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DISCLAIMER

This manuscript represents a rudimentary pass at interpreting the distribution of meteoric
water compositions for the last 200 Ma in southwestern North America. The results present
here reflect several new data and a compilation and interpretation of data from the literature,
which may be expanded before final submission. Although this stage reflects considerable
effort on the part of the authors, much remains to be done before publication. Readers are
urged to contact the authors or refer to a future published version for more complete,
accurate, and fully interpreted versions of the data set. In particular, we will be addressing
completeness, interpretation of fluid sources and compositions in light of deposit geology,
and a fuller synthesis of possible links between meteoric water compositions and their
topographic and climatic controls.
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ABSTRACT

Mesozoic and Cenozoic hydrothermal systems of the southwestern North American

Cordillera contain a complex record from which meteoric water stable isotope compositions

(5180 and 5D) can be inferred. This record is therefore of interest as a proxy for climate. New

analytical results combined with systematic review of isotopic values from more than 200

locations in the southwestern North American Cordillera show regular isotopic patterns in

time and space. Jurassic isotopic ratios are high, and Late Cretaceous values are more

negative. During the Oligocene, there is a transition to more negative values. The ancient dD

values are higher from most locations when compared to younger and present day values.

This enrichment is compatible with warmer climates in the past and with changes in tectonic

environments and paleoelevation and paleolatitude estimates over the same time interval.

Complications in the application of the data include uncertainties in the estimated

temperatures, alteration ages, isotopic disequilibrium, and incorporation of multiple fluids.
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INTRODUCTION

The deuterium and oxygen isotopic compositions of meteoric waters vary

systematically with latitude, temperature, elevation and distance from water source. Minerals

formed in hydrothermal systems can incorporate fluids from various sources and commonly

retain a record of these fluids. Thus, the isotopic compositions ofhydrothermal and

weathering -related minerals potentially contain an interpretable, yet complicated, record of

climate. Modern hydrothermal systems have been shown to incorporate a meteoric water

isotopic signature (Giggenbach and Corrales, 1992). Therefore, our intent is to explore the

isotopic compositions of ancient hydrothermal systems as a means of studying larger scale

isotopic trends in paleometeoric trends. These would be expected to have varied

significantly, reflecting differences in tectonism (elevation) and climate.

Southwestern North America provides an excellent setting for this type of study, as it

has been an active plate boundary zone since the late Paleozoic, with Mesozoic initiation of

an Andean -type margin, followed by mid- Tertiary collapse (Dickinson, 1989; Lawton, 1994).

As a result of this tectonism, there has been increased heat flow out of the crust, which

provides the driving force for large convection cells that have the potential to incorporate

large amounts of meteoric water. The isotopic composition of meteoric water is widely used

to reconstruct paleoclimate (Savin, 1980; Seal and Rye, 1993; Sorensen et al., 1998).

Previous work by Sheppard and Taylor (1969) on Cenozoic hydrothermal ore deposits in

North America shows isotopic distributions that are broadly similar to those in modern

meteoric water.

The isotopic record preserved in altered rocks depends on initial isotopic

compositions of minerals and fluids, temperature of equilibration, and the water -rock ratio.
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The possible fluids involved in hydrothermal events can be of meteoric, magmatic,

metamorphic, and connate origin (Fig 1). The isotopic compositions of water within the

hydrologic cycle are dependent on isotope fractionations that accompany evaporation and

rain formation (Gat, 1996). These processes result in the depletion of meteoric waters relative

to ocean waters and the enrichment of evaporative systems. Meteoric isotopic variation

closely follows the equation bD z 8 * b' 80 + 10 (Craig, 1961), where b is defined as

8= ((Rsample/Rstandard)-1)* 1000 [ %o] and R stands for the isotope ratios of 2H/1H or 180/160.

Magmatic, metamorphic, and "connate" saline formation waters fall within coherent,

although partially overlapping, isotopic fields. Notably, connate waters vary from place to

place, especially with latitude.

The path followed during alteration of primary igneous rocks by meteoric water, for

example (Fig 1), will initially be most evident in the hydrogen isotopic values (assuming

bDinitial 8Dfluid), as the hydrogen concentration of natural rocks is relatively low. With

continued exchange, changes in oxygen isotopic composition become more evident, and the

bulk fluid -rock isotopic composition migrates toward the meteoric line (Taylor and Silver,

1978). Given a high water -to -rock ratio, minerals formed will approach isotopic equilibrium

with waters. Fluid isotopic composition can be calculated from the mineral isotopic value and

the temperature of formation using published fractionation -factors for mineral -H2O

exchange' (Appendix 2).

Interpretations of terrestrial pre -Quaternary paleoclimates are generally based on

climate- dependent indicators that may reflect short -term anomalies such as seasonality or

' Data Repository item 9998. Appendix 2, References and details regarding applied 8180 and
SD isotopic fractionation factors, is available upon request from Documents Secretary, GSA,
P.O. Box 9140, Boulder, CO 80301.
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biological activity. In contrast, meteoric water isotopic compositions preserved in hydrous

mineral phases of supergene, hypogene and other hydrothermal mineralization events from

water -dominated systems can provide evidence of regional and temporal patterns in the

isotopic composition of precipitation. These systems can be active for hundreds of thousands

to millions of years, thereby smoothing any short -term effects. Calculated meteoric water

values only provide a proxy for climate, as the isotopic record is dependent on

paleotemperature, paleolatitude and paleoelevation. Unfortunately, the means of determining

these factors are limited. The most quantitative estimates rely on indicators solely

constrained by climatic data, which can result in circular reasoning when both temperature

and elevation estimates are derived from these data. However, in the context of regional

paleogeography and tectonics, meteoric water isotope data can still provide insight into

temperature and elevation changes.

Our database includes published 8l80 and 813 values, plus twenty new analyses' from

over two hundred spatially or temporally distinct locations3 (Appendix 1). Samples range in

2 Isotopic data are reported as 8H and 8180, where 8= 1000((Rsample/Rstandard) -1), where
Rsample is D/H or 180/160 in the sample and Rstandard is D/H or 180/160 in an appropriate
standard, SMOW (assigned 0 %o for both 8D and 8180). Oxygen isotopic analysis was done
following the method of Sharp (1980 -add to EN). All samples were loaded into wells on a
solid nickel plug, and placed under vacuum in the laser extraction line. Samples were heated
by a Melles Griot CO2 laser in the presence of BrF5, in order to liberate oxygen gas. The
sample gas was cryogenically cleaned, then converted to CO2 via a heated graphite finger.
CO2 gas was frozen into stopcock vessels for analysis on a Finnigan Mat Delta S mass
spectrometer. Data for quartz were corrected by adding 0.75 %0 to the analytical results, based
on data for a variety of in -house and published standards that were run along with the
samples. The analyses are reproducible within ±0.5700 8180. Hydrogen analytical procedures
were modeled after Brown (1983). Clay samples were first dried for 24hrs at 50 °C to remove
any adsorbed water. Hydrous minerals were loaded into quartz tubes and placed under
vacuum for eight hours. H2O was cyclically liberated by exposure to a heated 140v platinum
wire furnace for 15 -20 minute intervals, increasing the percent voltage by 2% until all water
was liberated. H2O was passed through a U -235 furnace at 800 °C to obtain H2 gas, which
was cryogenically cleaned and contained in sealed glass tubes. Tubes were placed on the
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age from the Jurassic to the Quaternary and are from several types of igneous -related

hydrothermal systems, extension -related hydrothermal systems, and supergene alteration

zones of porphyry copper deposits. The results are interpreted in terms of independent data

on North American tectonics, paleolatitudes, and paleoelevations, as well as global

paleoclimate data.

STABLE ISOTOPE SYSTEMATICS OF HYDROTHERMAL SYSTEMS

Data that had the potential for reconstructing the isotopic composition of meteoric

fluids were selected from the published literature on hydrothermal deposits in the

southwestern Cordillera. Data displaying convincing evidence of non -meteoric fluid

dominance were eliminated from consideration. Sites selected for the database3 include those

that showed isotopic shifts away from primary magmatic values and that contained

hydrothermal or weathering mineral assemblages, including quartz (veins and other), sericite,

clays, epidote, and others. Where salinity was reported, data corresponding to high salinity

were avoided in order to minimize complexities associated with brine fluid sources.

Because natural variations in D/H are much greater than 180 /160, all the results are

interpreted in terms of SD fluid values. If hydrogen isotopic data were available, the fluid bD

values were calculated based on the temperature of formation and the appropriate published

fractionation factor for the mineral and temperature. When only 8180 data were available,

Finnigan Mat Delta S mass spectrometer, then cracked to introduce gas for H/D isotopic
analysis. Hydrogen isotopic data were corrected by adding 1.3 %o to the analytical results,
based on data for a variety of in -house and published standards that were run along with the
samples. The bD analyses are reproducible within ±1.3%o.
3 Data Repository item 9999. Appendix 1, Details regarding selected meteoric -influenced
8180 and SD isotopic values, is available upon request from Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301.



fluid 5180 was calculated based on the appropriate 5180 fractionation- factor. Then, SD was

calculated assuming that the original fluid composition fell on the meteoric water line (Craig,

1961), All SDflwd values were calculated and will be referred to as paleo- meteoric water SD,

or SDpmw

There are several uncertainties with this approach. They include incomplete spatial

coverage, analytical and theoretical uncertainties, age uncertainties, multiple fluid sources,

and isotopic disequilibrium. The spatial and temporal coverage are limited by the presence of

hydrothermal or weathering events. Analytical uncertainties contribute <1 %o and <10 %o

variations in 5180 and SD values, respectively, and thus are subordinate to the >100 SD per

mil variations in the data set. There are also uncertainties in extrapolating fractionation

curves constructed from high- temperature experimental data to lower temperatures. In many

cases, available data lack constrained temperatures of mineral formation or equilibration. In

order to use these data, a minimum and maximum temperature of formation were estimated

given the alteration style, mineral assemblage (if reported), and the geologic setting. In rare

situations, the S values were calculated, and the midpoint was assigned as the S value.

The ages of alteration events are often poorly constrained, despite extensive

geochronological studies. In addition, in geologically complex areas it is often impossible to

ascertain which alteration event is being sampled. This is particularly a problem in areas with

multiple periods of emplacement and /or alteration, such as the San Juan Mountains, Colorado

(Balsley, 1994; Hayba, 1997). Many hydrothermal systems are dated within +/- 5 m.y. With

others, only a qualitative age estimate for an alteration/mineralization event is available, and

an age with suitable error brackets is assigned . This method of assigning large error brackets

to data from locations with only general age information could unfairly weight these data
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points on the time slice maps, as they will possibly plot on several maps. Given that most

data have better defined age constraints, these points were left in the plots in order to provide

the most comprehensive regional coverage.

Sources of hydrothermal fluids can be difficult to resolve. Fluids types include ocean

water, "connate" formation waters, metamorphic waters, magmatic waters, fluids modified

by exchange along the flow path, or mixtures of the above types (see Fig. 1). This is

particularly relevant to lower -latitude, warmer regions, where meteoric 8D values overlap

with the values of many other types of fluids. In certain cases, detailed sampling and

hydrogen and oxygen isotopic analyses have been used to determine the local mixing trends

and time -space variations in the fluid sources (Giggenbach and Corrales, 1992). Isotopic data

from systems with mixed fluids will record the isotopic composition of the mix, based on

mass -balance calculations. Hydrothermal systems rarely interact with only one kind of

aqueous fluid, although circulating meteoric fluids have been inferred to be the dominant

fluid in many non-submarine hydrothermal systems (Hoefs, 1987).

Incomplete meteoric exchange, whether due to short temporal duration of the

hydrothermal event or low water -rock ratio, will most affect 8D values (BDinitial 8Dfluid)

with little to moderate change of the 8180 values (Fig. 1). Both 8D and 8180 values are

essential to confidently ascertain the nature of the fluid. Otherwise, it may be impossible to

know if there has been complete meteoric exchange. When oxygen is not fully exchanged

during a hydrothemal alteration event, a calculated 8D value would be unconstrainably

higher than the actual value. Therefore, 8D values in our data set that were calculated from

8180 values constitute maximum estimates of the 8D value.
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In spite of these complications, the patterns presented below are remarkable when

compared with current interpretations of paleoclimate and paleoelevation from the Jurassic to

the present.

RESULTS

Figure 2 shows six time slice maps with SDpmw values across southwestern North

America. Jurassic - Early Cretaceous öDpmw values tend to be high, with only 1 locations

more negative than -80 %0 (Fig. 2a). Spatial coverage is better in the Paleocene -Late

Cretaceous (Fig. 2b), with numerous values around -100 %0. A belt of low values extends

from inland California to Montana. Values of less than -100 %o are present throughout

Nevada, Utah, and Colorado. Values on the order of -100 %o are present throughout Colorado

and Montana.

Paleo- meteoric water 813 values under -120 %o are more numerous in Eocene (Fig.

2c), with more negative values present in central Nevada, and farther inland and northward.

There are no Eocene data from California and Oregon, likely reflecting the lack of arc

magmatism and associated hydrothermal activity. There is dense spatial coverage during the

Oligocene (Fig. 2d), encompassing much of southwestern Cordillera. Coastal areas are

dominated by high values, transitioning to values less than -120 %o northeast of northeastern

Nevada. During the Miocene (Figs. 2e), the lowest values occur in a belt through Utah,

Nevada, and Idaho, parallel to the continental margin. The Pliocene - Pleistocne plot (Fig. 2f)

contains few data points, especially in southern Arizona and Nevada. Despite this, it is still

clear that the most negative values are inland from northwestern Nevada and Utah.

An alternate depiction of the data illustrates the change in values over time (Fig. 3).

Only data from locations between 37° and 43° latitude are plotted. Less negative Jurassic



9

values tended to be restricted to more easterly locations. Two Early Cretaceous data points

are in the -30 %o to -80 %o range. From 90 to 60 Ma, considerable hydrothermal activity

appears to have shifted eastward in time, and values less than -100 %o became common. At 40

Ma, hydrothermal activity increased throughout the Cordillera, with average SDpmw values

less than those of earlier time periods. Between 20 and 30 Ma, there are fewer of the more

negative bDpmw values. By 20 Ma, low values constitute the bulk of the data, and the most

negative values appear to have shifted westward in time, although this could be due to lack of

spatial constraints. Little data is available for the last 10 Ma, probably due to the lack of

exhumation of many recently active hydrothermal systems.

INTERPRETATION

Our high isotopic values during the Jurassic indicate a low, equatorial continent,

which is consistent with plate reconstructions (e.g. Ross, 1992) that place the North

American craton near the equator during the Jurassic. Best -fit wind directions for the Late

Jurassic indicate a westerly flow, similar to present conditions (Parrish and Peterson, 1998),

and evident in the isotopic values paralleling the West Coast. Our Cretaceous lower bDpm,

values correlate with a change in elevation, as suggested by Chase et al. (1998), who

provided quantitative estimates of paleoelevations based on a reinterpretation of fossil flora

physiognomy using an MAT -based paleoaltimeter. This evidence suggests that the Western

Cordillera has been elevated since the Cretaceous. Our data is consistent with this and shows

a marked depletion in 8Dpmw values from the Jurassic to the Cretaceous. The 8Dpmw values

from the Laramide become significantly lower and range from -40%0 to less than -160 %o.

These results are similar to Dettman's (1994) Late Cretaceous through Eocene stable isotope

variability, based on aragonitic bivalves from primarily fluvial deposits. Paleogeographic



interpretations place the western margin of North America near its current location by Late

Paleocene (Ross, 1992), and our data maintain low isotopic values. The presence of

numerous negative values from the inland regions of our Tertiary data set concur with Chase

et al. (1998), who determined that elevations of 3 to 4 km were not uncommon throughout

the Western Interior during the Tertiary. We see fewer extreme low values in the middle

Eocene, in comparison to the more abundant low values in the Latest Cretaceous- Paleocene

and late Oligocene data. During the Miocene, there is wider variability in the data, with

limited isotopically heavier values present in the Western Interior.

These variations could be due to a number of factors, including changes in seawater

composition, climate, latitude, or elevation. Exclusive of recent perturbations due to glacial

events, the 6180 value of seawater has been relatively constant through the Cenozoic and

Mesozoic. Since the Jurassic, 6180 seawater has changed by -1 %o 6180 (Gregory, 1991;

Zachos et al., 1994). Ice core studies (Anklin et al., 1993) have shown that 6D shifts

correspond with shifts in 6180, following the GMWL (Craig, 1961) ± 4 %o, and is

subordinate to the >100 6D %o variations observed in the data set. The climate has cooled on

the order of 10 °C since the Jurassic (Drummond et al., 1993; Wolfe, 1990; Wolfe, 1994).

Given the temperature-ED relationships of 6180 0.69 %0C-1(Rozanski et al., 1993) and 6D 5.6

C -1 (Dansgaard, 1964), this amount of cooling would represent on the order of 60 %o 6D

variation, close to half of what we observe in the data set. Changes due to the continental

effect (depletion of heavy isotopes with distance) are shown to correlate to changes of -3.8

%o 6180 per 1000 km ( -40 %o 6D) (Rozanski et al., 1993). Although the Western Interior has

not maintained a constant width, the variation seen in the data plots is greater than 40 per

1000 km. Changes in elevation have been shown to dramatically effect the 6D of meteoric



water (Ingraham and Taylor, 1986; Yonge et al., 1989). Although the temperature decrease

and the continental effect contribute to the isotopic trends, they cannot sufficiently explain

the observed ranges or variations in time and space that are evident in out data set. Therefore,

it is likely that elevation effects are overprinting the other trends.

Given that elevation is a controlling factor, we interpret the lowering of isotopic

values in the Cretaceous to be indicative of marked uplift of the southwestern Cordillera.

Despite studies showing that the mid -Tertiary was the warmest time since the Jurassic, our

data remain isotopically light, showing that the Western Interior remained at a high elevation.

The collapse of the Basin and Range province is evident in the extreme variability and higher

isotopic vales in our Miocene and younger data.

CONCLUSIONS

Paleoclimatic indicators differ in the amount of spatial coverage, the period to which

they pertain, and their usefulness in resolving events. In addition, only a small number of

climate proxies can be applied to time periods older than the Quaternary. Plotted isotopic

data from the Jurassic to the Paleocene clearly show depletion of isotope ratios with distance

from coastal regions and thus indicate the involvement of a meteoric fluid. In addition, the

distribution of values corresponds to current interpretations of paleoclimate and

paleoelevation. The effects of many first -order climate factors, such as seasonal variations or

glaciation, are not obvious in the plots. Continental effects and climate factors cannot

account for the observed variations in ÖD. We interpret onset of more negative bD values in

the Late Cretaceous to indicate the uplift of the Cordillera, with elevations staying high into

the Oligocne. Miocene collapse is evident in the presence of less positive and spatially

variable bD values. Given the likelihood that some data points are representative of areas



which may not have undergone complete exchange or were not entirely meteoric water

dominated, the trends observed in this study are indeed remarkable.
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FIGURE CAPTIONS

Fig. 1 Fluid isotopic variations in natural waters showing fields of magmatic,

metamorphic, and "connate" waters (Hoefs, 1987; Taylor, 1978) and the

meteoric water line (Craig, 1961). Dashed arrows show possible isotope

evolution paths of minerals during meteoric -hydrothermal alteration of magmatic

parent with increasing water /rock ratio after Taylor (Taylor, 1978). Straight solid

arrows show bulk fluid isotopic values undergoing progressive mixing, or

dilution, of magmatic with various meteoric waters.

Fig. 2 Plotted 8D- paleo- meteoric -water values from hydrothermally altered locations

in southwestern North America for selected time periods. (a) Jurassic to Early

Cretaceous (208 -97.5 Ma); (b) Latest Cretaceous -Paleocene "Laramide" (97.5-

57.8 Ma); (c) Eocene (57.8 -36.5 Ma); (d) Oligocene (36.5 -23.5 Ma); (e)

Miocene (23.5 -5.3 Ma); (f) Pliocene -Pleistocne (5.3 -0 Ma)

Fig. 3 SD- paleo- meteoric -water values verses time from 200 Ma to 1 , between 37° and

43° latitude.
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APPENDIX 1

Details Regarding Selected Meteoric -Influenced 5180 and SD Isotopic Values

To be submitted to Geology Data Repository, Documents Secretary,

GSA, P.O. Box 9140, Boulder, CO 80301

Database footnotes:

(1) If existing hydrogen isotopic data was available, the SD fluid was calculated directly.

When only 5180 data were available, SDfluid was calculated based on the appropriate o180

fractionation- factor and the meteoric water equation. When possible, fluid -inclusion SD

measurements were used directly.

(2) For locations that experienced alteration for known duration published age and error is

used. If the alteration mineralization is not dated, but interpreted to coincide with the later

stages of a dated event, the younger of any published ages were used, with appropriate errors.

When no qualitative age data exists for the alteration/ mineralization event, an age with

appropriate error is assigned (i.e. "late Oligocene" equals 27 ± 4 Ma). Data was not discarded

when an age estimate exists; therefore, the data set includes numerous points which will plot

within a large window. For example, there are data from 11 regions that plot over 30 Ma of

the Tertiary, due to lack of better age constraints than "mid Tertiary" . This method of

assigning large error brackets to data from locations with only general age information

unfairly weights these data points. Given that most data has better defined age constraints,

these points were left in the plots in order to provide the most comprehensive regional

coverage
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APPENDIX 2

References and Temperatures Regarding Applied 5180 and SD Isotopic Fractionation

Factors

To be submitted to Geology Data Repository, Documents Secretary,

GSA, P.O. Box 9140, Boulder, CO 80301



OXYGEN FRACTIONATION FACTORS
Mineral Temp °C Reference
Alunite (all O) 250 -450 Stoffregen et al., 1994
Alunite (OH) 250 -450 Stoffregen et al., 1994

Chiba et al., 1981Anhydrite 300 -500?
BaCO3 0 -500 O'Neil et al., 1969
Barite 100 -350 Friedman et al., 1977
Calcite 0 -500 O'Neil et al., 1969
Chlorite 0 -1200 Zheng, 1995
Alk- Feldspar 350 -800 O'Neil and Taylor, 1967
Alk- Feldspar 500 -800 Bottinga and Javoy, 1987
Plag- Feldspar 350 -800 O'Neil and Taylor, 1969
Plag- Feldspar 500 -800 Bottinga and Javoy, 1987
Illite 0 -170 Lee, 1984; Savin and Lee, 1988
Illite /Smectite 29 -120 Savin and Lee, 1988
Kaolinite 0 -330 Savin and Lee, 1988
Magnetite 500 -800 Fortier et al., 1995
Montmorillonite 20 Lawrence and Taylor, 1972
Musc paragonite 450 -650 O'Neil and Taylor, 1969
Musc paragonite 500 -800 Bottinga and Javoy, 1987
Pyrophyllite 0 -330 Savin and Lee, 1988
Quartz 200 -500 Clayton et al., 1989
Quartz 500 -800 Bottinga and Javoy, 1987
Quartz 195 -573 Shiro and Sakai, 1972
Smectite 0 -330 Matsuhisa et al., 1979
SrCO3 0 -500 O'Neil et al., 1969

HYDROGEN FRACTIONATION FACTORS
Mineral Temp °C
Actinolite 400 Graham et al., 1984b
Alunite 25 -400 Stoffregen et al., 1994
Biotite 400 -800 Suzuoki and Epstein, 1976
Chlorite 200 -700 Graham et al., 1984a
Hornblende 400 -800 Suzuoki and Epstein, 1976
Illite /Smectite 29 -120 Savin and Lee, 1988; Yeh, 1980
Illite /Smectiteser 140 -350 Marumo et al., 1980
Kaolinite 200 -480 Gilg and Sheppard, 1996
Kaolinite 250 -352 Liu and Epstein, 1980
Kaolinite 17 Savin and Epstein, 1970
Kaolinite 25 -200 Savin and Epstein, 1970; Vennemann and O'Neil 1996
Montmorillonite 20 Lawrence and Taylor, 1972
Musc paragonite 450 -650 Suzuoki and Epstein, 1976
Smectite 22 Lawrence and Taylor, 1972
Tremolite >650 Graham et al., 1984b
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