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Abstract 

 
STABLE ISOTOPE COMPOSITIONS OF SURFACE WATER ACROSS 

CENTRAL MEXICO 

 

Jordan M. Foote, MS 

 

The University of Texas at Arlington, 2020 

 

Supervising Professor: Majie Fan 

Understanding the controlling factors of modern surface water 

stable isotope compositions is important for reconstructions of 

paleoclimate and paleoelevation. Few studies have attempted to 

understand patterns of surface water isotope compositions and their 

controlling factors in Mexico. Here I study the δ18O, δD and d-excess 

values of 124 modern river, lake and spring water samples across the 

Sierra Madre Occidental, Central Mexican Plateau and Sierra Madre 

Oriental to constrain the spatial pattern and lapse rate. These samples 

were collected at various elevations after the wet season in 2019. The 

isotope data were integrated with moisture back trajectory analysis and 

climatic and geographic data to understand the controlling factors of the 

pattern and rate. The moistures were predominantly from oceans along 
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the coasts and continental recycled moisture accounts for ~17% of the 

total in arid Central Mexican Plateau. The isotope compositions decrease 

generally from coastal regions to the mountains, and the lake water 

isotope data display the largest variations, particularly in the arid highland 

in the continental interior, because of evaporation. The δ18O isotope lapse 

rates are small, -0.9‰/km for rivers and -1.4‰/km for springs in the Sierra 

Madre Occidental because of the catchment effect on both water types 

and evaporation of river water in the lowland. The local meteoric water 

lines of different water types are between 4.9 and 5.6, lower than that of 

the Global Meteoric Water Line, suggesting the influence of evaporation. A 

comparison of my surface water isotope data with previously published 

groundwater and precipitation isotope data suggests that the groundwater 

and our surface water all sourced from precipitation, and the groundwater 

experienced some degree of evaporation. The new understanding has 

implications for reconstructions of regional paleoelevation.  
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Chapter 1 

Introduction 

Understanding of the controlling factors on modern surface water 

isotope compositions can be applied to the ancient surface water stable 

isotope compositions derived from rock records to reconstruct paleoclimate 

and paleoelevation (e.g., Garzione, 2000; Bershaw et al., 2016; Zhu et al., 

2018; Bershaw and Lechler, 2019). Stable hydrogen and oxygen isotope 

compositions of surface water record regional climatic and geographic 

parameters (e.g., Gat, 1996; Rowley and Garzione, 2007; Sharp, 2007; Zhu 

et al., 2018). In particular, their lapse rates and seasonal changes are 

governed by vapor condensation temperature that is related to elevation 

and latitude, vapor sources (i.e. amount of recycled continental moisture), 

and local climate parameters of relative humidity and precipitation amount 

(e.g., Gupta et al., 2005; Bershaw et al., 2012; Li and Garzione, 2017; Zhu 

et al., 2018; Bershaw and Lechler, 2019). 

The D and 18O values of precipitation are generally controlled by 

temperature and vapor source isotopic composition and influenced by 

evaporation. The Global Meteoric Water Line (GMWL) is a regression of 

global meteoric water isotope compositions and has a slope of 8. The slope 

of any local water line can be lower than 8 due to evaporation. The smaller 

the slope, the greater the evaporation the water experienced. Deuterium 
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excess (d-excess), defined as D-8*18O, of precipitation is controlled by 

kinetic effects related to evaporation of the vapor source and moisture 

recycling at the place of condensation (e.g., Craig, 1961; Dansgaard, 1964; 

Poage and Chamberlain, 2001; Sharp, 2007; Hoefs, 2018). D-excess 

values increase in correlation with a greater moisture deficit of the ocean air 

masses and precipitation derived from recycled moisture, and re-

evaporated moisture typically has a d-excess value greater than 10 (Gat 

and Airey, 2006). On a global scale, there is a strong seasonal effect on 

relative humidity and thus d-excess values, as d-excess is lower during 

summer and fall in Mexico during the rainy season because of greater 

precipitation and less evaporation (Sharp, 2007). Therefore, d-excess 

values and slope of the local precipitation can be used to understand the 

source of moisture and the major controlling factors of the stable isotope 

values. 

Other forms of surface water, including groundwater, river water, 

spring and lake water, can be recharged by precipitation. These types of 

water are mostly mixtures of multiple precipitation events that typically have 

very large variations of isotope values, thus are good approximations of 

mean annual or seasonal precipitation in their catchments and can be used 

to study the controlling factors of the stable isotope values of precipitation 

as sampling mean annual or mean seasonal average precipitation is difficult 
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(e.g., Li and Garzione, 2017; Zhu et al., 2018). However, complexity exists 

in different water types. Lowland rivers and lakes are recharged by highland 

precipitation as surface or subsurface runoff, as well as by direct 

precipitation on the lowlands. These water types can be also influenced by 

evaporation if the local climate is dry and the water is exposed for 

evaporation for long enough time (Sharp, 2007). Intense evaporation 

increases water δ18O and δD values but reduces d-excess values of 

residual water in arid and semi-arid regions (Gat and Airey, 2006). 

Variations in moisture sources within different segments of a stream should 

also affect its isotope pattern, if the river is long and crosses different 

moisture and climatic regimes. Highland water recharge reduces the 

lowland river δ18O and δD values by dilution of the heavy isotopes. 

Temperature difference and vapor travel distance from the water source 

may control the δ18O and δD values of precipitation, and therefore 

influences the overall regional pattern of river water stable isotope values 

(Sharp, 2007; Zhu et al., 2018). 

Mexico is an arid region with multiple moisture sources and large 

topographic variations. There are only two stations in the Global Network of 

Isotopes in Precipitation (GNIP; IAEA, 2019) in Mexico, one in Veracruz and 

the other in Chihuahua with a distance of almost 1500 km between the two 

stations (Fig. 1). A previous study examined oxygen and hydrogen isotopes 
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in 234 shallow groundwater samples across Mexico and suggested that 

shallow groundwater in Mexico was mainly recharged by precipitation 

through infiltration, and the groundwater isotope values preferentially record 

summer precipitation isotope values because of abundant monsoonal 

precipitation (Wassenaar et al., 2009). This study also suggested that the 

semi-arid, central Mexican Plateau region is a low d-excess zone because 

of sub-cloud evaporation, and that continental recycling appears to only 

affect the eastern, low coastal region. However, the comparison of 

groundwater and precipitation isotope data in Wassenaar et al. (2009) is 

weakened by the insufficient spatial coverage of surface water stable 

isotope data. Understanding of controlling factors of surface water isotope 

values requires sampling different types of surface waters with good spatial 

coverage. 

Here I study stable isotope compositions of 124 modern surface 

water, including river, lake and spring water along a W-E transect across 

different geographic domains in central Mexico in order to understand the 

spatial distribution of the isotope data and the controlling factors. This is the 

first comprehensive study of surface water stable isotope composition in 

Mexico.  
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Chapter 2 

Geographic and Climatic Settings 

Mexico’s regional geography includes an internal, arid plateau 

region, the Mexico Plateau, bordered by two mountain regions, including 

the Sierra Madre Occidental mountains along the Pacific coast, and the 

less extensive Sierra Madre Oriental mountains near the Gulf of Mexico 

(Fig. 1). Across a W-E transect in the study area (Fig. 2), the elevation 

increases from sea level in the west coast to a mean of ~2400 m in the 

Sierra Madre Occidental, decreases slightly to a mean of ~2000 m in the 

Mexico Plateau, and rises to a mean of ~2300 m in Sierra Madre Oriental 

before it drops to low level in the east coast (Fig. 2) The Sierra Madre 

Occidental range is the largest continuous volcanic chain in the North 

American region (McDowell, 2007) spanning over an area of 300,000 km². 

The range extends in a northwest-southeast trend, creating a drainage 

divide between the Pacific coastal region and the arid interior plateau. The 

climate adjacent to the Gulf of California and the Pacific Ocean is tropical 

to subtropical and adjacent to the Gulf of Mexico is tropical, whereas the 

interior of the continent is characterized by the Mexican Plateau desert 

province and is categorically arid (Morrone et al., 2002).  

The Gulf of Mexico is the primary source of moisture to the east of 

the Sierra Madre Occidental and eastern Mexico (Fawcett et al., 2002). 
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Moisture to the west of the range is from the Gulf of California and greater 

Pacific Ocean (Stensrud et al., 1995; Schmitz and Mullen, 1996; Fawcett 

et al., 2002). Extreme wind convection over the western side of the range 

results in heavy rainfall from mid-morning until late afternoon, as far south 

as the lower Sinaloa region, up to northern Sonora (Barlow et al., 1998). 

The winds are weaker on the eastern side of the range, and therefore the 

low-level moisture transport is lessened. Seasonal variation of vapor 

source in northern Mexico is governed by the North America Monsoon 

(Barlow et al., 1998). The northern regions of Mexico are the most studied 

in terms of monsoon characteristics. The monsoon is characterized by 

heavy precipitation in Mexico during summer-early fall, brought by moist 

air from the Gulf of Mexico and the Caribbean due to the change in winds 

from westerly to easterly at the beginning of the monsoon (Bryson and 

Lowry 1955; Sellers and Hill, 1974). The monsoon mainly reaches the 

western slope of the high Sierra Madre Occidental and travels northward. 

During July–September, northwestern Mexico obtains about 70% of its 

total yearly rainfall from the North American Monsoon (Douglas et al., 

1992). The majority of the rainfall in the southern region occurs during 

September and October. The source of moisture for summer precipitation 

is uncertain in the southwestern regions because the regions experience a 
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strong diurnal cycle and have rapid variations of topography that limit the 

accuracy of the moisture transport calculations (Barlow et al., 1997).  

The rest of Mexico obtains its rainfall from the Mexican monsoon. 

The Mexican monsoon is an extension of the North American monsoon, 

where most of the annual rainfall occurs during a short period of two to four 

months during summer and fall. There is little agreement on the source of 

moisture for the Mexican monsoon as well as the thermodynamic and 

topographic importance in the generation of the monsoon (Barlow et al., 

Figure 1: Map showing the study area (black box), our sampling sites 
(red, blue and purple dots classified by water type) and the locations of 
the two GNIP stations in Mexico. Each color arrow represents a different 
vapor source (Dark blue is for Pacific Ocean, red is for continent US and 
light blue is for Gulf of Mexico). Elevation variations across central 
Mexico along the three lines are shown in Figure 2.  
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1997). This monsoon’s influential factors appear to be correlative to those 

that affect the major North American monsoon, including deep heating in 

the monsoonal air trajectory pattern, the elevated heating of the proximal 

mountains and plateau, and orographic forcing due to seasonal shift 

(Barlow et al., 1997).   

 

  
Figure 2: Elevation variations and surface water 

18O values within the study region, from west 
coast to east coast. The two gray and one black 
line show the elevation variations along the three 
lines in Figure 1.  
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Chapter 3 

Methodology 
 

 

A total of 124 water samples were collected in October and 

November 2019, right after the monsoon season. Locations, elevations, 

sampling date and water types are listed in Appendix A. Samples were 

collected along two transects crossing the Sierra Madre Occidental range 

(Fig. 1). Samples along the northern transect were obtained near or along 

Interstate 40 between Durango and Mazatlán and along HWY 15D between 

Mazatlán and Santiago Ixcuintla. The southern transect was sampled along 

HWY 44 between the west coast and Fresnillo and along HWY 49 between 

Fresnillo and Juan Aldama. Samples were also collected between Durango 

and Cuidad Victoria, crossing the Sierra Madre Oriental mountains. These 

east-west trending highways cross the mountain ranges, allowing access at 

multiple altitudes. We sampled both large and small surficial flowing 

streams, spring water flowing out from underground or seeping out of rocks, 

as well as ponds and lakes of various sizes (lumped as lake samples). We 

also sampled one ocean surface water sample. The water samples were 

obtained and stored in 15 ml plastic vials, sealed by a screw top and Teflon 

tape, to ensure a proper seal, and placed in a chilled cooler to limit, if not 

avoid, evaporation.



 

10 

Climatic parameters, including mean annual temperature, total 

yearly precipitation, and mean annual relative humidity (RH) in Mexico, 

were extracted from the average yearly data of global climate data (NOAA, 

2019). 

Moisture trajectories in each river drainage during the spring and 

summer seasons were modeled using the Hybrid Single-Particle 

Lagrangian Integrated Trajectory model (HYSPLIT, Draxler and Rolph, 

2014) in order to track the sources of precipitation before and during the 

sampling seasons. We conducted moisture trajectory analyses for the cities 

of Cuidad Victoria (east), Durango (central), and Mazatlán (west). For 

reference analysis, we also conducted moisture trajectory for the two GNIP 

sites. For each representative locality, back trajectories were computed 

every 6 hours during October-November for the fall of 2019. We use 120-

hour total backwards trajectories for each individual vapor trajectory 

analysis. Moisture sources were determined based on the locations of the 

end points of vapor back trajectories. While it is not guaranteed that the 

ultimate source can be determined by the analysis, the relative contribution 

of each source of the precipitation can be well approximated based on the 

end points of the back trajectories. The initial air parcel was set at 1 km 

above ground, because most atmospheric moisture is in the lower 

troposphere (0–2 km above ground level) and there is no significant 
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difference in results for initiation at 0.5, 1.0, or 1.5 km level (Li and Garzione, 

2017). Among the computed results of back trajectories, we only considered 

the trajectories that produced rain at the study area during the sampling 

periods. Filtering of data was determined by data cleansing in R-Studio. At 

each representative locality, the contribution of each rain-producing 

trajectory was determined based on its precipitation volume. The 

contribution of each source was determined by the sum of its contribution 

to all precipitation episodes in the season and the number of backwards 

trajectory endpoints within a major moisture origin. My sampling locations 

were loaded into ArcGIS along with a raster digital elevation map and 

transformed by use of spatial analysis extension tools to demonstrate 

hydrology parameters. These data were extrapolated to quantify the 

hypsometric drainage elevation for each of the sampling sites.  

Samples were measured via a Picarro L2130-i Isotopic Liquid Water 

Analyzer, with autosampler and ChemCorrect software in the Isotope 

Laboratory at the Iowa State University.  Each sample was measured a total 

of six times. To account for memory effects, only the last three injections 

were used to calculate mean isotopic values. Reference standards (USGS 

47, USGS 48) were used for regression-based isotopic corrections. At least 

one lab standard was analyzed after every five samples to monitor system 

drift. The uncertainty, including analytical uncertainty determined from 
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multiple injections and average correction factor, is less than 0.07‰ for δ18O 

and 0.34‰ for δD (VSMOW) for all the samples. 
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Chapter 4 

Results 

4.1 Climate parameters and their relationships with water isotope 

compositions 

In central Mexico, the annual precipitation varies between 4 mm and 

38 mm and the majority area receives more than 10.5 mm precipitation (Fig. 

3A). The mountains generally have higher precipitation than the central 

plateau and the greatest precipitation occurs in the coastal regions. The 

average relative humidity (RH) varies between 26% and 100% and the 

majority of the study area has an RH higher than 43% (Fig. 3B). The 

mountains generally have higher RH than the central plateau, and the 

highest RH is in the coastal regions. The average annual temperature varies 

between 10 ºC and 17 ºC (Fig. 3C). The temperature is comparable in the 

mountains and central plateau and is high in the coastal regions.  
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  Figure 3: Climate parameters for Mexico in 2019. A) 
Annual precipitation volume, B) Average relative 
humidity, C) Average temperature. Derived from 
global climate data for 2019. 



 

15 

4.2 Vapor Trajectory 

The contribution of each moisture source to local precipitation varies 

spatially during the sampling season (Fig. 4). In Mazatlán, on the west 

coast, moistures were predominantly from the Pacific Ocean (96%), with a 

minor amount from continental recycling (4%). In Durango in central Mexico, 

moistures were from 

the Pacific (34%), 

Gulf of Mexico (49%) 

and continental 

recycling (17%). In 

Cuidad Victoria (CV), 

near the east coast, 

moistures were 

mainly from the Gulf 

of Mexico (82%), with 

minor contribution 

from the Pacific (7%) 

and continental 

recycling (11%). For comparison, moistures in Chihuahua, in northern 

Mexico were from the Pacific (65%), Gulf of Mexico  (35%), and continental 

recycling (2%); and moistures in Veracruz, in southern Mexico, were from 

Figure 4: Quantification of vapor sources of the 
three representative cities in the study area and 

the two GNIP stations in September and October, 
2019. A: Mazatlán in west coast, B: Durango in 

central Mexico,  C: Cuidad Victoria in east coast, 
GNIP 1: Station in Chihuahua, GNIP 2: Station in 

Veracruz. (https://nucleus.iaea.org/wiser). 

https://nucleus.iaea.org/wiser
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the Gulf of Mexico (65%), Pacific  (29%), and continental recycling (6%). In 

summary, in the study area, moistures are mainly from the Pacific for 

western coast and the Gulf of Mexico for eastern coast, and the 

contributions from the two sources are nearly equal in central Mexico.  

 

4.3 Spatial patterns of surface water isotope compositions and lapse rates 

The 18O, D, and d-excess values of the river water samples vary 

from -11.9 to -5.4‰, -88.2 to -29.5‰, and -5.8 to 16.5‰, respectively (Fig. 

6; Appendix A). I divided the study area into three regions (A-C, Fig.1) 

Figure 5: HYSPLIT vapor trajectories for precipitation during 
September and October 2019 at three representative sites in 
Regions A, B and C. 
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based on topography and moisture sources. Region A is located to the west 

from the Pacific coast to the Sierra Madre Occidental peaks. The region  

obtains moisture from the Pacific Ocean predominantly. The central plateau 

encompasses region B from the eastern slopes of the Sierra Madre 

Occidental to the eastern Sierra Madre Oriental. The region receives a 

mixture vapor sources. Region C is between the Sierra Madre Oriental 

peaks and coast of the Gulf of Mexico where it receives the majority of its 

moisture. The 18O and D values decrease while the d-excess increases 

from the coastal regions toward mountains in regions A and C. The southern 

end of the Sierra Madre Occidental in region B has the lowest 18O and D 

values, but the northern end has the highest 18O and lowest d-excess 

values (Fig. 6). Because the distribution patterns of 18O and D values are 

similar, I only describe and discuss the 18O and the d-excess values. 

The lake water samples have a wide range of isotope values and the 

lowest slope of local meteoric water line (LMWL) slope the three water 

types. The spring and river water LMWLs closely resemble GMWL and have 

smaller isotope ranges. The lapse rate of all water types across the study 

area is -1.29‰/km (Fig. 7) but varies in different regions.   

In region A, to the west of the peak of Sierra Madre Occidental, the 

18O values range from -70 to -10‰. The d-excess values (-19.3 to 16.5‰) 
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are between the values of region B and C. Linear regressions of the isotope 

values generate LMWLs of y= 7.1x + 5.9 (R2 = 0.89; n=20) for river water, 

y= 5.6x - 9.02 (R2 = 0.94; n=20) for lake water, and y= 7.9x + 12.8 (R2 = 

0.98; n=10) for spring water (Fig. 7). The 18O values of river and spring 

water are inversely correlated to mean drainage elevations, and the local 

lapse rate is -1.4‰/km for spring water, and -0.9‰/km for river water across 

2.8 km elevation change (Fig. 7).  

In region B in central Mexico, the 18O values range from -80 to -

15‰, generally lower than those in region A. The d-excess values are the 

lowest in my study area (-59.2 to 14.7‰). Linear regressions of the isotope 

values generate LMWLs of y= 5.7x – 15.3 (R2 = 0.76; n= 18) for river water, 

and y= 5.2x – 21.6 (R2 = 0.97; n= 29) for lake water (Fig. 7). There are no 

statistically significant correlations between 18O values of river and lake 

water and mean drainage elevations.  

In region C to the east of the peak of Sierra Madre Oriental, the 18O 

values range from -35 to 15‰, and the d-excess values are relatively high 

(-22.0 to 17.0‰) across 0.69 km elevation change. Fewer samples of river 

water were collected in region C than in the other two regions, thus a LWML 

cannot be generated for river water. The LWMLs are y= 4.9x–6.1 (R2 = 0.96; 

n=11) for lake water, and y= 5.8x – 2.2 (R2 = 0.99; n=4) for spring water 
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(Fig. 7). The 18O values of the spring water are inversely correlated to 

mean drainage elevations with a high local lapse rate of - 8.6‰/km (Fig. 7). 

 

 

Figure 6: Spatial distributions of d-excess, ẟD and ẟ18O values of 
surface water in the study area. 
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Figure 7: Plots showing ẟ18O vs. ẟD values and ẟ18O vs. mean 
drainage elevations of the three water types. Region A is the Sierra 
Madre Occidental region, Region B is the Central Mexican Plateau, 
and region C is the Sierra Madre Oriental. 
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Chapter 5 

Discussion 

5.1 Controlling factors of isotope distribution 

Air temperature is the most important environmental factor of 

precipitation stable isotope values because it controls the isotope 

fractionation of vapor condensation. Other factors include latitude, altitude, 

continentality, precipitation amount and seasonality that partially influence 

isotope values because of temperature change (e.g., Dansgaard, 1964; 

Bagheri, 2019). Precipitation isotope values are also influenced by sub-

cloud evaporation because of low relative humidity (e.g., Gat, 1996; 

Yurtsever 1975; Hoefs, 2018). In addition to precipitation, surface water 

including river water, groundwater and spring water have complicated water 

origins and the isotope values are often influenced by post-precipitation 

evaporation and catchment effect (e.g., Craig, 1961; Wassenaar, 2009; 

Bershaw et al., 2012; Zhu et al., 2018).  It is generally thought that river 

water integrates precipitation in the upper catchment and its isotope values 

reflect the precipitation isotope values at the hypsometric elevation of the 

river catchment, which are typically lower than those of local precipitation 

(e.g., Dutton et al., 2005; Rowley and Garzione, 2007; Li and Garizone, 

2017; Zhu et al., 2018). 



 

22 

My integration of surface water stable isotope data, climate data, and 

vapor trajectory analysis show that temperature, elevation, vapor sources 

and evaporation are the key controls on the surface water isotope 

distribution patterns in central Mexico. The most straightforward 

observation of the dataset is that the surface water isotope values decrease 

as elevation increases from both the west and east coasts towards the 

Sierra Madre Occidental and Oriental mountains (Figs. 2 and 5). This 

pattern reflects gradual depletion of heavy isotopes associated with 

progressive rainout as the vapors derived from the oceans ascend 

topography and experience adiabatic expansion and cooling (Dansgaard, 

1953, 1964; 1980; Gat, 2000; Poage and Chamberlain, 2001; Rowley and 

Garzione, 2007).  

D-excess values and slopes of the local precipitation can be used to 

aid in understanding of the controls of surface water isotope values (Gat, 

1981; Kumar et al., 2018). While kinetic evaporation processes in moisture 

sources and in sub-cloud layers both increase precipitation d-excess, post-

precipitation surface evaporation decreases surface water d-excess (Gat 

and Airey, 2006). Precipitation derived from recycled moisture typically has 

a d-excess greater than that (10‰) of the GMWL. In the study area, coastal 

regions have higher d-excess values than the continental interior (Fig. 6), 

consistent with the observation made from ground water in Mexico 
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(Wassenaar et al., 2009), suggesting that surface water in the continental 

interior experienced post-precipitation evaporation. Regions A and C have 

similar ranges of elevation (Fig. 2) but different primary moisture sources, 

and the d-excesses of Region C are lower compared to those in Region A 

(Fig. 7), suggesting that the two different vapor sources experienced 

different degrees of evaporation at the ocean surface. Region B has low d-

excess values (Fig. 6), arid climate (Fig. 3) and abundant recycled moisture 

(Fig. 4), supporting the interpretation that evaporation influences surface 

water isotope values in continental interior.  

Slopes of LMWLs can be also used to assess the influence of 

evaporation.  Waters that experienced evaporation have a slope less than 

8 (Craig 1961; Gat 1996). The data show differences in LMWL slopes (Fig. 

6), reflecting variation in the degree of evaporation. The slopes (7.1, 5.6) of 

the river and lake water lines in region A are higher than those (5.7, 5.2) in 

region B (Fig. 7), consistent with the interpretation of greater evaporation in 

arid region B based on d-excess values. In region B, lake water isotope 

values also show the largest variation (Fig. 6), supporting the interpretation 

that intense evaporation occurs in the region, particularly in the northern 

end of the Sierra Madre Occidental and in the central plateau region. 

Interestingly, region C has the highest RH and precipitation, but the lowest 

slopes (5.8, 4.9) for the river and lake water lines among the three regions, 
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likely a result of evaporation because the samples were taken longer after 

the major rain compared to the other regions (Appendix A). 

5.2 Isotope lapse rates 

The progressive depletion of 18O and D in orographic precipitation 

leads to an isotopic lapse rate (e.g., Poage and Chamberlain, 2001), which 

has been commonly used to reconstruct paleoelevation of mountains and 

plateaus (e.g., Garzione et al., 2000; Zhu et al., 2018). Surface water 

isotope lapse rates are mostly controlled by temperature dependent isotope 

fractionation, but are also influenced by other factors such as catchment 

effect and post-precipitation evaporation in regions with low RH (e.g., 

Dutton et al., 2005; Rowley and Garzione, 2007; Zhu et al., 2018). Because 

the lake water isotope values are heavily influenced by evaporation, I only 

discuss river and spring water isotope lapse rates.  

In Region A, the oxygen isotope lapse rates of spring water (-1.4 

‰/km) and river water (-0.9 ‰/km; Fig. 7) are both smaller than the average 

global precipitation lapse rate (-2.8 ‰/km; Poage and Chamberlain, 2001). 

Possible explanations for the low lapse rate include evaporation, addition of 

recycled moisture to precipitation that contributed to the highland surface 

water, and catchment effect on the lowland surface water. Evaporation 

increases surface water 18O and D values and reduces d-excess below 
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the global average (Gat and Airey, 2006). At the highlands of the Sierra 

Madre Occidental in region A, the river and spring water isotope values are 

the lowest, while the d-excess values are slightly higher than global average 

(Fig. 6). These observations are the opposite of the effects of evaporation, 

suggesting that the highland water in the Sierra Madre Occidental in region 

A did not experience evaporation. The high d-excess at the highlands is a 

result of recycled moisture, which only contributes 4-17% of the precipitation 

in central Mexico (Fig. 4). Given that the isotope values of the recycled 

moisture are not known, and its contribution is low, its influence on the low 

isotope lapse rate should be small. It has been documented in several 

studies that catchment effect (highland river water charges lowland river) 

makes river water isotope values lower than those of local precipitation 

(e.g., Dutton et al., 2005; Rowley and Garzione, 2007; Zhu et al., 2018). 

Therefore, catchment effect is the major cause of the low lapse rate of river 

water in region A.  The low lapse rate of spring water is also a result of 

catchment effect of shallow groundwater, which is the major source of 

spring water. The lapse rate of the spring water is higher than that of the 

river water, suggesting local precipitation contributed more water to lowland 

groundwater than river water. 

The rivers in Region B do not have a lapse rate (Fig. 7) because of 

small variation in elevation in the sampling region. In Region C, the spring 
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water has an oxygen isotope lapse rate of -8.6‰/km, much steeper than 

the global average (Fig. 7). However, this rate is derived from only four 

samples with an elevation range of 0.5 km, thus has low statistical 

significance. If the rate is of significance, it is most likely a result of 

evaporation of lowland water. This interpretation is supported by that the 

local spring and lake water lines both have small slopes (< 6), and the d-

excess values are smallest adjacent to the coast (Fig. 6).  

5.3 Relationship between precipitation, groundwater, river and spring 

water isotopic compositions 

I compared my surface water isotope data with those of the published 

monthly precipitation from the two GNIP stations (IAEA, 2019) and the 

groundwater in Mexico (Wassenaar et al., 2009) in order to understand the 

relationship between the waters (Fig. 8). The surface water isotope data 

from central Mexico are mostly clustered around the GMWL, with some of 

my river and lake water samples below the GMWL as a result of 

evaporation. 

The surface water isotope data in Region A and C were compared 

to the groundwater in the same regions, and the precipitation in Veracruz 

because they all receive moisture predominantly from the adjacent oceans 

(Table 1). The GNIP precipitation isotope data are averages of 
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precipitations in each month for years 1962-1988. A total of 136 data were 

used to calculate monthly averages to examine the controls of temperature 

and precipitation amount on precipitation isotope values (Fig. 9). The 

monthly average δ18O values are between -5.2‰ and 0.5‰ with high values 

in winter and low values in summer, and the d-excess values are between 

2.3‰ and 9.0‰ with low values in spring and high values in late fall.  

The monthly average δ18O values are negatively correlated to both 

air temperatures and monthly average precipitation amounts (Fig. 9). 

Figure 8: Plot of 18O vs. D of different types of surface 
water in central Mexico. 
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Because precipitation δ18O values increase as condensation temperature 

increases, the correlations suggest that precipitation amount is a major 

control of the isotope values. This is typical of a monsoonal climate. The 

comparisons of different water types in Table 1 show that 1) the ranges of 

lake water δ18O values in Regions A and C are greater than those of 

monthly precipitation in Veracruz and groundwater because lake water is 

influenced by intense evaporation. The range of lake water in region A is 

the greatest among all water types because of altitude effect on the lowest 

isotope values and evaporation effect on the highest values; 2) the range of 

groundwater δ18O values is similar to those of spring water, river water, and 

monthly average of precipitation, suggesting that the spring, river and 

ground water all were charged by precipitation; and 3) many of the 

groundwater d-excess values are less than 10‰, comparable to those of 

the river water, suggesting that the groundwater in Regions A and C only 

experienced some degree of evaporation, this is different from the 

assumption in Wassenaar et al. (2009) that groundwater in Mexico did not 

experience evaporation. The evaporation most likely happens in vadose 

zones, before the deep infiltration of precipitation water (Zhu et al., 2018). 

 

 



 

29 

Table 1: Comparison of isotope values of different types of surface water 

in regions A and C and GNIP Veracruz station. 

Water Type δ18O δD d-excess Notes 

Region A 
Lake 
(n=20) 

-9.3 to 
3.8‰ 

-64.8 to 
11.4‰  

-19.3 to 
16.1‰ 

Evidence of 
strong 
evaporation 
(positive 
values and low 
d-excess)  

Region A 
River 
(n=18) 

-9.6 to -
5.2‰ 

-60.5 to -
29.5‰ 

2.0 to 
16.5‰ 

Evidence of 
evaporation 
(low d-excess) 

Region A 
Groundwater  
(n=17) 

-10.1 to -
4.8‰ 

-71.3 to -
34.4‰ 

3.5 to 
10.1‰ 

Evidence of 
evaporation 
(low d-excess) 

Region C 
Lake 
(n=11) 

-6.2 to 
5.2‰ 

-37.9 to 
19.9‰ 

-22.0 to 
17.0‰ 

Evidence of 
strong 
evaporation 
(positive 
values and low 
d-excess) 

Region C 
River 
(n=2) 

-5.4‰ -32.5 to -
30.4‰ 

11.0 to 
12.9‰ 

No evaporation 

Region C 
Spring 
(n=4) 

-8.5 to -
4.9‰ 

-51.8 to -
31.0‰ 

8.7 to 
16.0‰ 

No evaporation 

Region C 
Groundwater  
(n=21) 

-8.9 to -
3.0‰ 

-60.2 to -
17.5‰ 

-0.4 to 
13.2‰ 

Evidence of 
evaporation 
(low d-excess) 

Precipitation 
Veracruz 
(n=136) 

-12.0 to 
5.0‰ 

-89.0 to 
35.0‰   

-18.5 to 
31.3‰ 

Large 
variations of 
rain events 

The isotope data in Region B were compared to those of 

groundwater in the same region and the precipitation data in Chihuahua 

because the regions are both semi-arid and receive a great portion of 
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recycled moisture (Table 2). A total of 125 isotope data from the GNIP 

Chihuahua station were used to calculate monthly averages to examine the 

controls of temperature and precipitation amount (Fig. 10). The monthly 

average δ18O values are between -11.7‰ and -5.3‰ with high values in 

summer and low values in winter. The monthly average d-excess values 

are between 0.9‰ and 7.7‰ with high values in summer and low values in 

winter. The high d-excess values suggest contribution of recycled moisture 

in precipitation. The monthly average δ18O values are correlated to air 

temperatures but not monthly average precipitation amounts, suggesting 

that temperature is the major control of the precipitation isotope values. The 

comparisons also show that 1) the range of lake water δ18O values is 

greater than those of monthly precipitation and groundwater because lake 

water is influenced by intense evaporation; 2) the range of groundwater 

δ18O values is similar to those of spring water, river water, and monthly 

average of precipitation, suggesting the spring, river and ground water were 

all charged by precipitation; and 3) most of the groundwater d-excess 

values are less than 10‰, lower than those of the river water, suggesting 

that the groundwater in Region B experienced more evaporation than the 

river water. The degree of evaporation of groundwater in Region B is more 

intense compared to that in Regions A and C because of semi-arid regional 

climate. 
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Table 2: Comparison of isotope values of different types of surface water in 
region B and GNIP Chihuahua station 

 
 
  

Water Type δ18O δD d-excess Notes 

Region B 
Lake 
(n=29) 

-13.2 to 
9.3‰  

-97.2 to 
15.5‰ 

-59.2 to 
10.8‰ 

Evidence of 
evaporation 
(positive 
values and 
low d-
excess) 

Region B 
River 
(n=18) 

-11.9 to -
6.1‰ 

-88.2 to -
51.0‰ 

-5.8 to 
14.7‰ 

Evidence of 
evaporation 
(low d-
excess) 
 

Region B 
Spring 
(n=1) 

-8.3‰ -54.0‰ 12.0‰ No 
evaporation 

Groundwater 
Region B 
(n=53) 

-10.4 to -
5.1‰ 

-75.8 to -
37.4‰ 

-4.8 to 
13.1‰ 

Evidence of 
evaporation 
(low d-
excess) 
 

Precipitation 
Chihuahua 
(n=125) 

-14.0 to 
0.0‰ 

-97.0 to 
10.0‰ 

-12.7 to 
27.0‰ 

Large 
variations 
of rain 
events 
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Figure 9: Monthly average precipitation δ18O values, precipitation amount 
and air temperature between 1962-1988 in Chihuahua at 1.42 km. 

 

 

 
 

Figure 10: Monthly average precipitation δ18O values, precipitation amount 
and air temperature between 1962-1988 in Veracruz at 0.02 km. 

In summary, the comparison of isotope values of different types of 

surface water in Mexico suggests that groundwater, lake, spring and river 

water all are from local precipitation. The groundwater experienced some 

degree of evaporation, not as intense as the lake water, but nearly 

comparable to that of the river water in the semi-arid continental interior.   
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5.4 Implications for paleoaltimetry study 

The topographic history of the Sierra Madre mountains is not well 

understood. The understanding of modern surface water isotope values in 

the region sets the foundation for stable isotope paleoelevation 

reconstruction of the mountains. Many studies have applied modern isotope 

lapse rates to reconstruct paleoelevation of mountain belts, offering 

important insights on the tectonic processes of orogenesis (e.g., Fan et al., 

2014; Bershaw et al., 2016; Jackson et al., 2019). 

Stable isotope paleoaltimetry uses surface water isotope 

compositions preserved in minerals as well as isotope lapse rates to 

determine elevation at the time of mineral formation. Such surface water 

isotope values can be surface water δ18O values reconstructed from various 

carbonate minerals and surface water δD values reconstructed from 

hydrated volcanic glass (e.g., Fan et al., 2014; Bershaw et al., 2016; 

Jackson et al., 2019; Zhu et al., 2018). There are Cenozoic volcanic fields 

within the Sierra Madre Occidental range that have produced volcanic glass 

in tuffs (McDowell, 2007) and the δD values of the fully hydrated volcanic 

glass can be used for paleoelevation study of the mountains. 

This study is the first to present a regional stable isotope lapse rate 

and its controlling factors in the Mexico. The modern water isotope values 

show spatial variations and the regional isotope lapse rate is influenced by 



 

34 

evaporation and catchment effect. Although seasonal variations of the lapse 

rate are not examined, I predict that the rate changes as a result of changing 

degree of evaporation and precipitation amount, similarly as in the central 

Rocky Mountains in the USA (Zhu et al., 2018). The understanding brings 

caution to apply the lapse rate for paleoelevation reconstruction as 

paleoclimate must be carefully evaluated. The data show that lake water 

can be intensively evaporated, and river and groundwater also experience 

some degree of evaporation, particularly in the semi-arid Central Plateau 

region. If surface water δ18O values are reconstructed from lacustrine 

carbonate and shallow groundwater carbonate cement for paleoelevation 

reconstructions, the degree of evaporation must be considered. Similarly, 

volcanic glass may be deposited in lake and river water that has 

experienced evaporation. Therefore, depositional environment of the 

carbonate minerals and volcanic glass must be well studied for correct 

interpretation of stable isotope data and paleoelevation reconstruction. 
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Chapter 6  

Conclusions 

This project studies the variation of surface water stable isotope 

compositions along an E-W transect across the Sierra Madre Occidental, 

Central Mexican Plateau and the Sierra Madre Oriental mountains in 

Mexico. The project integrates back trajectory analysis of precipitation and 

climate and geographic parameters to examine the controlling factors of the 

spatial patterns of surface water isotope values. The vapor trajectory 

analysis shows that the Sierra Madre Oriental and Occidental receive 

moisture predominantly from the Gulf of Mexico, and Pacific Ocean, 

respectively, while the Central Plateau in continental interior receives a mix 

of both and ~17% of recycled continental moisture. 

A comparison of isotope data of my river, lake, and spring water with 

those of published groundwater and GNIP precipitation suggest that the 

surface water was derived from local precipitation and experienced various 

degrees of evaporation.  The results show that the lake water experienced 

intense evaporation, and the local oxygen isotope lapse rate of river water 

is ~0.9‰/km in the Sierra Marda Occidental, much lower than global 

average, which we attribute to catchment effect, as highland precipitation 

with low δ18O values contributes to lowland river discharge, and some 

degree of evaporation in the lowlands. The evaporation of river water and 
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groundwater most likely occurs to local precipitation in the vadose zones of 

river catchments before deep filtration.  

The local lapse rate and understanding of the controlling factors on 

surface water isotope compositions have implications for paleoelevation 

reconstruction. I suggest that paleoclimate and depositional environments 

of carbonate and volcanic glass samples must be evaluated in order to 

constrain the influence of evaporation and vapor mixing on water isotope 

data of different surface water types.  
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Chapter 7 

Future Work 

Future work to continue the investigation of this project includes 

resampling water at the same locations in the spring in order to characterize 

the isotope distribution in dry season. A comparison of the isotope data in 

the dry season with the data of the wet season presented in this study can 

bring understanding of the controlling factors on temporal differences. 

Sampling in this project took place one week after the rainy season and 

much of the surface water may have been evaporated so an additional 

sampling during the wet, rainy season may also be useful. In addition, an 

understanding of water transport would be useful as water use by humans 

may have affected the availability of surface water to sample.  Due to the 

arid climate, water resources are lacking, and movement of water becomes 

necessary. Irrigation and pumping and water transport trucks that bring 

water to villages and towns for human consumption and farming could lead 

to decrease of river and groundwater flow rates, promoting the influence of 

evaporation on isotope values. River water isotope values are often used 

as a good approximation of event-averaged precipitation isotope in a broad 

catchment region (Kendall and Coplen, 2001; Dutton et al., 2005), sampling 

surface water immediately after or during the rainy season would limit the 
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influence of evaporation, and such data may be a better approximation of 

the average precipitation. 
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Appendix A. Surface water data presented in this study 
  
 

 
ID Sample 

Type 
δ18O 
(VSMOW) 

δD (VSMOW) d-excess Latitude Longitude Sample 
Collection 
Elevation 

(km) 

Mean 
Drainage 
Elevation 

(km) 

Sample 
Date 

 WS-1 Lake 9.34 15.52 -59.24 24.11 -104.55 
1.863 

1.86 10/26/19 

WS-2 River -9.09 -67.89 4.84 24.33 -103.43 
1.928 

1.93 10/26/19 

WS-4 River -9.59 -69.95 6.79 24.06 -104.53 
 

1.87 10/26/19 

WS-5 Rio Tunal 
River 

-10.34 -74.38 8.32 24.03 -104.60 
1.863 

1.87 10/26/19 

WS-6 Lake 6.44 11.40 -40.13 23.99 -104.77 
1.983 

2.19 11/1/19 

WS-8 Spring -8.37 -52.36 14.59 22.15 -104.79 
1.988 

1.62 10/29/19 

WS-10 Lake -3.11 -27.96 -3.11 23.94 -104.89 
1.868 

2.33 11/1/19 

WS-14 Lake -1.79 -25.69 -11.36 23.89 -105.06 
2.079 

2.55 11/1/19 

WS-16 Lake -12.71 -97.22 4.43 23.93 -103.17 
1.868 

2.01 10/26/19 

WS-17 Lake -5.19 -37.33 4.18 21.87 -105.15 
1.593 

0.08 10/29/19 

WS-19 Lake -10.82 -77.54 9.01 22.68 -103.74 
0.082 

2.23 10/27/19 

WS-20 River -7.83 -51.15 11.47 21.91 -105.18 
1.047 

0.02 10/29/19 

WS-21 Lake -4.28 -40.82 -6.61 23.46 -102.97 
1.826 

2.01 10/26/19 

WS-22 River -9.21 -67.43 6.24 23.18 -102.96 
1.254 

2.17 10/27/19 

WS-24 Lake -7.40 -54.67 4.52 23.11 -103.08 
2.235 

2.17 10/27/19 

WS-25 River -7.55 -56.38 4.00 22.72 -103.59 
0.744 

1.86 10/27/19 

WS-26 Lake -6.16 -55.03 -5.74 23.04 -103.16 
0.475 

2.15 10/27/19 

WS-27 Lake -7.24 -56.98 0.97 23.02 -103.20 
1.66 

2.17 10/27/19 

WS-28 Lake -5.40 -49.42 -6.20 22.85 -103.38 
1.302 

2.07 10/27/19 

WS-29 Rio 
Valparaiso 

River 

-9.08 -65.37 7.23 22.89 -103.36 

1.64 

2.12 10/27/19 

WS-30 Lake -3.40 -30.58 -3.35 23.87 -105.22 
0.973 

2.40 11/1/19 

WS-32 Rio 
Valparaiso 

River 

-9.10 -67.15 5.63 22.69 -103.60 

0.295 

1.84 10/27/19 

WS-35 Spring -8.21 -53.01 12.67 23.54 -105.84 
0.295 

2.06 11/1/19 

WS-38 Rio San 
Pedro 
River 

-7.67 -47.46 13.91 21.95 -105.22 

2.037 

0.00 10/30/19 

WS-39 River -6.11 -34.88 14.00 22.25 -105.31 
0.013 

0.07 10/30/19 

WS-43 Lake -2.87 -31.65 -8.69 23.83 -105.33 
0.043 

2.50 11/1/19 

WS-45 Spring -7.64 -46.87 14.21 23.46 -105.84 
2.498 

1.47 11/1/19 

WS-46 Aguanavel 
River  

-6.05 -50.98 -2.57 23.85 -103.02 
2.743 

1.86 10/26/19 
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WS-47 Lake -3.59 -33.49 -4.74 22.81 -103.50 
2.555 

2.02 10/27/19 

WS-49 River -6.02 -39.56 8.58 23.01 -105.91 
2.012 

0.04 10/30/19 

WS-50 Spring -6.43 -38.74 12.70 23.40 -105.93 
0.044 

0.66 10/31/19 

WS-51 Lake -0.92 -15.23 -7.89 24.21 -103.34 
1.896 

2.12 10/26/19 

WS-53 Lake 3.84 11.43 -19.28 23.29 -106.37 
2.143 

0.09 10/30/19 

WS-55 Spring -9.24 -60.27 13.68 23.76 -105.44 
0.045 

2.70 11/1/19 

WS-56 River -9.61 -60.45 16.47 23.66 -105.74 
0.735 

2.62 11/1/19 

WS-57 River -7.98 -52.47 11.40 23.76 -105.45 
0.489 

2.66 11/1/19 

WS-59 Rio 
Valparaiso 

River 

-8.68 -62.50 6.97 22.78 -103.55 

0.452 

1.89 10/27/19 

WS-63 Spring -5.83 -33.44 13.18 23.41 -105.90 
0.405 

0.83 10/31/19 

WS-64 River -11.87 -81.89 13.10 22.64 -104.12 
0.436 

1.25 10/27/19 

WS-66 River -9.09 -58.06 14.65 23.73 -105.57 
0.286 

2.78 11/1/19 

WS-68 Lake -7.97 -47.69 16.05 23.67 -105.72 
0.304 

2.71 11/1/19 

WS-69 Lake -5.69 -44.16 1.33 23.66 -105.78 
0.407 

2.35 11/1/19 

WS-70 Spring -8.89 -54.74 16.35 23.64 -105.83 
0.319 

2.43 11/1/19 

WS-71 River -6.51 -37.93 14.17 23.42 -105.86 
2.055 

1.26 11/1/19 

WS-72 River -10.56 -72.44 12.01 22.65 -104.14 
0.325 

1.30 10/27/19 

WS-73 Lake -3.59 -45.67 -16.92 22.62 -104.17 
0.286 

1.76 10/27/19 

WS-75 Lake -4.35 -33.16 1.64 23.57 -105.83 
0.467 

2.05 11/1/19 

WS-76 River -5.42 -32.41 10.98 23.32 -105.99 
0.604 

0.21 10/31/19 

WS-77 River -5.24 -29.49 12.41 23.35 -106.10 
0.624 

0.09 10/31/19 

WS-78 Lake 0.17 -6.02 -7.40 23.35 -106.11 
0.456 

0.10 10/31/19 

WS-81 Lake -2.27 -17.83 0.33 23.32 -106.07 
0.044 

0.11 10/31/19 

WS-82 Lake -6.84 -54.69 0.03 22.54 -104.32 
0.109 

2.60 10/28/19 

WS-83 River -10.62 -70.25 14.71 22.62 -104.21 
0.426 

2.35 10/28/19 

WS-84 Lake -9.86 -81.47 -2.56 22.62 -104.19 
0.308 

2.07 10/27/19 

WS-85 Lake -10.35 -79.70 3.07 22.62 -104.25 
0.385 

2.65 10/28/19 

WS-86 Lake -10.58 -74.54 10.11 22.62 -104.26 
2.166 

2.65 10/28/19 

WS-87 Lake -8.41 -65.15 2.13 22.61 -104.27 
2.164 

2.66 10/28/19 

WS-88 Lake -13.21 -94.87 10.84 22.60 -104.29 
1.898 

2.75 10/28/19 

WS-89 Lake 0.08 -21.84 -22.49 24.20 -104.48 
2.219 

1.86 10/26/19 

WS-90 Lake -6.45 -49.56 2.08 22.46 -104.30 
2.161 

2.44 10/28/19 

WS-91 Lake 6.37 9.09 -41.88 24.21 -104.47 
2.065 

1.86 10/26/19 

WS-92 Lake -4.54 -38.83 -2.47 22.24 -104.58 
2.067 

0.78 10/29/19 
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WS-93 Lake 1.59 -16.81 -29.51 24.25 -104.44 
2.076 

1.87 10/26/19 

WS-94 Lake -6.29 -46.95 3.41 24.34 -104.31 
2.134 

2.03 10/26/19 

WS-95 River -7.87 -48.92 14.01 22.07 -104.81 
1.899 

1.00 10/29/19 

WS-96 River -7.44 -45.31 14.23 22.04 -104.82 
0.248 

0.36 10/29/19 

WS-97 River -6.52 -37.59 14.60 22.03 -104.94 
0.044 

0.19 10/28/19 

WS-98 River -6.35 -35.25 15.53 22.00 -104.95 
0.474 

0.21 10/29/19 

WS-99 Tap -5.47 -34.46 9.27 23.27 -106.38 
1.862 

0.03 10/30/19 

WS-103 River -9.17 -66.05 7.33 24.02 -104.56 
2.502 

1.87 10/26/19 

WS-104 River -8.28 -61.12 5.09 24.39 -104.27 
 

1.99 10/26/19 

WS-105 River -9.64 -72.42 4.71 24.44 -104.11 
 

1.99 10/26/19 

WS-106 Lake -4.23 -43.86 -10.04 24.28 -103.81 
1.868 

2.18 10/26/19 

WS-107 Lake -8.49 -66.73 1.16 24.23 -103.56 
1.126 

2.08 10/26/19 

WS-108 Lake -8.66 -65.59 3.71 24.29 -103.45 
1.853 

1.97 10/26/19 

WS-111 Lake -8.74 -69.61 0.33 22.65 -103.96 
1.882 

1.60 10/27/19 

WS-112 River -8.58 -68.74 -0.07 22.68 -103.98 
0.244 

1.33 10/27/19 

WS-113 Lake -9.62 -75.88 1.09 22.67 -104.09 
1.869 

1.10 10/27/19 

WS-114 Spring -8.25 -53.98 11.98 22.36 -104.35 
 

1.83 10/28/19 

WS-115 River -7.84 -50.92 11.80 22.33 -104.39 
 

1.25 10/28/19 

WS-116 Lake -9.25 -64.83 9.16 22.41 -104.35 
0.257 

2.38 10/29/19 

WS-117 Lake -7.94 -60.72 2.81 22.31 -104.44 
2.039 

0.75 10/29/19 

WS-118 River -7.82 -52.64 9.88 22.26 -104.50 
0.123 

0.48 10/29/19 

WS-119 Spring -8.89 -59.16 11.98 22.24 -104.61 
2.799 

1.30 10/29/19 

WS-120 Lake -7.08 -49.83 6.78 22.19 -104.68 
1.976 

1.30 10/29/19 

WS-121 Spring -9.14 -61.20 11.95 22.17 -104.75 
2.632 

1.46 10/29/19 

WS-122 Spring -6.78 -40.36 13.84 22.08 -104.81 
1.88 

1.01 10/29/19 

WS-123 Lake -7.17 -43.60 13.77 22.04 -104.87 
2.043 

0.24 10/29/19 

WS-124 Lake -6.33 -37.45 13.19 22.03 -104.89 
0.251 

0.19 10/29/19 

WS-127 River -5.92 -32.62 14.73 21.94 -105.02 
1.281 

0.06 10/29/19 

WS-129 Rio San 
Pedro 
River 

-5.79 -44.32 2.01 21.95 -105.22 

2.673 

0.02 10/30/19 

WS-130 Pacific 
Ocean 

-0.37 -1.02 1.98 21.99 -105.64 
1.918 

0.00 10/30/19 

WS-131 Lake -1.97 -17.85 -2.06 23.31 -106.32 
1.927 

0.06 10/30/19 

WS-132 Lake -8.58 -53.46 15.21 23.70 -105.72 
0.027 

2.74 11/1/19 

WS-201 Spring -8.4768 -51.8007 16.0138 24.75 -99.79 
 

0.73 11/2/19 

WS-202 Ojo de 
Agua 
Spring 

-7.5304 -44.5527 15.6902 24.79 -99.70 

 

0.49 11/2/19 
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WS-203 Lake -6.1981 -37.2515 12.3335 24.79 -99.66 
0.249 

0.45 11/2/19 

WS-204 Lake -0.4817 -14.8572 -
11.0039 

24.82 -99.60 
 

0.41 11/2/19 

WS-205 Lake -6.1715 -34.7074 14.6643 24.79 -99.64 
1.305 

0.43 11/2/19 

WS-206 Lake -5.1501 -36.8727 4.3280 24.74 -99.41 
1.756 

0.29 11/3/19 

WS-207 Lake -5.5744 -30.1432 14.4517 24.66 -99.34 
2.063 

0.30 11/3/19 

WS-208 River -5.4475 -32.5387 11.0409 24.59 -99.18 
0.229 

0.41 11/3/19 

WS-209 Spring -4.9587 -31.0161 8.6536 24.52 -99.18 
0.121 

0.32 11/3/19 

WS-210 Spring -5.0914 -31.5704 9.1605 24.48 -99.14 
0.118 

0.32 11/3/19 

WS-211 Lake 5.2409 19.8948 -
22.0322 

24.44 -99.10 
0.257 

0.29 11/3/19 

WS-213 River -5.4083 -30.3593 12.9071 24.59 -98.95 
1.64 

0.47 11/3/19 

WS-214 Lake -5.7603 -37.8822 8.2006 24.72 -98.87 
0.255 

0.61 11/3/19 
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