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Using radium isotopes to characterize water ages and coastal mixing rates: A sensitivity analysis Karen L. Knee1*, Ester Garcia-Solsona2,3, Jordi Garcia-Orellana3, Alexandria B. Boehm4, and Adina Paytan5 1
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Abstract Numerous studies have used naturally occurring Ra isotopes (223Ra, 224Ra, 226Ra, and 228Ra, with half-lives of 11.4 d, 3.7 d, 1600 y, and 5.8 y, respectively) to quantify water mass ages, coastal ocean mixing rates, and submarine groundwater discharge (SGD). Using Monte Carlo models, this study investigated how uncertainties in Ra isotope activities and the derived activity ratios (AR) arising from analytical uncertainty and natural variability affect the uncertainty associated with Ra-derived water ages and eddy diffusion coefficients, both of which can be used to calculate SGD. Analytical uncertainties associated with 224Ra, 226Ra, and 228Ra activities were reported in most published studies to be less than 10% of sample activity; those reported for 223Ra ranged from 7% to 40%. Relative uncertainty related to natural variability—estimated from the variability in 223Ra and 224Ra activities of replicate field samples—ranged from 15% to 50% and was similar for 223Ra activity, 224Ra activity, and the 224 Ra/223Ra AR. Our analysis revealed that AR-based water ages shorter than 3-5 d often have relative uncertainties greater than 100%, potentially limiting their utility. Uncertainties in eddy diffusion coefficients estimated based on cross-shore gradients in short-lived Ra isotope activity were greater when fewer points were used to determine the linear trend, when the coefficient of determination (R2) was low, and when 224Ra, rather than 223Ra, was used. By exploring the uncertainties associated with Ra-derived water ages and eddy diffusion coefficients, this study will enable researchers to apply these methods more effectively and to reduce uncertainty.



Li and Chan 1979; Hancock and Murray 1996; Moore 1997). Over the past decade, several different Ra-based mass balance methods have been used to quantify submarine groundwater discharge (SGD), in some cases incorporating the calculation of a Ra-based water age (Moore 2000a; Moore et al. 2006) or horizontal eddy diffusion coefficient (Moore 2000b). Ra-based methods of calculating water ages and eddy diffusion coefficients have been used to infer coastal residence times and mixing rates and then derive SGD fluxes in published studies of coastal waters in the continental United States (e.g., Charette et al. 2001; Dulaiova et al. 2006; Boehm et al. 2006), Hawai`i (Paytan et al. 2006; Street et al. 2008; Knee et al. 2008), Europe (Garcia-Solsona 2008a, 2010a,b; Rapaglia et al. 2010), Brazil (Windom et al. 2006; Moore and de Oliveira 2008), South Korea (Kim et al. 2005), Israel (Shellenbarger et al. 2006; Weinstein et al. 2006), and other locations worldwide. Water mass ages can be calculated based on Ra activity ratios (AR) in two distinct ways, depending on whether Ra inputs from SGD are localized at the shoreline (Eq. 1; Moore 2000a) or occur over the entire study area, such as in a well-



Radium (Ra) is present at elevated concentrations in brackish to saline coastal groundwater (e.g., Charette et al. 2001; Crotwell and Moore 2003; Kim et al. 2008) and in locations where sediments come into contact with brackish to saline water, such as river estuaries with a high sediment load (e.g.,
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mixed estuary (Eq. 2; Moore et al. 2006). Water age (T), or the amount of time that has elapsed since Ra became disconnected from its source (aquifer substrate) and entered the coastal ocean, can be calculated as: T=



ln( ARco ) − ln( ARgw )



lS − l L



(Burnett et al. 2008). Although the uncertainty associated with an AR is generally higher than that associated with the activity of a single isotope (Taylor 1997), this method is advantageous when only the AR, but not the individual activities, are measured—for example, when a large but unknown volume of water is sampled for Ra by towing a bag of Ra-collecting fibers behind a boat (W.C. Burnett pers. comm.). Determining Kh values from Ra isotope activity gradients assumes a point or shore-parallel line source of Ra located near the shoreline and negligible advection (e.g., from sea or tide currents). This set of assumptions is distinct from those associated with AR-based methods of calculating water mass ages (Eqs. 1 and 2). For example, water age could be calculated using Eq. 2 in a bay where groundwater discharges from a large submarine area and not just from the shoreline, whereas the eddy diffusion method could not be used. Uncertainties in the determination of water ages and eddy diffusion coefficients are important because they affect the uncertainties associated with SGD fluxes calculated based on them, as well as those associated with inputs of nutrients or other pollutants based on those SGD fluxes. For example, assuming that discharging groundwater is the only source of Ra to a bay, SGD into the bay can be estimated as:



(1)



where ARco and ARgw are the ratio of the shorter-lived Ra isotope activity to the longer-lived Ra isotope activity in the two end-members of the mixing model (coastal ocean water and discharging groundwater, respectively) and lS and lL are the decay constants (d–1) of the shorter- and longer-lived isotopes, respectively (Moore 2000a). For a well-mixed estuary, ARs can be used to estimate T as follows (Moore et al. 2006): T=



ARgw − ARco ARco × l S



(2)



Both Eqs. 1 and 2 assume that Ra activities and the ARs of shorter- to longer-lived isotopes are highest in the Ra source (groundwater or Ra-bearing sediments), and that these activities and ARs are elevated in coastal receiving waters relative to offshore waters as a result of submarine groundwater discharge (SGD) or desorption of Ra from sediments. Both equations assume that Ra entering the water has a uniform AR and that the receiving water parcel also has a uniform AR. The difference between these two methods is that Eq. 1 assumes that Ra is only added to coastal water at the shoreline, whereas Eq. 2 assumes that Ra additions occur continuously over a wider area, such as would occur in a marsh, estuary, or bay with multiple springs (Moore et al. 2006). Previous work (Hougham and Moran 2007) has shown that Eq. 1 can underestimate the average age of a water mass composed of a mixture of waters with different ages. Additionally, it is important to note that water age and water residence time are different ways of quantifying mixing within a water body, and when both are calculated for a water body, they may not yield the same results (Moore et al. 2006). Water age is the amount of time that has passed since a parcel of water entered the water body, whereas residence time is the time that it takes for a parcel of water to leave the water body through its outlet to the sea (Monsen et al. 2002; Moore et al. 2006). Cross-shore gradients in short-lived Ra isotope activity can also be used to estimate the horizontal eddy diffusion coefficient (Kh; km2d–1), a measure of coastal mixing (Moore 2000b) that can be used to derive SGD. The ‘eddy diffusion method’ (Moore 2000b) is based upon the observation that, mathematically, the shoreline can behave like a diffusive source of Ra to the coastal ocean. The combined effects of dispersion and radioactive decay along a shore-perpendicular transect result in a log-linear decrease in the activity of short-lived Ra isotopes (223Ra or 224Ra) with distance from shore, and the change in activity with distance from shore can be used to determine Kh. Similarly, the gradient in the natural log of the 224Ra/223Ra AR with distance from shore can also be used to calculate Kh



SGD =



( Rabay − Raos ) Vbay × Ragw Tbay



(3)



where Rabay, Raos, and Ragw are the Ra activities in bay water, offshore seawater, and discharging groundwater, respectively; Vbay is the volume of the bay; and Tbay is the average time that water has spent within the bay (i.e., the water age). Simple mass balance approaches of this type have been incorporated in a number of studies (e.g., Swarzenski et al. 2007; Knee et al. 2008; Lee et al. 2009). If Tbay was 3 ± 1 d and all other terms were assumed to have negligible uncertainties, the SGD for Tbay = 2 d would be 50% greater than that for Tbay = 3 d, and the SGD for Tbay = 4 d would be 25% less. Various studies (e.g., Moore et al. 2006; Hougham and Moran 2007) have reported water age uncertainties of this magnitude. While uncertainties of 50% or greater would not invalidate estimated SGD fluxes, they would certainly affect the interpretation of results based on such calculations. Uncertainties associated with Ra-based water mass ages and eddy diffusion coefficients stem from 1) analytical uncertainty, 2) natural variability, by which we mean the variability in Ra activity that a researcher would encounter when collecting replicate samples at the same location under similar conditions, and 3) uncertainty about how well the assumptions of the Ra-based method are being met. To explore the first source of uncertainty, Garcia-Solsona et al. (2008b) presented a series of calculations enabling the determination of uncertainties associated with the analysis of short-lived Ra isotope activity on a Radium Delayed Coincidence Counter (RaDeCC), accounting for the effects of sample activity, sample volume, and the time elapsed between sampling and analysis. 381
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In contrast to 223Ra and 224Ra, 226Ra and 228Ra activities are typically measured by γ-ray spectroscopy following leaching of the manganese-coated Ra sampling fibers with HCl in a Soxhlet extraction apparatus and co-precipitation with BaSO4 (e.g., Moore 1984; 2000b), or after ashing or compressing the fiber (e.g., Beck et al. 2007; Garcia-Solsona et al. 2010a). Analytical uncertainties associated with these methods have been estimated based on replicate measurements of the same sample or standard (Moore 2000b, Rapaglia et al. 2010) and on counting statistics and uncertainty propagation (Dulaiova and Burnett 2008; Loveless et al. 2008; Peterson et al. 2008). Reported analytical uncertainties in 226Ra and 228Ra activities generally range from 7% to 10% of sample activity (e.g., Moore 2000b; Charette et al. 2001; Peterson et al. 2008), but can be over 40% in some cases (e.g., Swarzenski et al. 2006). Assuming that the analytical uncertainties in short- and long-lived Ra isotope activity are normally distributed and independent of each other, the analytical uncertainty in AR can be calculated as the quadratic sum of the relative analytical uncertainties for each isotope (i.e., Taylor 1997; Garcia-Solsona et al. 2008b): 2



This definition does not include variables that can, in principle, be measured in the field and controlled for, such as location within the coastal volume, distance from shore (e.g., Moore 2000b; Charette et al. 2001; Street et al. 2008), depth within the water column (Rasmussen 2003; Peterson et al. 2009), weather conditions, tides (Abraham et al. 2003; Charette 2007; Garcia-Orellana et al. 2010), or the strength and direction of waves and currents (Colbert and Hammond 2007). To characterize natural variability within replicate groups of samples collected at the same station under similar conditions, we re-analyzed data collected by our research groups (Boehm et al. 2004; Knee et al. 2008, 2010), using data from replicate samples to assess the variability in their Ra activity. Replicate samples were collected during the same week- to month-long sampling period but not necessarily on the same date. In data from Huntington Beach, CA collected in summer 2003 (Boehm et al. 2004), 4 groups (12 ≤ n ≤ 16) of coastal ocean samples, each collected from a single station during the same part of the tidal cycle (neap-high, neap-low, spring-high, and spring-low) over a one-month period, had standard deviations of 31% to 50% of the mean 223Ra activity, 17% to 47% of the mean 224Ra activity, and 33% to 49% of the mean 224Ra/223Ra AR. Data from Hawai`i (Knee et al. 2008, 2010) collected during six sampling trips over the course of 5 years contained 19 duplicate pairs of groundwater samples and 40 duplicate pairs of coastal ocean samples, with each pair collected during the same one- to three-week sampling trip at the same station, water depth, and point in the tidal cycle. Pairs that differed in salinity by more than 1 were removed from analysis. The relative difference between duplicates in each pair was calculated as the absolute value of the difference between duplicates divided by their mean value. For groundwater pairs, the median relative difference was 25% for 223Ra, 27% for 224Ra, and 23% for the 224Ra/223Ra AR. For coastal ocean pairs, the median relative differences in 223Ra, 224 Ra, and AR were 37%, 20%, and 32%, respectively. For a given group of replicates, the variability of AR was sometimes less than that of 223Ra and/or 224Ra activity, probably as a result of the dilution of high-Ra groundwater with different amounts of low-Ra seawater, which would cause variability in isotope activity but not in AR. While data from these two areas (Southern California and Hawai`i) may not be representative of all locations, they suggest that uncertainties associated with natural variability are generally on the order of 15% to 50% for 223Ra activity, 224Ra activity, and 224Ra/223Ra AR. High spatial resolution sampling of coastal brackish groundwater near a Rhode Island salt pond (Swearman et al. 2006) revealed that activities of 223Ra, 224Ra, 226Ra, and 228Ra can vary by more than an order of magnitude over less than half a meter change in depth. Salinity varied much less over the same depth transect, from 24 to 29. Other variables such as redox conditions, temperature, and the abundance of Mn or Fe oxides in the aquifer substrate, which might explain variability in Ra, were not reported. The variability in AR was also high; for example, at one site the 224Ra/223Ra AR changed from



2



⎛ dRaL ⎞ ⎛ dRaS ⎞ dAR (4) = ⎜ ⎟ +⎜ ⎟ AR ⎝ RaL ⎠ ⎝ RaS ⎠ where RaL, RaS, and AR are long-lived Ra isotope activity, shortlived Ra isotope activity and the ratio of short- to long-lived Ra isotope activity, respectively, and dRaL, dRaS, and dAR are the absolute uncertainties associated with these respective quantities. The minimum possible analytical uncertainties using the RaDeCC system for determining the Ra activities are 7% and 4% for 223Ra and 224Ra, respectively (Garcia-Solsona et al. 2008b), which would result in an 8% analytical uncertainty in AR. In practice, relative analytical uncertainties in the Ra isotope activities of field samples are usually higher than this minimum, on the order of 5% to 40% (Hwang et al. 2005; Garcia-Solsona et al. 2008b; Peterson et al. 2008). The higher ranges of analytical uncertainty (30% to 40%; e.g., Hougham and Moran 2007; Knee et al. 2008; Peterson et al. 2008) are usually associated with 223Ra and attributed to its low activity. When one term in an equation has a much higher uncertainty than the others, the uncertainty in the equation’s result is most influenced by the high-uncertainty term (Taylor 1997). Thus, the analytical uncertainty in AR for samples with low activity of one Ra isotope (usually 223Ra) can be 40% or higher. The second source of uncertainty is natural variability, by which we mean the random variability within a group of replicate samples collected at the same sampling point under similar field conditions. This definition of natural variability refers to the uncertainty that arises from small-scale spatial and temporal heterogeneity or minor differences in sampling procedure that are impossible to control for with current methods. In most studies, including those described in the following paragraph, such samples are regarded as replicates, and the variability among them is regarded as stochastic variability. 382
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considered a coastal ocean volume (such as a bay or a surf zone) with a single groundwater source discharging into it at the shoreline. Three different ARs were considered: 224Ra/223Ra, 224 Ra/228Ra, and 223Ra/228Ra. We did not include any ARs involving 226Ra because the activity of this isotope can be significant in offshore waters (Moore 2000b; Godoy et al. 2006; Street et al. 2008) and would thus affect the AR gradient. Additionally, ARs including 226Ra are not often used in water age calculations. Offshore 228Ra activity at some sites can also be high enough to affect the 224Ra/228Ra AR in coastal waters (GarciaSolsona et al. 2010b), but since many published studies (e.g., Moore et al. 2006; Beck et al. 2007; Rapaglia et al. 2010) use ARs involving 228Ra, we chose to include these ARs in our analysis. Significant offshore 228Ra activity would fall under the third category of uncertainty—that associated with a violation of model assumptions—and is thus not considered in the present sensitivity analysis. We assumed that groundwater ARs (224Ra/223Ra, 224Ra/228Ra, and 223Ra/228Ra) were normally distributed with mean μgw and standard deviation σgw. The value of μgw was assumed to be 19.3 for the 224Ra/223Ra AR, 1.37 for the 224Ra/228Ra AR, and 0.07 for the 223Ra/228Ra AR. These were the values reported for groundwater discharging into the Okatee Estuary, South Carolina (Moore et al. 2006); actual groundwater ARs vary with geographic location depending on bedrock, recharge rates, and other considerations. The assumed μgw values listed above were selected arbitrarily because the results of the analysis do not depend on the groundwater AR value. We assumed that the AR of water at a given coastal ocean sampling point was normally distributed with mean μco and standard deviation σco. The value for μco was derived from μgw using Eq. 5 (Moore 2000a):



4.0 to 1.1 with a 40 cm increase in depth and a salinity increase of 0.4. It is generally not possible to determine the exact relative contributions of groundwater originating from slightly different depths within an aquifer to the total SGD at a given location. Thus, these results indicate that the uncertainty associated with natural variability in the Ra isotope activities and ARs of the discharging groundwater end-member could, at times, be 100% or even higher—considerably greater than the uncertainty due to counting error. The smallscale variability in groundwater Ra activity and AR likely depends on the hydrogeologic setting. Further study is needed to characterize the natural variability of groundwater Ra isotope activities in the various types of aquifers where SGD occurs and assess whether they are similar to that in Rhode Island salt ponds (Swearman et al. 2006). The third source of uncertainty is related to how well field sampling and conditions satisfy the assumptions and data requirements of the Ra model. For example, if multiple groundwater sources with different ARs were discharging into the same water body, the Ra age calculated based on one of the groundwater ARs—or even the average of the multiple ARs (Hougham and Moran 2007)—would be incorrect because the model requires a single Ra source with a uniform AR. The resulting uncertainties would not be random, and we do not deal with them in the analysis presented here. Ra fluxes and the uncertainties associated with them could still be calculated in a system with multiple Ra sources if sources and flushing rates were quantified independently (Moore et al. 2006). A number of studies (e.g., Moore et al. 2006; Swearman et al. 2006; Hougham and Moran 2007) have noted that uncertainty related to natural variability in AR, especially the AR in the groundwater source, can introduce significant uncertainty into the calculated Ra age. Moore et al. (2006) estimated that a 10% uncertainty in groundwater AR was associated with a 1d uncertainty in Ra age. Hougham and Moran (2007) reported Ra age uncertainties of 1-3 days, or 10% to 50% of the age estimates, for Rhode Island salt ponds. In the present study, we investigate how uncertainties in Ra activities and activity ratios arising from analytical uncertainty and natural variability relate to and are impacted by other variables associated with Ra sampling and Ra-based mixing calculations. Specifically, we (1) explore how uncertainties in AR affect the uncertainty in calculated water mass age; (2) investigate how uncertainty in Ra isotope activity and the number of samples collected affect the uncertainty in the eddy diffusion constant, Kh, estimated using the eddy diffusion method; and (3) provide guidelines and practical suggestions for the use of the AR and eddy diffusion methods, focusing on how to reduce uncertainty.



μ co = μ gw ×



e − lS T e − lL T



(5)



where lS (d–1) is the decay constant of the shorter-lived isotope, lL (d–1) is the decay constant of the longer-lived isotope, and T (d) is the length of time since Ra entered the coastal ocean via SGD. Ranges of discrete values of T, from minima of 1 h for the 224Ra/223Ra and 224Ra/228Ra ARs and of 1 d for the 223 Ra/228Ra AR to maxima of approximately six half-lives of the shorter-lived isotope (21 d for the 224Ra/223Ra and 224Ra/228Ra ARs; 60 d for the 223Ra/228Ra AR) were considered. These value ranges were chosen because they are representative of coastal water ages reported in the literature (e.g., Moore 2000a; Hougham and Moran 2007; Peterson et al. 2008). An issue not explicitly addressed by this analysis is that as water age increases, the activities of short-lived isotopes decrease due to radioactive decay, and the relative uncertainties resulting from counting error begin to increase. After a certain point, which depends on the initial groundwater Ra activity, the sample volume collected, the amount of dilution and the time elapsed between sampling and counting, the Ra activities become too low to measure accurately because they



Procedures Using AR to estimate water mass age (Eq. 1; Moore 2000a) To assess the sensitivity of the AR-based method of estimating water mass age described by Moore (2000a; Eq. 1), we 383
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are similar to the background. Thus, water ages longer than 21 d (for the 224Ra/223Ra and 224Ra/228Ra ARs) and 60 d (for the 223 Ra/228Ra AR) were not considered because after 6 half lives over 98% of the original short-lived Ra isotope would have decayed and the activity would likely have fallen below the analytical detection limit. Apart from limiting the water ages we considered to 

 Lihat lebih banyak...



Comentários



























Relatórios "Using Radium Isotopes to Characterize Coastal Mixing Processes: A Sensitivity Analysis "






Por favor, preencha este formulário, tentaremos o mais rápido possível.


Teu nome




Correio eletrônico




Razão
-Escolha um motivo-
Pornografia
Difamação
Ilegal / Haram
Spam
Outros termos de serviço
Arquivar uma reclamação de direitos autorais





Descrição do Produto








Fechar
Enviar














Download "Using Radium Isotopes to Characterize Coastal Mixing Processes: A Sensitivity Analysis "





Somos uma comunidade de intercâmbio. Por favor, ajude-nos com a subida  1  um novo documento ou um que queremos baixar:



ARQUIVO DO DOCUMENTO DE ATUALIZAÇÃO


OU DOWNLOAD IMEDIATAMENTE













Fechar













Compartilhar e Incorporar "Using Radium Isotopes to Characterize Coastal Mixing Processes: A Sensitivity Analysis "





Copie e cole esse script de incorporação para o local onde deseja incorporar



Incluir Script




Tamanho(px)
750x600
750x500
600x500
600x400





URL










Fechar











 
 
 



Sobre nós | 
Termos | 
Privacidade | 
Direito autoral | 
Contato










Copyright © 2017 DADOSPDF Inc.






