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Triple oxygen isotopes of hydrothermally altered minerals from crystalline rocks can be used to determine past elevations of mountain ranges. This method uses all three isotopes of oxygen (16O, 17O, and 18O) to create arrays that can be extrapolated back to the meteoric water line. One advantage of this technique is that it relies only on oxygen isotopes in contrast to previous studies that use oxygen and hydrogen isotopes to determine the isotopic composition of meteoric waters. Our analysis suggests that hydrogen isotopes may exchange with ambient fluids. Triple oxygen isotopes provide an independent check on the reliability of hydrogen isotope studies.
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INTRODUCTION

With the advent of stable isotope paleoaltimetry over 20 years ago (Chamberlain et al., 1999; Garzione et al., 2000; Rowley et al., 2001), we now have excellent constraints on the topographic history of many of the world’s mountain belts. This work builds on the well-known relationship between δ18O and δD of meteoric water and elevation (Dansgaard, 1964), which is governed by Rayleigh distillation as airmasses and resultant precipitation pass over a mountain range. Indeed, it was recognized very early on that the isotope composition of authigenic minerals could be used to determine past elevations (Taylor, 1974; Winograd et al., 1985; Lawrence and Rashkes Meaux, 1993), before the sub-field of paleoaltimetry was established. So where are we today?

At the root of stable isotope paleoaltimetry studies are the theoretical and experimental advances that allow for a deeper understanding of isotopic records and increased number of proxies for the isotopic composition of paleo-precipitation. On the theoretical side we now have excellent Rayleigh distillation models (Rowley et al., 2001), one-dimensional isotopic vapor transport models that allow for vapor recycling (Winnick et al., 2014) as well as orographic precipitation (Kukla et al., 2019), and isotopic enabled Global Climate Models (GCMs) (Ehlers and Poulsen, 2009). Although there are many complications with these types of models, including vapor recycling (Kukla et al., 2019), changing isotopic lapse rates with temperature (Poulsen and Jeffery, 2011), and mixing of different moisture sources (Caves Rugenstein and Chamberlain, 2018), to name a few, the modern isotopic lapse rates across Earth are remarkably constant except at high latitudes (Poage and Chamberlain, 2001). Thus, many studies employ multiple approaches to reconstruct past elevation of orogens—often with similar results (c.f. Mix et al., 2011 and Feng et al., 2013). On the experimental side researchers have developed oxygen isotopic proxies for carbonate in paleosols (Quade et al., 2007) and paleolake sediments (Davis et al., 2009), fossil teeth (Kohn et al., 2002), clay minerals (Chamberlain et al., 1999), and chert (Ibarra et al., 2021). For hydrogen isotopes we have the additional proxies such as hydrated volcanic glasses (Mulch et al., 2008; Cassel et al., 2009; Hudak and Bindeman, 2018), clay minerals (Capuano, 1992; Delgado and Reyes, 1996; Mulch et al., 2006), plant leaf waxes (Hren et al., 2010) and metamorphic micas (Mulch et al., 2004).

These authigenic mineral proxies allow determination of meteoric water isotopic values if the temperature of formation and the appropriate fractionation factor are known. It is, however, also possible to determine meteoric water values using two isotopic systems and arrays of mineral isotopic compositions and extrapolating these arrays to the meteoric water line. This approach typically uses hydrogen and oxygen isotopes of hydrothermally altered minerals (see Criss and Taylor, 1983) or hydrogen and oxygen isotopes of chert from evaporative lakes (Abruzzese et al., 2005) to determine the original meteoric waters that altered or formed these minerals. The one difficulty with this approach is that it requires that both the hydrogen and oxygen isotopes behave similarly during mineral formation, mineral alteration, cooling, etc., which for hydrogen may not be the case (Graham, 1981; Graham et al., 1987). Thus, there is considerable power in leveraging isotopic systems that only use one element—such as provided by the analysis of the three isotopes of oxygen (16O, 17O, 18O).

Thus, this mini-review discusses the new proxy afforded by the use of all three isotopes of oxygen – or triple oxygen isotope paleoaltimetry. This new proxy is particularly useful for determining the paleoelevations of the crystalline cores of mountain ranges, but also can be used to back out original meteoric waters from lake sediments (Ibarra et al., 2021). Here we review the application of triple oxygen isotopes in hydrothermally altered crystalline rocks.



TERMINOLOGY AND EQUATIONS

Triple oxygen isotope studies use all three stable oxygen isotopes of oxygen (16O, 17O and 18O). The method exploits the very small deviations from mass dependent fractionations that govern most processes on Earth (Sharp et al., 2018). These deviations are caused by kinetic effects, such as occur during evaporation from water body etc. (Barkan and Luz, 2005) and temperature dependent equilibrium process during isotope exchange reactions reactions (e.g., Sharp et al., 2016). The equation describing these deviations is given by:
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In this equation [image: image] is called “Cap 17” or “17O-excess” and is the deviation from the reference slope λRL of the mass dependent line for Earth materials which is 0.528 (Miller, 2002; Pack and Herwartz, 2014; Sharp et al., 2018) and γ is the y-intercept of this line (taken as zero). [image: image] and [image: image] are the linearized forms (Miller, 2002) of standard δ-notation and is calculated by:
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For a more detailed description of these equations see Sharp et al. (2018).



PALEOALTIMETRY WITH TRIPLE OXYGEN ISOTOPES


Method and Example

The use of triple oxygen isotopes for paleoaltimetry was inspired by Herwartz et al. (2015) (see also Zakharov et al., 2017), who used triple oxygen isotopes of hydrothermally altered rocks of Proterozoic age to determine the oxygen isotope composition of meteoric waters during Snowball Earth. The approach uses arrays of δ17O and δ18O of hydrothermally altered minerals created by varying water/rock ratios to extrapolate to the triple oxygen meteoric water line (e.g., Passey and Ji, 2019). The logical extension was to apply this approach to paleoaltimetry (Chamberlain et al., 2020).

The method is similar to that used for hydrogen and oxygen isotopes of hydrothermal systems used to determine the isotopic composition of ancient meteoric waters (Taylor, 1978). Yet, the use of triple oxygen uses only one element’s isotopic system. The approach involves: 1) Targeting meteoric water hydrothermal systems that have varying degrees or water/rock interaction. This would include such samples as low 18O granites (Taylor, 1978), detachment faults of metamorphic core complexes (Mulch et al., 2004), and fault zones, or even hydrothermal veins (Sharp et al., 2005). 2) Obtaining pure mineral separates of minerals that readily exchange with fluids such as altered feldspars. 3) Collecting Δ’17O and δ18O with the precision necessary to build tight arrays in Δ’17O- δ18O space. 4) Extrapolation of a fitted line through this array, using water/rock equations for both δ17O and δ18O (Taylor, 1978), to the meteoric water line with the added and small water/rock equilibrium fractionation factor. An excellent example of this approach is given in Zakharov et al. (2019) who used triple oxygen isotopes to study fluid–rock interaction in the well-known hydrothermal systems in Iceland. Through careful analysis of minerals and fluids they were able to demonstrate how triple oxygen can be used assess the complicated processes that occur in hydrothermal systems—thereby setting the stage too apply this approach to ancient hydrothermal systems. We recently used (Chamberlain et al., 2020) this approach to determine the Eocene meteoric waters of the classic hydrothermal systems of the Idaho Batholith (Criss and Taylor, 1983).

The Cretaceous Idaho Batholith and later Eocene plutonic and volcanic rocks lies in the core of the northern Rocky Mountains with intermontane basins on both flanks (Figure 1). This area has been the subject of numerous paleoaltimetry studies of both the flanking basins and crystalline core. While most of the paleoaltimetry estimates come from clay and carbonate in paleosols and lake sediments (e.g., Kukla et al., 2021) the elevation estimates for the crystalline core rely almost exclusively on hydrogen isotopes of metamorphic (McFadden et al., 2015) and igneous micas (Criss and Taylor, 1983). The Eocene plutons created large Eocene (between 45 and 37 Ma) meteoric hydrothermal systems that exchanged with the granites resulting in low 18O minerals and rocks. As such, this represents an ideal target for triple oxygen isotope studies (Chamberlain et al., 2020), with the added benefit that these results are directly comparable to nearby hydrogen isotope paleoaltimetry studies.
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FIGURE 1. Map of the Idaho batholith and Eocene plutons and volcanics and surrounding Eocene basins. Shown are the sites sampled for paleoaltimetry analysis for the Eocene. The triple oxygen isotope study of the Eocene hydrothermal system (Chamberlain et al., 2020) is given as the dot (EHS), the Pioneer core complex (PC; from McFadden et al., 2015), and the Early Oligocene volcanic glass in Blue Mountains (EO; from Bershaw et al., 2019). Shown is the eastern margin of the Sevier fold and thrust belt (Sevier FTB).


There are two key results of our dataset from the Eocene plutons (Figure 2). First, the Δ′17O and δ′18O of hydrothermally altered feldspars form arrays that allow for extrapolation to the meteoric water line. Second, in contrast, the more resistant quartz samples are minimally altered from their original igneous values and, thus, provide no leverage on determining the composition of meteoric waters. These two results are similar to those found by Taylor (1974, 1978) that feldspar is more likely to exchange with later fluids than the more resistant quartz. Yet, with the addition of 17O we have the leverage to determine the isotopic composition of the fluid using oxygen isotope values alone.
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FIGURE 2. The δ’18O–Δ’17O alteration relationship (black line) of feldspar (modified from Chamberlain et al., 2020). The meteoric water line is from Passey and Ji (2019).


Based on this analysis the δ18O of the Eocene meteoric waters is relatively low (−12 ± 1‰) indicating high Eocene elevations (Chamberlain et al., 2020). But, how does this result compare to the results using hydrogen isotope analyses?



Hydrogen Exchange Problems

One key advantage of the triple oxygen isotope method for paleoaltimetry is that this approach only relies on one isotopic system (O) and is independent of hydrogen that may exchange later with the environment. To test this idea, we (Chamberlain et al., 2020) analyzed the hydrogen isotopes of coexisting biotite in these samples and arrive at a δ18O = −15.3 ± 1.12‰, which is 3‰ lower than the results from triple oxygen isotope analysis of the same rocks and similar to the value derived by Criss and Taylor (1983). This difference strongly suggests that the biotites we have measured have undergone later hydrogen exchange. The concept of hydrogen exchange after mineral formation was the subject of numerous studies over 40 years ago and was demonstrated to occur in many hydrous minerals including micas (O’Neil and Kharaka, 1976; Graham, 1981; Graham et al., 1987). Moreover, Graham (1981) showed that hydrogen continued to exchange with ambient fluids while cooling to temperatures between 300 and 100°C. Further, O’Neil and Kharaka (1976) suggested that hydrogen exchange is independent of oxygen exchange and may be occurring by proton diffusion rather than by OH– groups or H2O molecules. Our work on triple oxygen confirms this conclusion.

This result indicates that paleoaltimetry estimates based on hydrogen isotopes may be inaccurate. For example, using the Eocene lapse rate of Rowley et al. (2001) (approximately 2.8‰/km but changes with elevation becoming shallower at high elevations) the calculated elevation from the triple oxygen isotope data is 3.11 km +0.31/−3.8 (1σ). In contrast, the dD versus δ18O of biotite gives higher elevations of 4.46 km +0.60/−3.6 (1σ). The lower elevations given by triple oxygen isotope analysis are also inconsistent with other elevation estimates based on hydrogen isotope measurements made on nearby metamorphic core complexes. McFadden et al. (2015) used hydrogen isotopes of micas from the detachment zone of the 38 to 37 Ma core complex to the west of the area studied by Chamberlain et al. (2020) and determined a δ18O of −16‰ for the meteoric water, which gives a higher elevation of 4.74 km +0.64/−0.49. In addition, hydrogen isotope measurements of volcanic glasses just west of the study area give earliest Oligocene (32.7 Ma) meteoric water equivalent δ18O values of −17‰ (Bershaw et al., 2019). These authors argue that the low δ18O waters reflect a high elevation proto-Cascades in Oregon. Since the Cascade mountains intercept airmasses upstream of the study area of Chamberlain et al. (2020), it is difficult to reconcile these lower values of meteoric waters. There are three options. Either there was a major uplift event of the Cascades between the latest Eocene (37 Ma – this study) or the earliest Oligocene or the area where these glasses was sampled was higher (the Blue Mountains) than the Idaho Batholith, or these glasses have undergone later hydrogen exchange. However, no uplift event is observed in basins immediately east of the Cascades during this time period (Kukla et al., 2021) nor is there any other evidence that the Blue Mountains were that high. Indeed, the bulk of the uplift of the Cascades occurred in the Miocene as demonstrated by stable isotopic studies (Kohn et al., 2002; Takeuchi and Larson, 2005; Takeuchi et al., 2010).

Thus, we conclude that hydrogen isotope exchange most likely occurred in the Oligocene glasses analyzed by Bershaw et al. (2019). That hydrogen exchange does occur is clearly demonstrated in the experiments of Nolan and Bindeman (2013). They showed that rapid exchange of hydrogen occurs even at relatively low temperature while the oxygen of the glasses remains unchanged. There are experiments that suggest that treatment with hydrofluoric acid could remove the exchanged hydrogen (Cassel and Breecker, 2017), but this requires that their remains some pristine hydrogen in the volcanic glass. Additional evidence for hydrogen exchange in volcanic glass is also indicated in other studies. For example, triple oxygen isotope studies of Eocene chert in Nevada also give lower δ18O values than those determined by hydrogen isotope results of volcanic glasses (Ibarra et al., 2021). We suggest that the combined study of triple oxygen and hydrogen isotopes of multiple proxies could resolve this issue.



IMPLICATIONS AND FUTURE DIRECTIONS

There are a number of advantages to using triple oxygen isotopes for paleoaltimetry studies. First, the use of triple oxygen isotope paleoaltimetry allows the estimation of elevations of the crystalline cores of mountain belts. By targeting hydrothermal meteoric water hydrothermal systems, it is possible to determine elevations using oxygen isotopes alone. It is well known that meteoric waters penetrate deeply into the crust during orogenesis even in the absence of igneous activity (Templeton et al., 1998). Thus, this approach could be applied to hydrothermal quartz veins, fault zones, as well as low 18O granites.

Second, as discussed above, triple oxygen isotopes can be used to test the reliability of hydrogen isotope results. This is particularly important because hydrogen isotope analyses are easier to collect and are more readily available than triple oxygen isotope analyses and each triple oxygen isotope analysis requires long count times (1.5–2 h) necessary to obtain the counting statistics for the needed level of precision.

Third, although not the subject of this paper, triple oxygen isotopes on carbonates and chert (Ibarra et al., 2021) from paleolakes and clays and carbonates from paleosols can be used to test for evaporative effects and diagenesis. Evaporation of lake and soil water will increase the δ18O of the remaining water, thus obscuring paleoelevation estimates (e.g. Davis et al., 2009). These evaporative effects can be used in conjunction with well calibrated triple oxygen isotope systems such as silica- water (Sharp et al., 2016) and carbonate-water (Wostbrock et al., 2020) to retrieve the original meteoric water compositions. Moreover, it should also be possible to use triple oxygen to test for diagenesis as is frequently done using clumped isotopes (e.g., Methner et al., 2016).
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