorite (Cret) 

r V i gabbro (Jur.) 

Muttlebury Fm. (Jur.) 

Lovelock Fm. (Jur.) 
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F ia . 1.—Geologic map of par t of the West 
Humboldt Range, Nevada, showing outcrop 
distribution of the Muttlebury and Lovelock 
Formations and locations of specimens whose 
analyses are reported in table 1. 
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or 
Middle Jurassic Lovelock Formation 

;,y:'cd 19746), lies concordantly above the 
f^litic rocks and plays an important role 
In t he origin of the Muttlebury Formation. 
fiic Lovelock Formation crops out only in 
g pair of nappes deep within the nappe 
•iilo of the northern West Humboldt 
I'.-ancc (fig. 1). The Lovelock Formation 
jiicludes a lower member of about 30 m of 
dark micrite t ha t was probably deposited 
III laaoonal or subtidal euxinic conditions 
8,1(1 a thin (5 m) middle member of 
calcarenite and calcirudite. The upper 
ineniber is composed of a t least 100 m of 
interbedded calcific gj'psum and cal
carenite. Such g j^sum constitutes the 
Diily evaporite rocks of known strati-
j;ni[)hic position \vithin the Carson region. 
Al.so within the upper member are several 
hnsoid bodies, up to IOO m long, of 
coarse-grained marble much like t ha t of 
the jMuttlebury Formation. These bodies 
occupy no particular stratigraphic position 
in the upper member. In fact, the largest 
IKXIy of marble in the Lovelock Formation 
occurs at the structural base of the 
formation where the upper member inter
sects the nappe bottom. Exposed contacts 
of marble are with surficially recrystallized 
pvjisum, and primary relationships of the 
two rock t j ^e s are uncertain. The distribu
tion of marble in the upper member 
suggests generation of the marble may 
have been related to thrusting, but no 
iiinre specific petrogenetie process emerges 
froiii field observations. I t is noteworthy 
that in the g3'psum-free lower and middle 
members of the Lovelock Formation, 
ooarse-grained granoblastic marble is ab
sent. Limestones of the lower two members 
are locallj- bleached and recrj'stalhzed, 
c.<peciallj' near calcite veins, but such 
uictalimestones are texturally (and iso-
topically) distinct from marble of the 
upper member. 

MUTTLEBURY FOKIMATION 

The Muttlebury Formation consists 
almost entirely of calcific carbonate rocks 
in a melange of lensoid and tabular bodies. 

embedded in intraformational breccia. 
Individual bodies of unbrecciated rock are 
elongate parallel to formation strike and 
can be traced over distances from a few 
meters to more than 10 km. Most of the 
bodies comprise tightly interfolded, con
cordant layers of marble, graphitic crys
talline limestone, and calcarenite. Two 
bodies are composed exclusively of little 
recrj'stallized micrite, and another con
tains only gypsum and interbedded cal
carenite. Contact relationships and sirai- • 
larities of internal deformation of the 
unbrecciated rocks of the Muttlebury 

. Formation suggest tha t such rocks had 
similar tectonic histories before breccia 
formation and could all have been initially 
in depositional continuity (Speed I974o). 
Petrographic characteristics of each of the 
carbonate rock t j ^e s are discussed below. 

Marble: Marble consists of colorless, -
coarse-grained rocks characterized by 
smootli-walled mosaioed calcite. At places, 
marble has a well-defined grain shape 
foliation. Homogeneous marble contains 
calcite grains between 0,5 and 5 mm diam. 
Layered marble consists of homogeneous 
marble with intercalations 6-10 mm 
thick of darker, finer-grained marble con
taining up to 10% discrete sand-sized 
grains of quartz and albite. The thin 
layers contain calcite of 0.3-0.5 mm diam.' 
Pj'rite is prevalent along calcite grain 
boundaries, especially in the finer-grained 
layers, and opaque dust exists within and 
between calcite grains. The regularity of 
the layering and the concentration of 
quartz and albite in the fine-grained 
layers indicate initial bedding by com
position. Petrographic examination pro
vides an immediate but ultimately er
roneous interpretation that the marble is 
a strongly recrystallized limestone locaUy 
with thin interbeds of sandy limestone. 

Crystalline limestone: Crystalline lime
stone consists of dark grey, variably 
recrystallized, bedded carbonate rocks. 
Most of the crystalline limestone is com
prised of highly intersutured calcite grains 
between 0.07 and 0.5 mm diam, together 
with scattered irregular calcite porphyro-
blasts up to 1.5 mm long. Moderately 
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recrystallized calcarenite and calcirudite 
constitute scattered thin beds in the,unit. 
The absence of relict skeletal, accretionary, 
or other sand-sized particles in much of 
the crj^stalline limestone, however, sug
gests the unit was chiefly derived from 
very fine-grained rocks. 

Micrite; Micrite consists of dark grey, 
thin-bedded lirnestone of grain size 10 lUfi 
or less, except for patchy zones of micro-
aparite and sparite. Thin interbeds of 
calcarenite and calcirudite occur' with 
micrite. 

Calcarenite: Thin-bedded, fine-grained 
quartzose calcarenite occurs uniformly 
in sections up to 10 m thick. The texture 
of the calcarenite indicates probable slight 
reerystallization and strong conipaction 
(Speed 1974o). 

Gypsum: Gypsum is largely coarse
grained and granoblastic and commonly 
possesses grain-shape foliation. Diameters 
of gypsum grains in massive gypsum 
are up to 15 mm, but generally, 0.5-8 mm. 
Laminated gypsum consists of layers 1-2 
cm thick of pure coarse-grained gypsum 
alternating with 2-10 mm thick laminae 
of finer-grained gypsum and up to 50% 
sand-sized calcite and quartz grains. 
Calcarenite interbedded with gypsum is 
fine-grained and thin-bedded and tex
turally resembles calcarenite in homo
geneous bodies elsewhere in the formation. 

Marble constitutes roughly 5 0 % of the 
unbrecciated rocks and breccia fragments 
of the Muttlebury Formation. Marble 
occurs throughout the formation, and no 
gradations in its textural properties are 
recognized. In contrast, micrite occtirs in 
the Muttlebury Formation only a t the 
distal ends of the formation exposure area 
(fig. 1), and crj-stalline limestone only in 
the more central area. The occurrence of 
interbeds of similar distinctive calcarenite 
and calcirudite in both micrite and 
crystalline limestone and the proposition 
t h a t crystalline limestone had a very 
fine-grained limestone parent suggest tha t 
the two limestone types are correlative. 
Further , the restricted distribution of the 
two limestone types is related to the 

.metamorphic aureole of a Cretaceous 

granodiorite (micrite outside, c^ -̂stoî •. 
limestone inside), implying that the ir-o 
taUine limestone is the product of Crv 
ceous heating of micrite, at least in parr 

Breccia of the Muttlebury. Forma!.-, „ 
consists largely of unsorted polvir,-,-. 
fragments of the carbonate rock tv;.-* 
described above. Gypsum clasts are ahX:-; 
The breccia was created after thi.> u-
brecciated rocks had been folded and iii-
been emplaced as the Muttlebury nnpr.-, 
(Speed 1974a). The matrix to the \ ' X 
clasts in / the breccia is compostnl „j 
sand-sized; monocrystalline calcite »n,i 
quartz grains. At places, the calcite-qimrij 
sand increases in proportion to the iloicn.-.? 
t ha t it is the framework constituent wA 
lithic fragments float in it. The graii>-si;,y. 
distribution of the calcite-quartz saiul n 
apparently discrete from tha t of assooiadil 
lithic clasts. Thus, the sand wa,g not 
created by the same fragmentation thnt 
produced the lithic clasts. The roii; 
fragments are clearly from intraforiiiii 
tional sources, but there is no evidriit 
source for the calcite-quartz saml. .An 
origin of the breccia of "the Muttlebury 
Formation must account for the soiirco 
and transport of calcite-quartz sand, 'iiiis 
paper presents isotopic da ta which emu-
bine with other evidence to indicate an 
origin of the sand. 

PROBLEM OF OEIGIN OF MARBLE 

The te.xtm-e of marble in the Muttlobm.v 
Formation suggests high-grade metaiiKir-
phism of a limestone precursor. There is im 
evidence to support a metamorphic ori.k'ii' 
of the marble, however, in term.s ol 
metamorphic minerals. Unlike the ri:lii-
tionship of micrite and crystalline Iii'"'' 
stone to granodiorite, the texture (ii 
marble is independent of proximity t" 
intrusions:.Moreover, marble is unifonnly 
coarse-grained whether it contacts un
metamorphosed pelite or hornfel.s i" 
adjacent nappes. Thus, if marble i-'* * 
metamorphic product, the recrystallizati'iC-
occurred before the Muttlebury na!>[« 
arrived a t its current position in JuraiMn^ 
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j ..;jnc. Further , there is strong contrast in 
,j,i; degree of apparent reerystallization 
i/.tHeen marble and associated carbonate 

: .rf/'ks, and the e'vidence t h a t crystalline 
;i;;ie.=;tonc was probably unmetamorphosed 

;• ijiicritc before contact metamorphism in 
- •.in; Cretaceous magnifies the original 

(,..vtural difference between marble and 
^.ijacent limestones. Thus, field and 
.,i,.trographic studies imply tha t the Muttle-
liiiry Formation contains carbonate rocks 

' iiicornpatible in their grades of meta-
! inorphism. 
:' Each of the rock types other than 

iiKirble in the Muttlebury Formation is 
rcjircsented among s t ra ta of the Lovelock 

i I'ormation. Thus, if the unbrecciated 
j rucks of the Slutt lebury Formation are 
j rorrcctlj' interpreted as having been 
i initialh' in depositional continuity, they 
^ lire likelj- stratigraphic affiliates of the 
i bjvelock Formation, The occurrence of 
I (.'.vpsum in both formations stronglj ' 
,; sii]iports the correlation. Yet, marble is , 
I I lie predominant rock tj 'pe in the Muttle-
I hiir}- Formation whereas in the Lovelock 
{ Kormation, marble is minor and is 
I n.s.'-ociated vit-h gypsum and not with 
I limestones. Thus, marble in both forma-
I tiens seems to be an aberrant lithology, 

nnd progress in understanding the origin 
iif the i^Iuttlebiu'j- Formation demands an 
livpothesis of the origin of the marble. 

ISOTOPE STUDIES 

Data.—Ratios of stable carbon and 
o.xygen isotopes in calcites from the 
•Muttlebury Formation, Lovelock Forma
tion, and pelitic rocks are presented in 
table I and figure 2. Specimen locations 
are indicated on figure 1. Ratios (R) of 
0'-'/0'« and C^^/C'^ ^re expressed in the 
usual form, dX = (R sample - Rstd) 
H.std-1 (1,000), where -X is the heavier 
i-<otope. Standards are the Pee Dee 
Itlemnite (PDB) for carbon and s tandard 
mean ocean water (SMOW) for oxygen. 

On a plot of dC'3 versus dO'^ (fig. 2), 
ivairs fall in two distinct groups identified 
^y a boundary in figure 2. Group 1 ranges 

in 6 0 ' * by I8%o bu t only about 9%o in 
<5C'̂ . Group 2 consists of pairs with a 
clearly different trend, nearly constant 
6 0 ' * bu t •variable 6C'^ which ranges over 
about 16%o. Group 1 comprises analj'ses 
from a wide variety of carbonate rocks: 
micrite (21) and calcarenite (7, 12), calcite 
sand in the breccia (8-11), and calcarenite 
in the gypsum subunit (13, 20) of the 
Muttlebury Formation; micrite of the 
Lovelock Formation (18) and its re
crystallized equivalent (19); and algal 
limestones (16, 17) within pelite below the 
Muttlebury nappe. Significantly, all of the-
analyses of marble (1-6, 22, 24-26) occur 
in group 2 together with those from a 
crystalline limestone (23) froin the Muttle
bury Formation and two clastic limestones 
(14, 15) from the same pelite nappe as the 
algal limestones of group I (16, 17). 

Rocks from both the Lovelock and 
Muttlebury Formations occur in the two 
distinctive isotopic trends shown in figure 
2. In particular, marble in both formations 
occupies the group 2 light carbon t rend. 
The apparently parallel evolutions of C 
and 0 isotopes in the two formations 
strengthens the earlier proposition tha t 
the Muttlebury Formation is a correlative 
•nith the Lovelock Formation. 

Isotopic trends in limestone and meta-. 
limestones.—Several reference fields of 
isotope pairs are shown in figure 2 with 
which groups I and 2 may be compared." 
The field of modern marine calcite 
comprises isotopic compositions of calcites 
in equilibrium with HCO^ of shallow 
modern ocean water, modern shells from 
animals and plants tha t introduce no 
nbnequilibrium effects during precipitation 
of carbonate (Weber and R a u p 1966), and 
some Quaternary marine limestones (Keith 
and Weber 1964). This field approximates 
the initial composition of aU marine 
carbonates, assuming the temperature and 
isotopic composition of sea water have not 
varied drastically through time. Fresh
water calcite, on the other hand, contains 
lighter and more variable ratios o-\̂ dng to 
the mixing of light oxygen rainwater and 

i - -n« w '̂»«g^Bgy,vgg^ wgveaa'^t-i.^-.fSSf'J?a^^ 



^ ^ ^ ^ ^ s i ^ ^ ^ ^ m ^ ^ ^ ^ ^ ^ ^ f m ^ ^ M m M ^ ^ ^ ^ 
=*44J, 

228 R O B E R T C. S P E E D A N D R O B E R T N . C L A Y T O N 

TABLE 1 

CAKBON AND OXYGEN ISOTOPIC RATIOS OF CALCITES FEOM THE MTJTTLEBUEY FOKMATION, Lovr.u>-j 
FORMATION, AND LIMESTONE IN P E L I T E N A P P E SUBJACENT TO THE MUTTLEBCTRY NAPPE 

Field No. 
Analysis 

No. Petrographic Description 

3! 
J I 
«: 

n 

: i 

h 

Muttlebury Formation: 
Marble: coarse-grained, homogeneous 
Marble: dark, fine-grained lamination 
Marble: coarso-gi-ained, homogeneous 
Marble: dark, fine-grained lamination 
Marble: coarse-grained, homogeneous 
Marble: coarse-grained, homogeneous 
Micrite 
Calcite sand in breccia 
Calcite sand in breccia 
Calcite sand in breccia 
Calcite sand in breccia 
Calcarenite 
Calcite sand disseminated in gypsum 
Calcarenite bed in gypsum 
Micrite . 
Marble: coarse-grained, homogeneous 
Crystalline limestone 

Marble of upper member 
Marble of upper member a t nappe base 
Marble of upper member ^ 
Micrite of lower member (microsparite) 
Recrystallized micrite of lower member 

Limestone in pelitic rooks: 
, McAr . . . . . 14 Grey calcarenite 

MoABl . . 15 Grey oalcarenito 
McC 16 Stromatolitic limestone; fine-grained 
McCA . . . . 17 Stromatolitic limestone; partly reoi-j'stallized 

McBla 
McBlb 
McA3a 
McA3b 
102 . . . 
147 . . . 
MoB2b 
MoB2a 
MoA2a 
148 . . . 
9-127-2C 
9-125-7S 
McAl . 
10-24-22 
9-125-7E 
9-125-9C 
9-131-31 

ovelook J 
9-145-6 
9-145-1 j 
9-145-71 
MoDA. 
McDB. 

1 
. . 2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

. . 13 
20 

c . 21 
a . 22 
. . 23 

Formatio 
24 

b 25 
> 26 

18 
19 

50i8{SMOW) 
(o/oo) 

17.7 
18.4 
19.0 
18.9 
14.4 
17.1 
16.2 
15.2 
16.8 
14.9 
10.3 
14.9 
16.5 
18.0 
16.4 
17.7 
19.5 

17.5 
18.6 
16.9 
18.2 
7.2 

17.0 
20.0 
23.8 
25.0 

^C13(Vljy 
C/oo) 

-23.2 
-21.5 
-17.4 
- U . S 
-14.4 
-13,S 
- 1.0 

~2;7-
-o . r . 
-^0.1 
-7 .0 
-fO.:> 
-1.2 
-f 1.7 
-f-0.4 

.-24.0 
-7 .8 

-10.0 
- H . 2 
-11.4 

-fO.« 
-5 .3 

-12.1 
-12.7 
-0 .2 
-t-0.4 

I., 
(J 

£0 

• ; # ; 

f 
zii 

"Jw.-

IJ 
<; 

o 
c: 

NOTE.-
<1974a). 

-Samples 8-11 are from secondary calcarenite and sample 12 from primary calcarenite in terminology .of .Si«-isl 

light biogenic carbon in wat^r saturated 
in atmospheric COo. 

The patterned field in figure 2 shows the 
range of 500 analyses from Phanerozoic 
marine and fresh-water limestones from 
Keith and Weber (1964). The line <5C'2 = 
— 2%o discriminates marine (>—2%o) 
from freshwater (< — 2%o) limestones at 
about the 85% level. Thus, the trend of 
changing isotopic compositions of marine 
limestones through Phaneiozoic time from 
their initial composition (modern marine 
calcite) is toward lighter oxygen over a 
range of about 15%o (Keith and Weber 
1964), but with little change in 5C'^ A 
mode in the isotopic compositions of 
ancient marine limestones, recognized by 

Clajdion et al. (1966) and Sheppard atnl 
Schwarcz (1971), is shown on figure - i'-" 
normal marine limestone. The isotopiî  
evolution of most limestone thiis foil""'' 
the path from modern marine calcito I" 
normal marine limestone. There ap!**'''"̂ " 
to be a wholesale exchange of o.xyj.v:» 
isotopes in marine carbonate dejio"''" 
during and after diagenesis with isotofx-" 
whose acti'vities are externally controlli.i'. 
presumably in flowing pore water. H'"̂ " 
waters, however, apparently do not carry 
enough biogenic carbon to provide sii;--
nificant exchange of carbon isotopes v̂ '̂ " 
marine calcite (Clajd;on and Degens li*'''-̂ )-

Elevation of temperature of carbonic-
rocks produces a variety of potcntia' 
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Fro. 2.—Plot of (5C'^ versus <50'^ for specimens from the Muttlebury and Lovelock Formations 
and from limestones in pelitic rocks below the Muttlebury Formation. See table 1 for data and text 
for explanation of reference fields on figure. 

i-sotopic exchanges. At constant composi
tion, pure limestone will be metamor
phosed with unchanged isotopic composi
tion, whereas in impure limestone, silicat-e-
carbonate oxygen exchange should lower 
iO^' of carbonate and graphite-carbonate 
i--\change may lower 5C'^ of carbonate in 
limestone initially rich in organic sub
stances. Metamorphism of carbonate rocks 
open to fluid transfer may yield isotopic 
changes o'vving to decarbonation and to 
i-<otopic exchange with through-moving 
fiuid whose isotopic composition is not at 
ftjuilibrium -with the carbonate system. 
Decarbonation during metamorphism of 
injpure limestone leaves the residual 
caibonate depleted in both C^̂  and 0 '^ as 

demonstrated by Shieh and Taylor (1969) 
and Sheppard and Schwarcz (I97I). 
Hydrothermal metamorphism of limestone 
wnll yield ^0 '^ of calcite that depends on 
the isotopic composition of the water and 
temperature, assuming the mass of fluid 
is large with respect to that of carbonate. 
At a given dOlf̂ Q, increasing temperature 
will progressively lower 50^* of calcite. 

The field of isotopic compositions of 
metalimestones that contain minor silicate 
minerals is shown on figure 2; the data are 
from Engel et al. (1958), Shieh and Taylor 
(1969),.and Sheppard and Schwarcz (1971). 
The metalimestone field essentially lies 
within that of unmetamorphosed limestone 
suggesting that such carbonate rocks are 
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relatively closed systems during meta
morphism. In most metamorphic car
bonates, however, 6 0 ' ^ is shifted to the 
light side of t h a t of normal marine 
limestone. Thus, in many marine carbonate 
rocks, t rends in (50'® owing to exchange 
during diagenesis and burial are apparently 
continued during metamorphism, pre
sumably due to exchange with water a t 
elevated temperature. Trends in dC^^ in 
metalimestones are vague except a t the 
light ^ C ' ^ dO's end of the field. There, 
decreases in 6C'^ and 60'® are concom
itant , and such pairs are chiefly from 
metalimestones tha t underwent decar
bonation. 

Inter-pretation of group 1.—Isotopic pairs 
in group 1 t rend from normal marine 
limestone through the metalimestone field , 
to values of both 60'® and d C * lower than 
those of the reference metalimestones. The 
majority of group I pairs cluster a t 
60'® ~ 15%o and 60 '^ ~ 0. Such analyses 
(7, 12, 13, 16, 17, 18, 20, 21) are of lime--
stoncs certainly- or probably marine from 
direct sedimentary evidence, lithic asso
ciations, or correlations and of the 
problematic calcite sand (8, 9, 10) in the 
breccia of the Muttlebury .Formation. The 
l6C'^ value in such rocks supports a marine 
rather than fresh-water origin. None of 
the rocks in this par t of the t rend has 
textures indicating significant thermal 
reerystallization. Thus, the isotopic 
changes in such rocks can be interpreted 
simply as due to oxygen exchange with 
meteoric water tha t is cold or perhaps a t 
slightly elevated temperature. Two anal
yses. (16, 17) of algal limestone in the 
pelite nappe subjacent to the Muttlebury 
nappe indicate the algal limestones have 
been lightened in 60'® less than other 
analyzed limestones. An explanation is 
tha t the flux of meteoric water through 
the algal limestone was less than in the 
other limestones owing to the relative 
impermeability of the pelitic rocks in 
which they occur as lensoid bodies. 

Two points in group I ( I I , 19) represent 
the compositions of strongly recrystallized 

rocks owing to local hydrothermal rm t̂.i 
morphism. Analysis 19 is from a iiu-;,v-
limestone tha t grades in a few ton.-; ..j 
meters on strike to micrite (IS) in ih,. 
lower member of the Lovelock Formatio,-, 
Analysis I I is of recrystallized calcite .•;;ii;.i 
in the Muttlebury Formation vvhivi« 
composition was presumably similar t,. 
analyses 8, 9, and 10 before hydrothcTtji.il 
activity. Thus, isotopic changes in ihi-
local reerystallization of limestones anii 
calcite sand involve concomitant decri'u.̂ ^ 
in (50'® and 6C'^ and are probably (hu- t̂ i 
decarbonation and oxygen exchange wiiii 
hot water. 

Interpretation of group 2.—Owinij (.• 
light carbon, group 2 lies largely outsiilo 
the isotopic field of marine and frcslnvadr 
limestone. The isotopic composition of 
marble, among rocks of group 2, tin:,-:, 
cannot have been inherited from u 
limestone precursor, and a metainorpliii' 
origin of the marble must have involved 
significant chemical transfer, at IcMst of 
carbon. However, group 2 lies outside- liu-
field of metalime.stone compositions (Iii;. -), 
Marble of the Muttlebury and Loveldi'li 
Formations has therefore been generated 
under, different conditions from inurhle 
tha t evolves from normal contact and 
regional metamorphism. Thermal drcar-
bonation as a cause of the light carbon in 
group '2 can be dismissed becau.s(5 ih'-
carbonation should have produced eim-
comitant reduction in 6C'^ and 'Ml . 
Moreover, the constancy of dC^^ in ni(wr 
group 1 analyses is hard to explain by any 
theory of preferential removal of C ' f.v 
metamorphism. Thus, the carbon isotopii' 
composition of group 2 rocks must have 
arisen by the incorporation of light carlid" 
from a source t ha t was not initially the 
carbonate itself. 

liiogenic carbon isotopic composition.— 
The reservoir of light carbon in the car'h 
is chiefly organic material (petroh.i""-
coal, dispersed mat ter in sediments) wluisi: 
composition range is —35 < 6C'^ < "'-'• 
(Clieney and Jensen I9C5). Therefore 
calcite whose (5C'^ is fighter than that oi 
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.'^slnvater limestone likely incorporated 
fjirbon oxidized from material of biogenic 
origin. 

The subsurface evolution of biogenic 
carbon may follow a number of possible 
ri.iths. Wholesale oxidation of organic 
jubstances a t their source would yield 
CO.., of bulk (5C'̂  equal to t ha t of the 
initial material. Hydrolysis and fluid 
transport of such COg would provide 

- |jf;ht carbon for carbonate precipitation. 
.Alternatively, organic compounds them-
rt'lvcs may be transported in solution and 
su.spcnsion in subsurface fluids under 

. reducing conditions and provide light 
' carbon for calcite deposition when suffi-
i cii'iitlj' high activities of Og and Ca'^" are 
I cnciountered. Further , bacterial and ther-
i dial decomposition of organic mat ter 
• . |ir(jduces gases, chieflj- CH^ and COg, t ha t 

cdiild t ransport light carbon to a site of 
I calcite precipitation. Between CH^ and 
j CO., at equifibrium, however, there is a 
' kme, temperature-dependent fractionation, 

t !,e I (,r X ^ : ,{dC'X - <5CcH.) « 68%o,a-t 25°C, 
:.-J). .f'.)%o at 100°C and 19%o at 400°C according 

I to calculations by Bottinga (1969). Thus, 
i carbon in CH4 may be far lighter than 
J that of the source material, and oxiclation 
\ of such methane could provide carbon for 
i calcite as light as 60'=* = - 8 0 % o , as 
r proposed by Jensen (1968). Observations 
I of the carbon compositions of coexisting 
\ CH4 and COo in gas in oil fields, bot tom 
•; muds, and fumaroles indicate tha t very 
j light carbon methane in fact exists, and 
' that there is an approach to an equilibrium 
\ fractionation of (5C'̂  in such gases as a 
I function of tomperature (Craig 1953; 
I- -Murata et al. 1969; Bottinga 1969). 
\ Light carbon carbonates.—-Massive homo

geneous calcite caprock of. Gulf Coast salt 
iloines contains carbon with — 48 < 

I '^'•' S - 19 (Thode et al. 1954; Feely and 
i Ktilp 1957). Light carbori calcite rock 
I ( -43 < 6C'^ < + 3 ) is intercalated with 
( Milfur in layers t h a t are interpreted as 

Ijcds in Sicily (Dessau et al. 1962; Jensen 
I K*GS). In both cases, light carbon calcite 

is thought to result from the oxidation of 

organic carbon by sulfate under bactorial 
activation. Diagenetic light carbon car
bonate minerals have been identified in 
noncarbonate rocks (Hodgson 1966; Hath
away and Degens 1968; Murata et al. 
1969; Denser 1970). Authors believe tha t 
the carbon in .such minerals is biogenic and 
was transported in methane or in HCO^ 
tha t underwent isotopic exchange with 
methane. The deposition of calcite with 
biogenic carbon thus seems to be an 
established process, although it apparently 
occurs only under special conditions. 

ORIGIN OF T H E MARBLE 

Precursor rocks.—The carbon composi
tion of marble in the Muttlebury and 
Lovelock Formations requires t ha t much 
of the carbon in some samples and nearly 
all in others is of biogenic origin. This 
conclusion invites consideration of origins 
of the marble in terms of precursor rocks 
and source and incorporation process of 
the biogenic carbon. 

We submit tha t the marble is unlikely 
to have been derived from marine lime
stone because of the vast quant i ty of 
biogenic carbon required to change the 
carbon composition to the observed values. 
Conceptual carbon exchange between 
marine calcite and codepositional organic 
mat ter would require an unreasonably 
large proportion ( > 5 0 % ) of organic 
material in the original rock. Moreover, 
the marble contains no widespread graph
ite which would presumably result from 
copious organic matter . An exchange 
hypothesis also has trouble explaining the 
occurrence of bodies of massive marble in 
gypsum of the upper member of the 
Lovelock Formation and the absence of 
marble in the dark, presumabl3'^ carbona
ceous, limestones of the lower and middle 
members. 

- Isotopic exchange between marine lime
stone and biogenic carbon in a moving 
fluid would have required a large and 
unlikely. throughput of carbon. The con
ceptual fluid presumably was chiefly 
water such tha t an enormous volume of 
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TABLE 2 

REACTIONS KEPRESENTINO AI-TERUATE PROCESSES OF CALCITIZATION OF StrLFAXE 

'i^i 

standard 
Free-Energy Change 
(Kcal/mole CaCOj") 

(1) CH4 -I- CaS04 -» CaCOa -f H2O -f. HsS 
(2a) 4C6Hi4 -1- 19CaS04 -f H2O -* -lOCaCOa -l-
(2b) 4C6H6 + 15CaS04 + SHjO -» l.")CaC03 -I-
(3) CaS04 -H 2HCO3 -> CaCOa + 2HS0J 

19H2S + 5CO2 
ISHiS + 9CO2 

-12.5 
-18.7 
-16.2 
-33.5 

Uf. 
Ui. 

'il 

. 1 

I:-

fluid would have passed through the ' 
carbonate body to provide the required 
mass of biogenic carbon. I t is hard to see 
how the fluid could have been so channeled; 
as to exchange carbon only with the 
marble precursor bu t allow the intercalated 
limestones of group 1 to maintain their 
original carbon compositions. \ 

Because the texture of the marble 
implies far more complete reerystallization i 
than in associated rocks, however, it is • 
possible to appeal to selective exchange , 
between carbon in a fluid and calcite' 
undergoing solution and reprecipitation. 
If exchange was proportional to degree of 
recrj-stallization, an inverse correlation 
between (5C'̂  and grain size might be 
predicted. HoMever, no such relationsliip ; 
emerges from analyses of marble of 1 
different grain size. Fine-grained marble ' 
(2 and 4, table I) has 6C'* values close to 1 
those of adjacent masses Of homogeneous 
marble and heavier than those of some ' 
coarser marbles a t other locations. More- •. 
over, under this hypothesis, one might 1 
expect 6C'^ values in group 1 to be ) 
generally lower and more variable. '• 

The discussion above casts doubt on an 
origin of the carbon isotopic composition 
of the marble by incorporation of biogenic 
material in a marine limestone. The 
alternatives are to consider precursor 
rocks with light carbon or no carbon, 
either of which dismisses limestone from 
further at tention. 

Noncarbonate sedimentary rocks t ha t 
conceivably could have given rise to the 
marble are sihcate rocks, coal, and sulfate 

rocks. Silicate predecessors can be elim
inated, because quartz and feldspar grains 
•in the fine-grained marble layers exhibit 
ho reaction relations •with calcite. Coal 
could have constituted beds tha t were 
transformed into light carbon calcite 
under appropriate externally maintained 
oxygen and calcium activities. The former 
existence of coal in the Muttlebury 
Formation has little geological support. 
Freshwater limestone is unrecognized and 
clays of a lagoonal or swamp origin do not 
occur. The former occurrence of coal in 
sulfate beds of the Lovelock Formation is 
unlikely. There is no significant amount of 
graphite in rOcks of either formation, as 
might be produced by incomplete oxida
tion of coal. Generally taken, sulfate rocks 
constitute the only reasonable precursor 
to the marble. 

Calcitization of sulfate.—We propose 
tha t bedded sulfate deposits were the 
forerunners of marble of the Muttlebury 
and Lovelock Formations and that gyp
sum and/or anhydrite were replaced by 
calcite with light carbon. Later con
siderations suggest t ha t the organic matter 
was no t initially codistributed with the 
sulfate but tha t biogenic carbon was 
transported into the sulfate bed. Calcitiza
tion of sulfate involving biogenic carbon 
from an external source could have been 
achieved by different processes tha t can be 
represented schematically by reactions 1 
to 3 of table 2. 

Reaction I represents the oxidation of 
methane from decomposing organic matter 
by dissolved sulfate when methane enters 

^ ^ ^ W W ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
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.!,{. sulfate bed. The calcium activity 
•a use.? precipitation of calcite with carbon 

.(,.ly derived from methane. Sulfur is lost 
ti Cii.ricous and dissolved H^S, or if iron 
(is.-t-''. P3'rite will precipitate. Reaction 1 
oitli such methane a t T < 50°C would 
j.jvc produced calcite with lighter carbon 
•Jiaii tha t observed in marble. Composi-
• iFiis of methane observed in geothermal 
di.'icharges, however, are in an appropriate 
•-.iuu'XidC^^ = - 1 6 to - 3 9 % o ; Bott inga 
j'.itl'.i, table 10) for creation of the marble 
Uv reaction 1. Carbon dioxide associated 
iviih natural methane will be involved in 
e.-ilcitization by reaction I to the extent of 
ilje dissolution of COo in an aqueous 
medium and would raise 6C'^ of calcite 
I,ver that produced b j ' methane alone. 

Reactions 2 symbolize the bulk transfer 
lif large hj-drocarbon molecules to the 
sidfatc rocks from decomposing organic 
matter. The hydrocarbons in 2 are 
lieleeted among a mjTiad of possible 
iiuilecules because hexane (2a) is abundan t 
ill petroleum and benzene (2b) is appar
ently particularly fugitive in fractionating 
iirfianic substances. Large hydrocarbon 
molecules (>Cg) have carbon isotopic 
mm positions similar to bulk organic 
matter (Silverman 1964) such tha t reac
tions 2 should produce calcite with 6C'^ 
U-t.ween - 2 2 and - 3 5 % o . The highest . 
carbon in our modest sampling is. — 24%o. 

The feasibihtjr of reactions 2 is.demon-
I'l rated by the emergence of oil and sulfur 
with variabh' cold and boiling water and 
î U'cim from springs in volcanic rocks in 
northwestern Wyoming (Love and Good 
1070). In two samples of such oil, largely 
slkanes, 6 C ' ^ a r e - 2 8 . 9 and - 2 6 . 4 % o . 
l>jveand Good (1970) believed t ha t oil in; 
the springs is extracted by igneous waters , ' 
troni subvolcanic sedimentary rocks. 

Reaction 3 represents precipitation in a 
sulfate bed owing to influx of a fluid 
t'caring dissolved light carbon species 
diTived from wholly oxidized organic 
niaferial. Calcite precipitated according to 
f^'action 3 will have a carbon composition 
f'Dular to t ha t of the organic mat ter . The 

feasibility of reaction 3 is questioned 
chiefly in the unknowTi, and perhaps 
unlikely, conditions required to generate a 
fluid of appropriate composition..It would 
appear generally tha t rapid oxidation of 
organic material is necessary to produce 
high concentrations of dissolved carbonate 
species. Qualitatively, it is not clear t ha t 
any subsurface fluid is sufficiently oxidiz
ing. Moreover, the composition of the 
fluid will depend stronglj ' on the extent of 
reaction of each unit of fluid with a given 
uni t of organic material, and thus depend 
on the flux. 

In summary, reaction I -with methane 
of compositions found in geothermal 
discharges and reactions 2 and 3 all 
irepresent feasible mechanisms for calcitiza-
ition of gyi>sum. Reactions 2 are less 
^conservative of biogenic carbon than 
reactions 1 and 3, but there is little basis 
for choosing one mechanism as more 
lilcely than others. Except for reaction 1, 
televated temperature is not apparently 
required for calcitization. Indeed, petro
graphic e^ndence t h a t marble was initially 
associated with largely unmetamorphosed 
rocks implies t ha t calcitization occurred a t 
low temperatures. 

Evidence for sulfate precursor rocks.— 
The existence of gj'psum in both t h e 
Lovelock and Muttlebury Formations and 
the restriction of marble in the Lovelock 
Formation to the gj'psum-bearing member 
make it highly plausible t h a t sulfate beds 
were precursors of the light carbon 
marble. Both gypsum and marble have 
coarse-grained granoblastic thick homo
geneous layers and thinner, quartzose 
fine-grained beds. Both rock tj^pes sharply 
contact limestones with smaller grain 
sizes and less thorough apparent reerys
tallization. Thin interbeds of calcarenite 
and isoclinal folds of beds occur in both 
gypsum and marble. In summary, t h e , 
macroscopic evidence amply supports t h e • 
hj'pothesis of a sulfate precursor. No 
al ternate hypothesis can explain the 
textural contrasts and sharp contacts 
between marble and associated carbonate 
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rocks and the restriction in the Lovelock 
Formation of marble to the gypsiferous 
upper member. 

On the microscopic scale, however, we 
have found no gypsum relics in marble or 
partially calcitized gypsum grains t ha t 
•would, substantiate the proposed process. 
The existence of fine pyrite lining calcite 
grains in the marble, however, supports 
the idea tha t sulfur was produced during 
calcitization, as expressed by reactions 1 
and 2 (table 2). The apparent absence of 
mixed gypsum-light carbon calcite rocks 
implies that calcitization proceeded by 
local complete replacement a t a moving 
boundary rather than by simultaneous 
partial replacement, say along grain 
margins, throughout large tracts of gyp
sum. Exposed contacts between gj-psum 
rocks and marble in the Lovelock Forma
tion provide little evidence because they 
are products of modern surficial recrj'stal-
lization of the gypsum rocks. 

• Other OrSpects of .calcitization and a 
•model.—The variation in dC^^ in marble 
has no recognized correlation with petro
graphic properties. There is, however, an 
apparent relation between thickness and 
SG^^ of marble: lightest carbon occurs 
where marble is thickest in the Muttlebury 
Formation and the heaviest, in the 
relatively thin marble bodies of the 
Lovelock Formation. On this basis, we 
propose t ha t variations m 6C'^ in the 
marble resulted from different degrees of 
mixing of fluids bearing biogenic carbon 
tvitli normal meteoric water carrying 
inorganic carbon. Where relatively large 
volumes of sulfate were calcitized, the 
input of fluids bearing biogenic carbon was 
greatest and there was minimum con
tamination by ubiquitous meteoric waters. 

The constancy of (50'® in marble (fig. 2) 
indicates tha t the oxj-gen composition of 
the marble is independent of the causes of 
the large variability of 6C'^ in marble. 
Conceivable oxygen sources were an 
aqueous fluid, hydration water in pre
cursor gypsum, and sulfate as in reaction 

la . The value of <50'® in marble, howt;,,., 
is similar to t ha t of the main clit.;t.-r 
limestone analyses in group 1 (jij; .:. 
suggesting t ha t the source of oxyorn IM 
the marble was more ubiquitous tluui -•.•• 
sulfate rocks precursor to the luar;;,. 
Thus, an aqueous fluid is the most hk.-:, 
oxygen source,, and it may be conclu-i... 
t h a t marble underwent oxygen C.NCIUU-, •, 
with water under similar conditions a.s t;., 
associated limestones. 

The homogeneity and lensoid shajy ,;.! 
the bodies of marble in the Loyok-.-v 
Formation suggest tha t calcitization prx.v 
grossed out from fractures rather tins 
occurring uniformly throughout thcsiillii;<^ 
rocks. Furthermore, the oiicurrencv vi 
marble a t the structural base of thi? 
Lovelock Formation where the gypsileniu< 
member contacts the basal thrust su|)|Kiri.i 
the idea tha t calcitization was related tu 
fracture zones. The implication is thus 
fluids transporting biogenic carbon tlov.nl 
tlvrough cracks. 

A conceptual model of the pn)cc.K.i 
s tarts with initial pervasion of the snlliiip 
beds by meteoric water carrying inuriiaiuc 
carbon. Such waters were subsatuiaied 
wdth respect to calcite. Then, creation ef 
fractures allowed local ingress of waters 
containing abundant biogenic carbon m 
dissolved and particulate species from u 
different soirrce. Mixing of the two liiiids 
provided sufficient activity of oxidi/.e l̂ 
carbonate species to precipitate caleiie 
Both the volume and carbon isotnpn: 
composition of calcite precipitated would 
have been proportional to the iullnx nl 
fluid with biogenic carbon. Exton.sivi: 
calcitization occurred out from condmi." 
carrying large volumes of fluid wi'i' 
biogenic carbon, and the calcite prodm:''' 
a t such places has 6C'^ approaching ih '̂'' 
of the organic source. 

Problem of detrital calcite in gypsu'"-" 
Detrital fine-grained calcite-quartz saml 
constitutos up to 5 0 % of some laminae; u!"' 
thin beds of fine-grained gypsum in l"'"' 
the Muttlebury and Lovelock Formalion" 
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Ifotopic analyses (table I ; 13 and 20) 
indicate the carbon of such calcite sand is 
parinc. Calcitization of gypsum bj'' reac
tions 1, 2 or 3 should not have affected the 
fj.-trital calcite, and relict calcite sand 
"rains would be predicted to exist in 
quartzose thin marble layers. We cannot 
identify detrital calcite in marble, how
ever, either texturally or isotopically. 
Judging by calcite/quartz ratios in gypsum 
|,(.ds, a marble layer with 5 % quartz 
eoiild ostensibly have 5 0 % detrital (ma
rine) calcite. The carbon composition of 
such marble would reasonably be midway 
iKjtween tha t of homogeneous marble and 
marine calcite of group 1. Two paired 
analyses of adjacent fine-grained, quartz-
iKjaring, thin marble layers and coarse 
marble are given in table I (I and 2; 3 and 
1). In the fine-grained marble 6C'^ is 
.somewhat heavier (by 1.7 and 2.6%o), but 
le.is than the predicted value. I t is possible, 
however, t ha t both petrographic and 
i.'-otopic sampling are not sufficient to 
demonstrate the existence of two genera
tions of calcite in the marble. 

SOURCE OF BIOGENIC CARBON IN 

J IAEBLE 

Abundant organic mat te r . within the 
cvaporites would seem likely to have 
produced light carbon calcite disseminated 
in gypsum. Thus, the apparent absence of 
disseminated replacement calcite and, 
moreover, of abundan t graphite, in gyp
sum beds implies tha t biogenic carbon was 
probably derived outside the evaporite 
deposits. 

The euxinic micrite and calcarenite of 
the Lovelock Formation and their equiv
alents in the Muttlebury Formation were 
possible sources because they are carbon
aceous and they accumulated part ly in an 
environment where organic mat ter could 
have been preserved. Further , such lime
stones were initially coextensive with the 
P}"psum beds so tha t only local t ransport 
of carbon would have been required. We 
estimate t h a t the limestones of the 

Lovelock Formation would have had to 
contain an average of 3 v.'t % organic 
mat ter to supply enough biogenic carbon 
to form all the marble of the Muttlebury 
Formation. Replacement was not likely to 
have been perfectly efficient, and organic 
contents required of the limestones would 
have exceeded 3 % . Such proportions of 
organic matter , however, are apparently 
rare in limestone (Ronov 1958; Graf I960; 
H u n t I96I), and it is doubtful t h a t the 
limestone of the Lovelock ' Formation 
could have been the total source of 
biogenic carbon. 

The enormous volume of Jurassic and 
Triassic pelitic rocks of the Carson region 
forms yet another potential source of 
biogenic carbon. The carbon isotopic 
compositions in the pelite of the Carson 
region are presumably in the same range 
as those in analyzed pelitic roclvS 
from other areas ( - 2 3 > 6C'^ > - 3 2 , 
Schwarcz 1969; Barker and Friedman 
1969). The pelites may have released a 
large volume of carbon as they dewatered, 
compacted, and locally developed slaty 
cleavage during Middle Jurassic folding 
and nappe transport (Speed 19746). The 
numerous thrus t faults within the Meso
zoic terrane of the Carson region may have 
acted as conduits collecting and trans
porting biogenic carbon moving out of 
adjacent tracts of pelite. 

We envision t ha t substances bearing 
biogenic carbon, were flushed out of 
limestones associated with the gy^psum 
beds and/or the pelite terrane during 
deformation and nappe translation. Faults 
penetrating the gypsum unit provided the 
fluid conduits from which eaicitization of 
gyrpsum proceeded outward. 

CAEBON IN LIMESTONES OF GROUP 2 

The crystalline limestone of group 2 is a 
metamorphosed micrite t ha t was probably 
equivalent to micrites in the Lovelock and 
Muttlebury Formations (table 1: 7, 18, 21). 
Thus, carbon in the crystalline limestone 
has been reduced about 7%o relative to its 
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presumed initial value. The change in 
5C'^ was probably not- due to thermal 
decarbonation because, considering con
comitant lowering of 50'^ in such de
carbonation, the initial composition would 
have been near modern marine calcite 
(fig. 2), a value considerably different 
from that of the analyzed micrites. I t 
seems more likely that during meta
morphism, calcite precipitated with lighter 
carbon than in the original micrite 
because of mixing of HCO^ in meteoric 
waters, local oxidation of organic matter 
in the micrite, or conceivably, by equilibra
tion of carbon isotopes with adjacent 
marble. 

Remarkably light carbOn occurs in 
samples (14, 15) of clastic limestones from 
the pelite nappe that lies below the 
Muttlebury nappe but above the nappe 
containing the Lovelock Formation. The 
samples are from different beds, each 

- about 1 m thick, of carbonaceous cal
carenite containing nearly 50% quartz and 
feldspar sand. The calcite is recrystallized, 

; and textures provide little information on 
the nature of earlier rock. The reerystal
lization is not, however, a product of 
metamorphism because adjacent pelites 
are unmetamorphosed and because algal 
limestones (16, 17) of group 1 occur 
stratigraphically within 50 m of these 
calcarenites. The geologic setting makes it 
unlikely that such beds contained gypsum, 
now calcitized as in the marble. Studies by 
Murata et al. (1969) and Hathaway and 
Degens (1969) lead to the idea that much 
of the carbonate in these clastic rocks was 
cement or a diagenetic replacement. In 

both cases, biogenic carbon from the 
calcarenite beds or the adjacent pelite may 
well have been incorporated in the 
nondetrital carbonate. Reerystallization. 
however, makes proof of the hypothcsw 
difficult. 

PBTROGENESIS OF BRECCIA 

The conclusion that marble in thy 
Muttlebury Formation is calcitized gyp. 
sum indicates that sulfate rocks were onco 
a major constituent of the formation. Tho 
existence iof gypsum in both the iMutt lo-
bury^ and.Lovelock Formations, however, 
shows that calcitization did not go to 
completion. Gypsum was perhaps wide
spread in the Muttlebury Formation at 
tlae time of generation of intraformatioiml 
breccia; The breccia, thus, could he a 
solution breccia, and field, and petro
graphic studies support such an origin 
(Speed' 1974o, 19746). The problematic, 
calcite-quartz sand in the breccia therofon; 
likely represents grains originally di.-i-
seminated in the gypsum and accumulated 
on dissolution of the gypsum. The carbon 
isotopic composition of calcite sand in the 
breccia (table I : 8-11) is like that of 
calcite ' sand currently disseminated in 
gypsurn (table 1: 13) and limestones of 
group 1. The sand in the breccia is thiin 
clearly'.not a product of calcitization id" 
gypsuEQ along -with marble. 
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block are autochthonous; those in the western block are bounded by nor
mal- faults; the problem is the initial relationship of the two sequences. 

The eastern block contains the terrigenous Grass Valley and Wiiinc-
raucca Fms. Between them is the Dun Glen Fm., 170 ra thick and 85% lime
stone, largely skeletal micrite with local in place benthonic faunas 
that indicate a shallow shelf environment. Rocks of the eastern block 
are gently folded north of Fencemaker Canyon, but they are increasingly 
deformed to the south over 6 km beyond which they lie below,an alloch-
thon of basinal Triassic pelites. Exposed in the western block arean 
estimated 1500 m of intercalated terrigenous rocks and sparsely fossll-
iferous micrite that contains age equivalent faunas to the Dun Glen Km. 
The limestone totals about 100 m in thickness, and contrasts further 
with the Dun Glen in having typically thinner individual units, far more 
intercalated terrigenous rock, and no recognized in place fossils. Beds 
of the western block are in refolded recumbent isoclines. 

Lithic differences between the two successions.suggest the western 
block contains more offshore deposits. Structural contrasts between 
them imply the western is probably allochthonous, and has undergone 
shelfward transport; relative to the eastern. We believe the western 
block is probably a remnant of the Fencemaker allochthon, .an extensive 
terrane of basinal Triassic rocks that overrode the.platform, probably 
in Middle Jurassic time. 

HYDROLOGIC RECONNAISSANCE OF GEOTHERMAL AREAS IN BLACK ROCK DESERT AtlD 
CARSON DESERT, NEVADA 

Olmsted, F. H., Water Resources Division, U. S.-Geological Survey, 
Menlo Park, ealifornia 94025 

Two geothermal areas in northern and central Nevada were selected for 
a preliminary hydrologic reconnaissance: .(l) Black Roclc Desert, 
particularly the Gerlach KGRA (Known Geothermal Resources Area), where 
the discharge area includes hot springs; and (2) Carson Desert, 
particularly the Stillwater-Soda Lake KGRA, where two known principal 
hydrothermal systems do not include hot springs but are indicated froa 
wells and other indirect evidence. The hydrothermal areas were out
lined by means of test drilling; temperatures' at depths of about 
50-150 feet (15-46 meters)- and geothermal gradients were used to 
delineate areas of large heat flow associated-with rising thermal 
ground water. At Gerlach, in the Black Rock Desert, the hydrothermal 
discharge is estimated to be about 1,500-2,000 acre-feet per year 
(1.8-2,5 cubic hectometers per year). Geochemical data indicate a 
temperature of about 160° - 180°C for the source of Great Boiling 
Springs, the principal outlet of the system. Within the Stillwater-
Soda Lake KGRA in the Carson Desert, the two hydrothermal systems 
delineated were: (l) one centered at Stillwater, and (2) one between 
Soda Lake and Upsal Hogback, about 8 miles (13 kilometers) northwest 
pf Fallon. In both systems the thermal water appears to rise along 
concealed fault conduits into near-surface aquifers, whence it moves 
horizontally along the hydraulic gradient. At Stillwater, the maximic 
temperature of the rising water exceeds 156°C (geochemical data); at 
Soda-Lake-Upsal Hogback, the maximum temperature is not known but it 
.probably is much more than 100°C. 
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February 21, 1979 

MEMORANDUM 

TO: Dennis Nielson & Howard Ross 

FROM: Bruce Sibbett 

SUBJECT: Report on Trip to Soda Lake, Nevada 

While at the Nevada Bureau of Mines and Geology. I learned that a second 
open file report on the Carson Sink #1 hole (NURE Project) was available. A 
copy of this report was obtained and the cuttings on file were compared with 
the lithologic descriptions. This log was found to be satisfactory. The 
report includes thin section descriptions also. A slice of the core from the 
bottom of the hole (8502') was obtained. The lithologic descriptions for the 
U.S.G.S. O.F. Rep. GJBX - 53(78) were done by Ed Bingler, formerly with the 
Nevada Bureau of Mines, now with the Montana Bureau of Mines. Ed Bingler has 
logged the cuttings from many holes in the Carson Desert, including Chevron's. 
He will be publishing a report on corrilation within the sink, but the date 
has not been set. 

I talked with Dick Benoit and Bob Forest of Phillips at their office in 
Reno. Dick Benoit has been in charge of Phillip's work at Brady (Desert Peak) 
KGRA. He will publish a case study based on Phillips information next fall as 
a Nevada Bureau of Mines &;Geology publication. Included with this 
publication will be the mapping which John Heiner did for his thesis. Heiner 
will have his thesis defence in a couple of months, after which it should be 
public information. Heiner is working for Phillips and was out of town when I 
was there. John Heiner will be giving a talk on Desert Peak at the Reno GRC. 
next September. 

I discussed geophysical methods in geothermal exploration with Dick 
Benoit and his boss (district geologist?) Bob Forest. They have looked at 
Chevron's data for Soda Lake. They made the comment that Seismic work was of 
"no value" in the Basin and Range Province. Benoit said that Phillip's 
vibroseis survey at Roosevelt Hot Springs failed to even find the range front 
fault. They also felt that MT was not useful. Dick Benoit said that he 
"hadn't seen a MT survey in the Basin and Range that didn't show a magma 
chamber at depth", implying that the method or its interpretation indicated 
magmas which did not actually exist. In reference to resistivity they thought 
that there were too many near surface factors such as salinity variation, 
surface thermal springs, etc. for the method to indicate the thermal 
reservoir. Rush (1972, Hydro, recon. Soda Lakes) reported that 900,000 tons 
of salts have been lost from Soda Lake in the last 70 years. This salt has 
probably moved into aquifers to the north. 

I would strongly recommend that you call Mr. Forest and Benoit 
(702-386-2273) and discuss their feelings about seismic and other methods in 
geothermal exploration. 
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The most interesting thing that I found in the field was several small 
areas of silica cemented sand north of Soda Lake, near the Soda Lake 1-29 
hole. Some opal or Chalcedonic material is present as well as silica replaced 
wood and grass. These outcrops and the small area of hematite stained 
alteration around the old steam well were mapped. 

Bruce Sibbett 

BS/kg 


