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ABSTRACT 

Measurements ofNd, Sr and 0 isotopes were made on whole-rock Great Valley 

sandstones in order to determine the extent to which isotopes preserve the composition and 

weathering history of tectonically active sources. Previous work has shown that the Nd 

isotopic composition of sedimentary rocks provides an accurate record of the source and 

can be used to evaluate the effect of weathering and diagenesis on Sr-0 isotope 

systematics. Variations in the whole-rock Nd, Sr and 0 isotopic compositions are similar 

within and between petrofacies; this suggests that the isotopic composition is controlled by 

provenance. The Nd-Sr isotopic compositions are sensitive to the large west-east variation 

in crust formation ages of the igneous and metasedimentary components. The sandstones 

decrease from +7 to -5 in eNd and increase from 0.7045 to 0.7073 in 87SrJ86Sr with 

decreasing stratigraphic age. These values nearly encompass the range observed in the 

plutonic rocks and suggest that the Nd-Sr isotopic composition of the arc is preserved in 

the sandstones. In contrast, ol&Q decreases from +19 to +9 with decreasing stratigraphic 

age; these values are significantly higher than o18Q values in the volcanic/plutonic arc 

source. Isotopic and petrographic variations are correlated; with increasing proportions of 

sedimentary and metasedimentary lithic fragments, values of eNd decrease, and values of . . 

87SrJ86Sr and ol&Q increase. The sedimentary and metasedimentary components decrease 
' 

the whole-rock value by 2 to 4 eNd units and by 1 to 10o/oo, depending on the fraction and 
' . 

lithology of the recycled component The metasedimentary component has a significantly 

lower Sr concentration than the igneous component and therefore has a smaller effect on the 

whole-rock 87SrJ86Sr value. Subtraction of the sedimentary-metasedimentary component 

from the whole-rock sandstone compositions yields igneous isotopic compositions which 

are directly comparable to the composition of the arc source. Calculated igneous 

compositions of the sandstones decrease in eNd from + 7 to -5 with decreasing stratigraphic 

age and indicate that sediment sources were located at the eastward-migrating volcanic 
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front. However, the calculated igneous components are + 1 to + 7 %o higher in ()18Q than 

the igneous source. The high ()18Q values are a measure of alteration of the source; 

increasing alteration in ()18Q is correlated with increasing values of CIA. This suggests that 

high mechanical erosion rates of tectonically active sources does not preclude significant 

chemical weathering. 

INTRODUCTION 

In recent years, the isotopic and geochemical analysis of sedimentary rocks has 

provided new insights into the evolution of crustal, tectonic and climatic processes through 

geologic time (e.g., Taylor and McLennan, 1985; Bowan, 1991). Nd isotopes are of 

particular interest in provenance studies because the Nd isotopic composition of the source· 

rocks is preserved throughout the sedimentary cycle. Measurements of the Nd isotopic 

composition of siliciclastic rocks have been made to locate sediment source areas (e.g., 

Frost and Winston, 1987; Goldstein and Jacobsen, 1988; Nelson and DePaolo, 1988; 

Chen et al., 1990; McLennan et al., 1990; Linnet al., 1991, 1992), to reconstruct tectonic 

terranes (Miller and O'Nions, 1984; Clarke and Halliday, 1985), and to constrain models 

of crustal growth and sediment recycling (e.g., Hamilton et al., 1983; O'Nions et al., 

1983; Allegre and Rousseau, 1985; Michard et al., 1985). Sr and 0 isotopes can also 

identify sedimentary sources (e.g, Clayton et al., 1978; Spiers et al., 1984; Yeh and 

Eslinger, 1986; Goldstein and Jacobsen! 1988; Nelson and DePaolo, 1988; Chen et al., 

1990), but are more susceptible to modification by weathering, transport and diagenetic 

processes. Nevertheless, Sr and 0 isotopes provide additional ways to locate source areas 

and their analysis in association with Nd isotopes or other provenance indicators offers a 

means to test and refine provenance interpretations (see Heller et al., 1985 for an excellent 

example). 
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In this paper, we investigate the relation between provenance and the Nd-Sr-0 

isotopic composition of Mesozoic Great Valley forearc sandstones of California. Great 

Valley sedimentary rocks are ideal for this purpose because the large west-east age and 

isotopic gradients in the Sierra Nevada arc source make it possible to do high..,resolution 

provenance studies .. Moreover, petrographic analysis indicates that a wide variety of 

lithologies are present in the sandstones (e.g., Dickinson and Rich, 1972; Ojakangas, 

1968; Ingersoll, 1983); this provides constraints on the isotopic interpretations and allows 

us to test the relation between mineralogy and isotopic compasition. Finally, the high 

erosion rates of active continental margin arcs (Dumitru, 1988; Linn et al., 1992) and the . 

subsequent immaturity of the sandstones enhances the probability that the sediments will 

preserve the isotopic compasition of the source. Linn et al. ( 1991 ~ 1992) showed that the 

Nd isotopic and geochemical compositions of the Sierra Nevada arc are preserved in Great 

Valley sedimentary rocks and could be used to pinpoint source areas. In contrast, the Sr 

isotopic composition of the Upper Jurassic and Lower Cretaceous Sandstones was 

modified by weathering, transport or diagenetic processes and was less useful in 

determining provenance (Linn· et aL, 1992). The ability to use Nd isotopes as provenance 

indicators allows us to evaluate the extent to which the oxygen isotopic composition of arc 

sources is retained in sedimentary rocks. At 'the same time, the susceptibility of oxygen ( 

isotopes to weathering and diagenetic processes allows us to place constraints on the 

sedimentary processes which can modify the c~emical and isotopic composition of 

siliciclastic rocks. 

ISOTOPIC COMPOSITIONS OF SILICLASTIC ROCKS 

Nd isotopes 

Sm and Nd are' rare earth elements which have similar chemical properties, except that 

Nd has a slightly larger ionic radius. The major partitioning of Sm from Nd occurs during 
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extraction of continental crust from the mantle (DePaolo and Wasserburg, 1976). 

Consequently the Nd isotopic composition of igneous sources varies between mantle and 

continental rocks and between crustal provinces of different ages. Isotopic variations in the 

source are most likely to be preserved in first-cycle sedimentary rocks; subsequent 

reworking of the sediments will yield an average age (denoted the crustal residence age) or 

isotopic composition of the source. Because the Sm/Nd value is similar in most igneous 
/ 

minerals and is preserved except under intense conditions of mechanical and chemical 

weathering of crustal rocks (e.g., Balashov et al., 1964; Fleet, 1984), the Nd isotopic 

composition of siliciclastic rocks is independent of grain size (Linn et al., 1992). Transport 

processes, however, may concentrate minerals or lithic fragments which differ in age 

and/or isotopic composition into different size fractions (e.g., Frost and Coombs, 1989; 

McLennan et al., 1989). Similarly, recrystallization of clay minerals or precipitation of 

cement during late-stage diagenesis may alter the Sm/Nd value of the rock (e.g., Balashov . 

and Giriri, 1969; Awwiller and Mack, 1991), although redistribution of the rare earth 

elements may be localized (Schieber, 1988). Finally, metamorphism can fractionate rare 

earth elements and form minerals which differ in Sm/Nd from the whole:-rock (Humphris, 

1984; Nelson and DePaolo, 1988). This effect is significant only if the age difference 

between crust formation and metamorphism is large (Nelson and DePaolo, 1988), or if the 

rare earth elements are concentrated in the metamorphic minerals, as is the case in quartzose 

sed.i.ffients (Cullers et al., 1979; Frost and Winston, 1987). . 

Sr isotopes 

Fine-grained sedimentary rocks commonly fall on linear arrays in·87Srf86Sr-

87RbJ86Sr space; these "isochrons" yield the mineral, depositional or diagenetic age (e.g., 

Moorbath, 1969; Peterman et al., 1981; Heller et al., 1985; Faure, 1986). Isochron ages 

are valid only to the extent that the minerals or sedimentary rocks behave as a closed system 
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with regard to Rb and Sr (Faure, 1986). However, the chemical properties of Rb, an alkali 

element, differ from Sr, an alkaline earth element. Sr is mobile relative to Rb, and chemical 

weathering,· seawater exchange and diagenesis can rem~ve Sr from plagioclase and 

partition it into calcium carbonate cement. Rb extracted from micas and potassium feldspar 

during weathering is partitioned into clay minerals (e.g., Clauer, 1982), but tends to remain 

relatively inert during diagenesis (Perry and Turekian, 1974). Transport processes enhance 

the parent-daughter fractionation by mechanical sorting of fine-grained clays and micas 

which have high Rb/Sr values from coarser framework minerals which have lower Rb/Sr 

values. The magnitude of these fractionations can be difficult to quantify. Nevertheless, 

analysis of immature, relatively unaltered sandstones or mineral separates can yield 

geologically meaningful Sr isotopic compositions and provenance ages (e.g., Heller et al., 

1985; Faure, 1986; Linnet al., 1992). 

0 isotopes 

In contrast with the Nd-Sr isotope systems, the oxygen isotopic·composition is 

primarily a function of the temperature, rather than the age, of rock formation. Igneous 

rocks typically crystallize at high temperatures and have relatively uniform oiBQ values of 
\ 

+6 to + 11 (Hoefs, 1987). Sedimentary rocks are high in oiBQ, ranging from about+ 10 to 

+40o/oo (Hoefs, 1987), because they contain detrital or authigenic minerals which formed at 

low temperatures. For example, clay minerals formed during chemical weathering are 10 

to 30o/oo higher than the parent rock, depending on the temperature and isotopic composition 

of the meteoric waters (Savin and Epstein, 1970a, b). Rock fragments and coarser-grained 

framework minerals are resistant to isotopic exchange during weathering (e.g., Lawrence 

and Taylor, 1972; Clayton et al., 1978), but may begin to equilibrate with formation fluids 

during diagenesis at temperatures exceeding 200 to 300 °C (e.g., O'Neil and Kharaka, 

1976; Yeh and Savin, 1977; Land and Milliken, 1981; Longstaffe, 1983; Eslinger and Yeh, 
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1986). The fme size fraction is more susceptible to modification by.burial metamorphism, 

and may begin to equilibrate with pore fluids upon burial'(Y eh and Savin, 1977). Whether 

diagenetic reactions increase or decrease the B180 value of siliciclastic rocks depends on the 

origin and evolution of the formation fluids during the burial history of the sedimentary 

basin. For example, alteration of pelagk sediments by fluids derived ~m an underlying . . 

basalt may decrease the whole-rock BISQ value (Smith, 1991), whereas recharge by 

meteoric fluids during uplift may increase the BISQ value (e.g., Ayalon and Longstaffe, . 
1987; Tilley and Longstaffe, 1989). Because of the sensitivity of oxygen isotopes to 

alteration effects, only immature sandstones or quartz separates are likely to retain 

significant provenance information (Savin and Epstein, 1970a; Clayton et al., 1978; 

Eslinger and Yeh, 1986). 

GEOLOGY OF SIERRA NEVADA ARC • GREAT VALLEY FOREARC 

The Great Valley Group consists of nearly 15 km of Late Jurassic and Cretaceous 

sandstone, shale and conglomerate which is exposed in a homocline along the western 

margin of the central valley of California (Fig. 1) (Dickinson and Rich, 1972). The forearc 

basin tectonically overlies the Franciscan accretionary complex to the west, extends below 

the surficial sediments of the Central Valley, and nonconformably overlies the eroded 

western flank of the Sierra Nevada arc and southern margin of the Klamath Mountains 

(Ingersoll, 1979). The Sjerra Nevada arc is'compositionally zoned with large west-east 

gradients in age, mineralogy, and geochemical and isotopic composition. Plutonic rocks in 

the western part of the arc are relatively mafic and are high in concentrations of FeO, MgO 

and CaO, whereas plutonic rocks along the eastern,margin are more felsic and are high in 

concentrations of K20, Rb, U and Th (Dodge et al., 1982; Ague and Brimhall, 1988). 

From west to east, plutonic rocks decrease in ENd from +7 to -6 (Fig. 1a) (Farmer and 

DePaolo, 1983; Linnet al., 1991) and increase in 87SrJ86Sr from 0.704 to 0.708 (Kistler 
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and Peterman, 1973). The isotopic gradients are inferred to have been similar in the coeval 

volcanic cover (Linn et al., 1992); The gradients are largest in the southern part of the arc 

due to involvement of mantle-derived magma with Proterozoic continental shelf sediments 

(DePaolo, 1981) which are estimated to be -10 to -14 in £Nd and about 0. 717 in 87SrJ86Sr 

(Linnet al., 1992). West-east crustal assimilation patterns in BlSQ were apparently 

overprinted by secondary processes, resulting in oxygen isotopic compositions which vary 

between +7 and +10%oin the plutonic rocks (Fig. 1b) (Masi et al., 1981). Volcanic 

sources which supplied sediment to the early forearc basin were likely +6 to +7 in BlSQ, 

similar to average island arcs (Hoefs, 1987). 

The Sierra Nevada arc - Great Valley forearc system fonned in Late Jurassic time 

following the Nevadan orogeny (Schweickert and Cowan, 1975; Saleeby, 1981). Late 

Jurassic and Early Cretaceous sediment derived from the Sierra Nevada arc and Klamath · 

Mountains was deposited as submarine fans in a forearc slope setting which evolved into a 

deep forearc basin by Early Cretaceous time (Ingersoll, 1982). Throughout Cretaceous 

time, the forearc basin widened as a result of prograde westward accretic;>n of the 

Franciscan complex and the eastward migration of arc magmatism (Dickinson 1973; 

Ingersoll, 1979). As inactive parts of the Sierra Nevada arc and Klamath mountains cooled 

and subsided below sea level, the subaerial arc and its basement supplied an increasing 

proportion of detritus to the forearc basin and became the only sediment source in Late 

Cretaceous time (Ingersoll, 1979).· Subduction ended in Neogene time with the 

development of a transform margin along the California coast (Atwater 1970), and the 

Great Valley Group was tilted and uplifted above sea level (Ingersoll, 1979). 

Variations in the relative mineral and lithic fragment abundances subdivide the Great 

Valley Group and record the evolution of sediment sources (e.g, Ojakangas, 1968; 

Dickinson and Rich, 1972; Ingersoll, 1983). The most comprehensive analysis of the 

sandstone composition is reported in Ingersoll (1983) and is summarized in Table 1. The 

lower part of the stratigraphic section is exposed in the Sacramento Valley and is divided 
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into the Stony Creek, Lodoga and Boxer petrofacies. Upper Jurassic and lowermost 

Cretaceous Stony Creek sandstones are either composed of volcanic lithic fragments and 

plagioclase feldspar, or are high in chert and shale-argillite lithic fragments. Lower 

Cretaceous Lodoga sandstones are high in metamorphic lithic fragments, and middle 

Cretaceous Boxer sandstones are high in volcanic lithic fragments. The upper part of the 

section is exposed in the San Joaquin Valley and is divided into the Grabast, Los Gatos and 

Rumsey petrofacies. Middle CretaceOus Grabast and Los Gatos sandstones are high in 
J 

metamorphic lithic fragments, and uppermost Cretaceous Rumsey sandstones are relatively 

quartzo-feldspathic with significant amounts of k-feldspar. The temporal change from 

lithic to quartzo-feldspathic sandstone has been interpreted as the unroofmg sequence of the 

arc, and the relative increase ink-feldspar with decreasing stratigraphic age has been 

interpreted as indicating that source areas moved east during Cretaceous time (Ojakangas, 

1968; Dickinson and Rich, 1972; Ingersoll, 1983). 

PROVENANCE OF GREAT VALLEY GROUP 

Isotopic Stratigraphy 

Stratigraphic variations in the whole-rock Nd-Sr-0 isotopic compositions of Great 

Valley strata are shown in Figure 2 and are reported in Table 2. Isotopic variations in the 

sandstones are large but somewhat systematic among the petrofacies, and are strikingly 

similar in all the isotope systems. Because the Nd-Sr isotopic systems are best correlated, 

we use them to illustrate the stratigraphic variations in the sandstones, then compare the 

overall trends to the oxygen isotopic composition. Stony Creek sandstones are divided into 

two groups; one with ENd values between + 1.0 and -1.5 and one with ENd values between 

+7 and +4. Although sandstones that are low in ENd are high in 87Srf86Sr, there are no 

groups with distinct Sr isotopic compositions within the petrofacies. Rather, 87Srf86Sr 

decreases from 0.7063 to 0.7045 in Upper Jurassic to Lower Cretaceous strata. Lodoga 
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sandstones decrease in ENd from·+7 at the base to about 0 in the middle, then increase to +3 

at the top of the petrofacies. The 87SrJ86Sr value also reverses in isotopic composition with 

decreasing stratigraphic age, and increases from 0.7044 to 0.7062, then decreases to 

0.7048. Boxer sandstones are highly varil:ible and enco~pass nearly the entire range ofNd 

and Sr isotopic compositions observed in the Sacramento Valley sandstones. Boxer 

sandstones vary in ENd from +5.4 to -1.6, and in 87Srf86Sr from 0.7039 to0.7066. Nd-Sr 

isotopic compositions in San Joaquin Valley petrofacies are less variable than in 

Sacramento Valley petrofacies. Grabast and Los Gatos sandstones decrease in ENd from 

-0.7 to -4 and increase in 87Srf86Sr from 0.7052 to 0.7067 with decreasing stratigraphic 

age. Rumsey s~dstones are low in ENd and range from -4 to -5, although the uppermost 

sandstone is higher in ENd· The apparent decrease in 87SrJ86Sr from 0.7073 to O.i060 with 

decreasing stratigraphic age is likely a sampling artifact; two sandstones which were low in 

ENd. and presumably high in 87Srf86Sr, were calcite-cemented and were not measured for 

Sr isotopes. 

Variations in the oxygen isotopic co~position of Great Valley sandstones are 

similar to variations observed in the Nd-Sr isotopes (Fig. 2). In general, sandstones that 

are high in ENd and low in 87Srf86Sr are high in o18Q. This observation is somewhat 

surprising given the susceptibility of oxygen isotopes to modification by sedimentary 

processes. Stony Creek sandstones decrease in ()180 from+ 19 to+ 13 with decreasing 

stratigraphic age, and like Sr isotopes, are not divided into distinct groups. There is a 

reversal in oxygen isotopic composition in Lodoga sandstones, which is analogous to the 

reversal in Nd-Sr isotopic compositions. With decreasing stratigraphic age, ()18Q increases 

from +12 to +17, then decreases to +14. Boxer sandstones are again the most variable 

. petrofacies and range in ()180 from + 10 to + 16. San Joaquin Valley sandstones are more 

variable in otso than in ENd and 87Srf86Sr, and the relation with Nd and Sr isotopes is less 

clear (Fig. 2). In contrast to the systematic stratigraphic changes in the Nd-Sr isotopic 

composition of Grabast and Los Gatos sandstones, ()18Q varies between + 12 and + 15. 
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Rumsey sandstones are low in BI8Q and range from+9 to+ 12, although the uppermost 

sandstOQe is again anomalous. The overall decrease in BI8Q with decreasing stratigraphic 

age in San Joaquin Valley sandstones is generally correlative with decreasing ENd and 

increasing 87SrJ86Sr. This trend is in the opposite sense as the Nd-Sr-0 relation observed 

in Sacramento Valley sandstones. 

The variation in isotopic composition of the petrofacies is correlative with the lithic 

fragment composition and thus reflects variations in provenance. Stony Creek sandstones 

which -are high in volcamc lithic fragments are high in ENd and low in B18Q, whereas 

sandstones which are high in chert and shale-argillite lithic fragments are low in ENd and 

high in o18Q. There is also a~orrelation between high sedimentary lithic.fragment content 

and high 87Srf86Sr, but the relation is less clear. Isotopic variations in the Lodoga, Grabast 

and Los Gatos petrofacies are related to the metasedimentary lithic fragment content For 

any stratigraphic age, the sandstone with the highest fraction of metasedimentary lithic 

fragments is generally lowest in tNd and highest in 87Srj86Sr and ot8Q. The sensitivity of 

whole-rock Nd-Sr isotopes to the metasedimentary component reflects the large difference 

in crust formation ages of the volcanic/plutonic and metasedimentary sources. Sedimentary 

and metasedimentary lithic fragments were partly derived from recycled Proterozoic 

continental crust, whereas the arc source has Nd-Sr model ages which are intermediate 

between Cretaceous mantle and the Proterozoic sediments which it intruded and assimilated 

(Fig. 3). The Sr model ages of the batholith are young relative to the Nd model ages. This 

indicates that arc and crustal sources lost Sr during chemical weathering and recycling and 

would lead to an underestimate of the age or fraction of the metasedimentary source. 

However, both Nd and Sr model ages of Great Valley sandstones are older than the 

depositional ages and indicate the presence of an older component (fable 2). Nd model 

- ages (ToM), which are defined as the age in which continental. crust was extracted from a 

model depleted mantle, of the sandstones vary between 250 and 1190 Myr. This range is 

similar to the range in model ages of plutonic rocks in the Sierra Nevada batholith and 
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suggests that the Nd isotopic compositions of the arc and its basement are preserved in the 

sedimentary rocks. In contrast, Sr model ages (denoted TuR for crust extraction from a 

uniform mantle reservoir) of the sandstones range from 250 to 570 Myr. ·The Sr model 

ages of the sandstones are younger than both the Nd model ages of the sedimentary rocks 

and the Sr model ages of many of the plutonic rocks (Fig. 3). The old Sr model ages of 

some of the Sacramento Valley sandstones relative to model ages of the arc and the Upper 

Cretaceous sandstones is likely a result of Sr exchange by seawater interaction. 
' 

The whole-rock isotopic composition depends on the relative fraction, concentration 

and isotopic composition of the sedimentary, metasedimentary and igneous co~ponents. 

Assuming that the isotopic compositions and concentrations of the sedimentary and . 
me!asedimentary components are similar, the whole-rock Nd isotopic composition (£WR) of 

the sandstone is given by: 

(f.sed)[Ndlsed(£Nd)sed + (1-f.sed)[Nd]i8(£Nd)ig 
£wR = (f.sed)[Ndlsed + (1-Lsed)[Nd]ig ' 

where f is the fraction of metasedimentary lithic fragments (sed), and ig (=igneous) is the 

volcanic/plutonic arc component determined by petrography. Linnet al. (1992) estimated 

that the Great Valley metasedimentary component has aNd concentration of 20 ppm, 

similar to the plutonic rocks, and is -8 to -14 in £Nd. which is significantly lower than the 

igneous rocks. Subtraction of this component yields volcanic/plutonic compositions that 

are 2 to 4 £Nd units higher than the whole-rock value in average Lodoga, Grabast and Los 

Gatos sandstones. This is a significant fraction of the overall isotopic variation and 

indicates that the Nd isotopic composition is a sensitive indicator of the pre-arc source. In 

contrast, the Sr concentration of the metasedimentary component is estimated to be about 

100 ppm (Linnet al .• 1992) which is only about 25% of the concentration of the igneous 

component due to Sr loss during sedimentary recycling. Consequently, the whole-rock 

87SrJ86Sr value is controlled by the composition of the igneous source (Linn et al., 1992). 
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Location of Source Areas 

In order to locate source areas, assumptions must be made regarding 1) the size and 

geometry of the drainage basin, 2) the erosion rate as a function of position within the 

drainage basin, and 3) the concentration and isotopic composition of sources contributing 

sediment to the forearc basin. Details of the first two parameters are described in Linn et al. 

(1992); the latter has been briefly discussed above. Subtraction of sedimentary and 
, 

metasedimentary components from the whole-rock Nd-Sr isotopic compositions yields 

isotopic compositions that are representative of the arc source. The calculated igneous 

compositions are then compared with the isotopic gradient in the plutonic rocks, which 

varies only with geographic position, in order to locate the source area. Source locations 

are better constrained with Nd than Sr isotopes because the isotopic gradient in the plutonic 

rocks is larger and because Nd isotopes are less susceptible to modification by sedimentary 

processes. 

With decreasing stratigraphic age, calculated igneous compositions of Great Valley 

sandstones decrease in £Nd from +7 to -5 and increase in 87Srf86Sr from 0.704 to 0.707 

(Linnet al., 1992). These values are the same as the range observed in the plutonic rocks 
I 

of the Sierra Nevada arc and suggest that the Nd-Sr isotopi'c composition of the arc source 

is preserved in the sedimentary rocks. The decrease in £Nd and increase in 87Srf86Sr with . 

decreasing stratigraphic age is in the correct sense for the eastward-migration of source 

areas, in agreement with inferences drawn from sandstone petrography. Sediment source 
\ 

models show that San Joaquin Valley source areas moved from the central to the eastern 

part of the arc during Late Cretaceous time (Fig. 4a), and that Sacramento Valley source 

areas generally moved from the western to the central part of the arc during Early 

Cretaceaus time (Fig. 4b). This conclusion does not depend on the values chosen for the 

metasedimentary component because the isotopic endmembers are Stony Creek and 
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Rumsey sandstones which are low in metasedimentary lithic fragment and therefore have 

whole-rock isotopic compositions that are directly comparable to the composition of the 

arc. The large range in tNd suggests that source areas were localized at the migrating 

voicanic front; contributions of substantial amounts of sediment from previously active 

parts of the arc would yield a smaller range in tNd because the values of the sources would 

be averaged. In general, the depositional age and calculated igneous isotopic composition 

of Great Valley sandstones are the same as the crystallization age and isotopic composition 

of the Sierra Nevada plutonic rocks. This indicates that the isotopic composition of the 
' 

plutonic rocks is representative of the isotopic composition of the coeval volcanic cover and 
> 

that erosion of volcanic sources was nearly contemporaneous with forearc deposition. 

Rapid erosion rates are also consistent with results from fission track dating (Dumitru, 

1988), and with geomorphologic considerations which suggest that the volcanic front is a 

topographic high, which would quickly erode following cessation of magmatism (Linn et 

al., 1992). 

Preservation of Source BIBQ 

The oxygen isotopic composition of sedimentary rocks is a function of the 

composition of the source rocks and the amount of alteration in Btso produced during 

weathering and diagenesis. In contrast to Nd-Sr isotopes, the whole-rock 318Q values of 

the sandstones are significantly higher than the arc source and are more similar to 

Proterozoic shelf sources (Fig. 5). This suggests that oxygen isotopes are particularly 

sensitive to the presence of recycled detritus. The relative contributions of sedimentary, 

metasedimentary, volcanic and plutonic components to the whole-rock oxygen isotopic 

composition is determined in a manner analogous to the Nd mixing calculation above, 

except that the sources are: 
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1) Sedimentary rocks with o18Q between +20 in average shale-argillite (Eslinger and 

Savin, 1973; Savin and Epstein, 1970b; Yeh and Savin, 1977), and +28 in chert 

(Blatt, 1987), 

2) Metasedimentary rocks with oi8Q = + 15, similar to the value of average 
) 

metamorphic rocks (Hoefs, .1987), 

. 3) Western arc volcanic rocks with o18Q = +6.5, siinilar to average island arcs 

(Hoefs, 1987), 
,· 

4) Central and eastern arc plutonic rocks with o18Q between_+ 7 and +8 (Masi et al., 

1981). 

The sedimentary and metasedimentary fractions are determined by petrography, and the 

o18Q values of the volcanic and plutonic sources are determined by inference with Nd 

isotopes (see above). The correlation between o18Q and the lithic fragment content is 

illustrated in Figure 6. Stony Creek sandstones which are high in chert and shale-argillite 

have the highest o18Q values of the Great Valley Group, whereas Boxer and Rumsey 

sandstones which are high in volcanic or plutonic detritus are lowest in oi8Q. Lodoga, 

Grabast and Los Gatos sandstones are high in metamorphic lithic fragments and have 

intermediate o18Q values. The relation between petrography and o18Q indicates that the 

oxygen isotopic composition of Great Valley sandstones is primarily controlled by 

provenance~ 

MODIFICATION OF Sr AND 0 ISOTOPES . 

Although broad compositional variations in the sources are recorded in the Sr-0 

isotopic compositions of the sandstones, the isotopic compositions are shifted toward 

higher values than would be predicted for the source rocks. For example,. 87 SrJ86Sr values 

of the igneous component in Upper Cretaceous sandstones correspond to 87SrJ86Sr values 

of the plutonic rocks, but Lower Cretaceous and Upper Jurassic sandstones are 
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significantly higher in 87Sr,J86Sr than plutonic rocks of the same age (Linn et al., 1992). 

With regard to oxygen isotopes, Rumsey sandstones are 1 to 4 permit higher in o18Q than 

the estimated compositions of the sources, and Grabast, Boxer and Lodoga sandstones are 

up to 6 permil higher than their sources (Fig. 6). The volcaniclastic variety of the Stony 

Creek petrofacies (o18Q = + 15) is nearly 9 permil higher than the source rocks. These 

observations suggest that the Sr-0 isotopic compositions have been modified by 

sedimentary processes. In order to evaluate the extent to which the isotopes have been 

affected, we calculate the alteration factor A, which is the difference between the measured 

isotopic composition (o180sand) and the composition calculated for mixtures of the 

sedimentary, metasedimentary and igneous components (o180source). as detennined by 

sandstone petrography. The oxygen isotopic values of the components are given above. 

The Sr isotopic composition of the igneous sources (87Srf86Srcalc.) are determined by 

analogy with Nd isotopes. Figure 7 shows that alteration of o180 varies between + 1 and . 

+5 in Upper Cretaceous sandstones, and varies between + 3 ·and +8 in Lower Cretaceous 

and Upper Jurassic sandstones. The average shift in o18Q of the sandstones is A= +4%o. 

The Sr alteration factor behaves similarly; it increases from A = 0 to o:oo1 at the top of the 

section, to A= 0.002 at the base of the section (Fig. 7). The alteration factors indicate that 

typically 30 to 40% of the Sr and 0 in the sandstones is secondary. 

Modification of both Sr and 0 isotopes increases with increasing stratigraphic age. 

However, it is difficult to determine when the alteration occurred because the sandstones 

which were the most deeply buried and diagenetically mOdified were derived from mafic 

sources which are more susceptible to chemical weathering. The chemical index of 

alteration (CIA) provides a means of evaluating the effect of weathering on o18Q and 

87SrJ86Sr. The CIA measures the degradation of feldspar to clay minerals and is 

determined from the abundances of K20, CaO and Na20 relative to AhC>.J (Nesbitt and 

Young, 1982; Taylor and McLennan, 1985). CIA varies from 50 in unweathered 

continental crust to 100 in clay minerals, and is generally less than 65 in Great Valley 
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sandstones (Table 2). This value is consistent with the high mechanical erosion rates 

observed in tectonically active settings (e.g., Blatt et al., 1980) and with the CIA in modem 

continental margin arc sand (McLennan et al., 1990). CIA does not vary with stratigraphic 

age in the samples we analyzed; this suggests that diagenetic processes did not significantly 

modify the major element abundances. Figure 8 shows that increasing CIA is correlated 

with increasing otso and with increasing alteration. The range in otso is large compared 

with the range in CIA and suggests that the oxygen isotopic composition is a more sensitive 

indicator of chemical weathering than even mobile major elements. The ll values indicate 

that the sandstones contain about 35% weathering products, whereas the CIA values are 

consistent with only about 15% alteration. However, .the CIA measures only feldspar 

alteration, and may be expected to indicate lower amounts of alteration than whole-rock 

oxygen isotopes. The B18Q data suggest that high erosion rates of tectonically active 

sources do not preclude chemical weathering. 

CIA is not correlated with the Sr alteration factor; this suggests that weathering did 

not modify the 87Srf86Sr values of the sandstones. The most likely way to increase the 

87Srf86Sr value, and therefore ll, is to exchange Sr in plagioclase with Sr in seawater 

during deposition and/or submarine eruption of the earliest volcanic sources. 87Srf86Sr 

values in seawater ranged from 0.7070 to 0.7075 during Early Cretaceous time (Burke et 

al., 1982), and were significantly higher than 87Srf86Sr values of the are. 
Because alteration increases with increasing stratigraphic age, and therefore with 

burial depth, it is necessary to evaluate the effect of burial metamorphism on BI8Q. We 

consider 2 endmember models, which are illustrated in Figure _9. If the stratigraphic 

section behaves like an open system, an infinite reservoir of seawater will modify the 

Isotopic composition of the sandstones toward higher B18Q values at low temperatures and 

toward lower B18Q values at high temperatures. The magnitude of the displacement 

depends on the fraction and mineralogy of the clay, and on the temperature gradient, 

because the clay-water fractionation decreases with increasing temperature. Great Valley 

17 



sandstones which contain 30% authigenic chlorite should decrease from about + 11 to+ 7%o 

with increasing depth of burial. This is in the opposite sense as the trend observed in the 

sandstones (boxes), which increase in at so with in.creasing depth of burial (Fig. 9). If the 

section behaves like a closed system, water/rock ratios are low and the isotopic 

compositions of the pore fluids are modified. As a result, increasing burial metamorphism 

could not significantly alter the whole-rock values. This is likely the case for the Great 

Valley Group because the section is inferred to have been buried nearly 15 km (Dumitru, 

1988) which would result in very low porosity and permeability. · 

SUMMARY AND CONCLUSIONS 

The whole-rock isotopic composition of sedimentary rocks is a function of 1) the 

composition of the source rocks, and 2) shifts in the isotopic values produced by 

weathering, transport and diagenetic processes. The Nd isotopic composition is generally 

preserved throughout the sedimentary cycle, and can be used to determine the provenance; 

and to evaluate provenance interpretations of Sr and 0 isotopes which are more susceptible 

to weathering and diagenetic processes. Nd-Sr-0 isotopic variations an: similar in· Great 

Valley sandstones and are correlated with the lithic fragment content. Metasedimentary 

sources decrease £Nd and increase 87Srf86Sr in the sandstones. 0 isotopes are particularly 

sensitive to the sedimentary-metasedimentary source because recycled components contain 

clay minerals which form at low temperatures and which are consequently higher in BISO 

than the igneous source. This suggests that even the oxygen isotopic composition is 

mainly controlled by provenance. However, 87Srf86Sr and BlSO values are higher than 

would be expected for the sources determined by Nd isotopes, artd are highest in those 

sandstones which were derived from rel'atively mafic volcanic sources. The high 87Srf86Sr 

values are likely a result of Sr-exchange with seawater either in ·the volcanic edifice or 

during deposition. However, alteration in B180 is correlated with CIA; this suggests that 
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the oxygen isotopic composition was modified by low-temperature weathering processes, 

rather than diagenesis. This indicates that chemical weathering is important in tectonically 

active orogenic belts, particularly in those composed of mafic volcanic rocks.· Modification 

of oxygen isotopes may also have been enhanced by the climatic conditions in the near­

equatorial position of the Sierra Nevada arc during Cretaceous time. However, the intense 

chemical weathering regime associated with low latitudes was apparently not sufficient to 

· disturb the Nd-Sr systematics or the major element ratios. 
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FIGURE CAPTIONS 

Fig. 1 a) Present configuration of Sierra Nevada arc- Great Valley forearc system 
( 

showing source lithologies and sandstone sample localities in the Sacramento and 

San Joaquin valleys. Mesowic and Paleozoic metasedimentary and metavolcanic 

rocks along the northwest margin of the Sierra Nevada batholith are the Foothills 

Metamorphic belt. Heavy lines are contours of 143Ncf1144Nd of Sierra Nevada 

plutonic rocks; expressed as ENd· which decrease with increasing crustal 

assimilation toward the Proterowic continental margin (PC). From Linn et al. · 

(1992). Fig. lb) Oxygen isotopic composition, expressed as contours of o18Q, 

of Mesozoic plutonic rocks in the Sierra Nevada batholith and Klamath 

Mountains. Modified from Masi et al. (1981). 

Fig. 2 Correspondence in Nd-Sr-0 isotopic composition with stratigraphic age in whole­

rock Great Valley sandstones .. San Joaquin Valley sandstones are divided into 

Rumsey (open boxes), and Los Gatos- Grabast petrofacies (open circles), and 

Sacramento Valley sandstones are divided into Boxer (filled triangles), Lodoga 

_(filled circles) and Stony Creek petrofacies (filled boxes). Time scale and 

stratigraphiC relations after Ingersoll (1983) and Linn et al. ( 1992). Nd-Sr 

isotopic data from Linn et al. (1992).' 

Fig. 3 Comparison of Nd and Sr model ages of Great Valley sandstones and their 

sediment sources (data from Linnet al. [1992]). Diagonal line represents equal 

Nd and Sr model ages; model ages to the right of the line indicate Rb-loss and 

model ages to the left of the line indicate .Sr-loss (e.g., Nelson and DePaolo. 

1988). Model ages of Sierra Nevada arc source (SNB) and Proterozoic crust 

(PZ) calculated by methods of DePaolo et al. (1991) and Farmer and DePaolo 

3 1 



(1983), from Nd-Sr isotopic data reported in DePaolo ( 1981 ), Kistler et al. 

(1986) and Barbarin et al. (1989). 

Fig. 4 a) Depositional age and calculated igneous isotopic composition of San Joaquin 

Valley sandstones (open symbols), compared with crystallization age and isotopic 

composition of plutonic rocks (boxes) in an idealized west-east transect across the 

southern part of the Sierra Nevada batholith . Kw. Kc and Ke are western, central 

and eastern Cretaceous belts, respeCtively, from Saleeby (1981): Fig. 6b) 

Calculated Nd isotopic composition of the igneous component in Sacramento 

Valley sandstones (filled symbols) compared with age and geographic position of 

locus of magmatism (boxes) in west-east transect across the northern part of the 

arc. Jw is western Jurassic belt from Saleeby (1981). Symbols are the same as in 

Fig. 2. From Linn et al. ( 1992). 

Fig. 5 Sr-0 isotopic systematics of Sierra Nevada (•) and Klamath Mountain (.A.) 

plutonic rocks, modified from DePaolo (1981). Simple mixing of Cretaceous ·\ 

mantle magma with Proterozoic continental sediments produces the Sr-0 isotopic 

compositions observed in most Sierra Nevada plutonic rocks. San Joaquin (D) 

and Sacramento Valley (D) sandstones (this study) are similar in 87Srf86Sr to the 

plutonic rocks, but are higher in ol80. Isotopic data for the plutonic rocks is 

from Masi et al. (1981). 

Fig. 6 Correlation. in whole-rock fraction of sedimentary and metasedimentary lithic 

fragments and ol80. Fields encompass the petrofacies; Stony Creek sandstones 

are divided into volcaniclastic and high-chert varieties. Symbols are the same as 

in Fig. 2. 
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Fig. 7 Degree of alteration (~) in Sr and 0 isotopic composition as a function of 

stratigraphic age. Alteration in Sr isotopic composition is the difference between 

the calculated value of the igneous fraction in the sandstones (87SrJ86Srsource) and 

the value of the plutonic rocks in source areas inferred from Nd isotopes 

(87SrJ86Srcatc). Alteration in 0 isotopic composition is the difference between 

the measured whole-rock value (o18Qsan<J) and the value calculated for mixtures of 

sedimentary, metamorphic and igneous components (o180source). as determined 

by sandstone petrography. 

Fig. 8 Correlation in o18Q and chemical index of alteration in Great Valley sandstones. 

(CIA) defined in molecular proportions as [Al20JI(Al2~+CaO+Na20+K20)] * 

100 Shaded region indicates range of compositions observed in unweathered to 

moderately weathered rocks. 

Fig. 9 Model to evaluate ·the effect of burial metamorphism on the whole-rock oxygen 

isotopic composition of sandstones. ~lay-water= o180c1ay- o180seawater· In an 

open system, the arrows denote the magnitude and direction of shift in calculated 

olSQ values resulting from replacement of 30% of the bulk sandstone by chlorite. 

In a closed system, the calculated isotopic compositions are not modified by 

bUrial metamorphism. Chlorite and illite curves are calculated from equations in 

Longstaffe (1983) and Eslinger and Savin (1973). Stratigraphic depth and 

geothermal gradient from Durnitru (1988). Magnitude of pore fluid enrichment in 

closed system from Suchecki and Land (1983). 
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TABLE 1. MEAN PETROGRAPIC PARAME1ERS OF GREAT VALLEY GROUP 
·!' 

-' 

QFL% LmLvLs% 
Petrofacies Q F L 1m Lv Ls P!F Lv/L 

San Joaquin Valley 

Rumsey 40 36 24 31 60 9 0.55 0.60 0.03 
Los Gatos 38 40 23 54 38 8 0.64 0.40 0.04 
Grabast 30 30 41 57 37 6 0.68 0.37 0.09 

Sacramento Valley 

Boxer 32 32 36 19 73 8 0.75 0.73 0.09 
Lodoga 37 21 42 33 42 25 0.86 0.42 0.21 
Stony Creek 25 22 53 12 60 28 0.92 0.60 0.37 

Note: Modified from Ingersoll (1982), where Q = monocrystalline + polycrystalline (Qp) 
quartz; F = plagioclase (P) + potassium feldspar; L = metamorphic (Lm) + volcanic 
(Lv) + sedimentary (Ls) lithic fragments. · 
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Table 2. ISOTOPIC AND PETROGRAPlflC COMPOSmON OF GREAT VALLEY SANDSTONES 

Sample Age(Myr) Petrofacies ENd• TDM 87Srf86Sr• TUR otso %Ls+Lsm OA 

San Joaquin Valley 

87GV-9 73 Rumsey -3.2 1.09 0.70597 0.36 15.7 56 
87GV-8 75 Rumsey -4.9 
87GV-19 77 Rumsey -4.3 1.19 0.70671 0.26 9.8 6 53 
87GV-2 80 Rumsey -5.0 
87GV-18 80 Rumsey -4.0 1.16 0.70881 0.29 9.5 12 52 
87GV-16 81 Rumsey -4.3 1.19 0.70726 0.29 12.3 13 56 
87GV-21 84 Grabast -1.8 0.98 0.70703 0.39 12.4 22 53 
87GV-15 86 Grabast -4.0. 1.17 0.70671 0.37 14.8 58 
87GV-13 88 Grabast -3.8 1.16 0.70795 0.37 13.0 . 55 
87GV-10 90 Grabast -1.4 0.90 0.70532 0.27 14.3 27 60 
87GV-33 92 Grabast -2.3 1.03 0.70715 0.39 12.9 22 54 
87GV-31 94 Grabast -0.7- 0.89 0.70628 0.32 12.5 23 54 
87GV-27 97 Grabast -1.6 0.97 0.70938 0.32 12.9 27 59 
Sacramento Valley 

89GV-48 86 Boxer 2.9 
89GV-44 88 Boxer -1.6 o:96 0.70655 0.38 13.6. 13 56 
89GV-42 90 Boxer 5.4 0.35 0.70424 0.50 10.0 13 49 
89GV-40 94 Boxer 3.2 0.55 0.70563 0.41 12.4 13 53 
89GV-52 95 Boxer 1.4 0.71 0.70746 0.25 14.6 60 
89GV-36 96 Boxer 1.0 0.75. 0.70753 0.25 16.1 61 
89GV-54 97 Boxer -0.5 0.89 0.70805 0.37 13.3 58 
89GV-53 103 Lodoga 2.9 0.59 0.70568 0.35 14.3 67 
89GV-55 108 Lodoga 0.6 0.79 0.70675 0.46 14.7 24 59 
89GV-56 113 . Lodoga -0.2 0.86 0.70770 0.39 15.9 33 63 
89GV-57 115 Lodoga 0.0 0.85 0.70753 0.40 16.9 61 
89GV-59 117 Lodoga 4.5 0.46 0.70560 0.29 15.8 33 63 
89GV-58 119 Lodoga 6.9 0.25 0.70491 0.57 13.8 59 
89GV-61 121 Lodoga 4.3 0.48 0.70499 0.56 11.9 . 10 56 
89GV-64 136 Stony Creek 5.2 0.41 0.70514 0.54 13.5 58 
89GV-60 138 Stony Creek 3.9 0.53 0.70597 0.62 15.5 13 58 
89GV-65 144 Stony Creek 0.6 0.82 . 0.70668 0.50 
89GV-63 147 Stony Creek 1.1 0.78 0.70670 0.50 18.7 43 63 
87GV-R8 147 Stony Creek 1.0 0.78 0.70651 0.53 18.8 31 63 
87GV-R11 148 Stony Creek 6.9 0.27 0.70526 1.94. 15.3 8 . 54 
89GV-66 151 Stony Creek -1.6 1.02 0.70873 0.37 . 17.3 64 

• From Linnet al. (1992) 
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