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Natural Salinization of the Jemez River, New Mexico: An Insight from Trace
Element Geochemistry

by

Jon Kenneth Kabigting Golla

B.S., Geology, University of Puget Sound, 2017

M.S., Earth & Planetary Sciences, University of New Mexico, 2019

ABSTRACT

The Jemez River, a tributary of the Rio Grande in north-central New Mexico, receives

thermal water input from the geofluids of the Valles Caldera, an active, high-temperature,

liquid-dominated geothermal system. We focus on a ∼50-km portion of the northern Je-

mez River. This research extends previous decadal work (Crossey et al., in prep., 2013)

on major chemistry in the river by characterizing the response of 16 trace elements to geo-

chemical contributions from geothermal waters (McCauley, Spence, Soda Dam, and Jemez

Springs springs and San Ysidro mineral waters), an area with copious hydrothermal de-

gassing (Hummingbird), and two major tributaries (Rio San Antonio and Rio Guadalupe)

during a low-flow event (∼425 L/s).

The greatest known loading (as much as 101 concentration increase) of trace elements to

the Jemez River is from Soda Dam ([TDS] = 4700 ppm). Seventy-five percent of analyzed

trace elements are coupled with major ions and resemble mostly conservative downstream

behavior. Correspondent to their inherently low ionic potential, the alkali (Li, Rb, Cs) and

alkali earth (Sr, Ba) metals remain abundantly dissolved. The relative non-reactivity of

some transition metals (Fe, Ni, Co, U, V, Cu, Pb), which are sensitive to redox changes and

susceptible to sorption, is facilitated by transport as complexed species (predominantly as

Fe(OH)3
0, HCoO2

-, UO2(OH)2
0, VO3OH-2, CuCO3

0, PbCO3
0). There is no common sink
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for the latter 25% (As, Al, Mo, Mn), as each is potentially scavenged at different sections

of the river by different processes, like oxidation-enhanced adsorption and co-precipitation.

The inflowing H2S and CO2 gases at Hummingbird impart unique physiochemical condi-

tions that allow some solutes to become non-conservatively solubilized (Cu, Pb, Al) and

removed (U, Mo).
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1 Introduction

1.1 Overview

In contrast to the addition of major solutes via equilibrium reactions, trace element signa-

tures in aqueous systems are more often associated to secondary removal processes. The

background abundance of dissolved trace elements in river waters is usually low due to local

in-stream transport mechanisms, such as co-precipitation and adsorption reactions (Gibbs,

1973). These processes may be enhanced by unique in-situ physiochemical conditions, ex-

posure to sunlight (Fuller and Davis, 1989; Shiller et al., 2006), microbiota (Kirk et al.,

2004; Rittle et al., 1995), and hydrodynamic constraints. However, high concentrations of

these solutes may still be retained when there is consistent and prolific saline input into the

aqueous system. Some well-documented instances of elevated riverine trace element con-

centrations are anthropogenically related, namely, from cases of continuous influx of acidic

runoff that leach heavy metals from rocks in abandoned mine sites (Johnson and Hallberg,

2005; Nieto et al., 2007) and poor management of industrial wastewater effluents (Mapanda

et al., 2005; Mohiuddin et al., 2010). This study seeks to investigate similar, but geogenic,

occurence of trace element salinization of surface waters in the southwestern United States,

where deeply-derived fluids have been shown to influence hydrologic basins at local to

regional scales (Crossey et al., 2015, 2006, 2009; Kirk et al., 2009; Newell et al., 2005;

Williams et al., 2013).

We focus on the Jemez River (JR) of the Jemez Watershed in north-central New Mex-

ico, which houses the Valles Caldera (VC), an active liquid-dominated, high-temperature

(≤300 oC) geothermal system (Goff and Grigsby, 1982). Highly mineralized geothermal

systems usually have a significant hydrologic and environmental footprint. Subsurface pro-

cesses, such as mixing with magmatically influenced fluids and water-rock interactions at

elevated temperatures, enrich ascending and laterally-flowing geothermal waters with ma-

jor and trace elements (Bau, 1991; Hedenquist and Lowenstern, 1994; Henley and Ellis,
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1983; Kaasalainen and Stefánsson, 2012). The proximity of the JR to the saline surface

features of the VC system poses societal and environmental concerns, since water from the

JR is used by stakeholders, including the native Jemez and Zia Pueblos, for domestic, recre-

ational, and irrigational uses. Particularly, a designated use of the JR is to host coldwater

aquatic life (New Mexico Environment Department, 2016), which makes drinking water

standards more considerably important due to potential of bioaccumulation of potentially

harmful dissolved substances. Previous studies have examined the geochemical response of

JR water to the solute contributions of the VC (Crossey et al., 2013; Hansson, 2016; Purty-

mun et al., 1974; Reid et al., 2003; Sherson et al., 2009; Trainer, 1978). Except for Hansson

and Reid et al., these past investigations only concentrate on major chemistry and/or do not

discuss enhancement of salinization during low discharge. This work emphasizes charac-

terization of hydrogeochemical behavior during low-flow conditions, as there is often an

accompanied degradation in water quality without the natural ‘flushing’ mechanism during

high-discharge periods. The first part of this series compiles and highlights the longitudi-

nal patterns of major-solute chemistry salnization over a decadal span (Crossey et al., in

prep., 2013). This work focuses on a snapshot of downstream trace element signatures in

the JR during a low-flow event from 2018.

1.2 Site Description

The study area (Figure 1) is centered within the Jemez Mountains, which overlies the in-

tersection between two prominent geologic features, the Rio Grande Rift and Jemez Linea-

ment. Miocene-to-present extension has developed a principal structural regime that trends

northeast (Goff, 2009; Goff et al., 2011). Accompanied by complex and episodic volcanic

activity as early as ∼16 Ma (Gardner et al., 1986; Kelley et al., 2013), the evolution of

the local volcanic deposits is highlighted by the development and collapse of the initial

1.651-Ma Toledo structure (Izett and Obradovich, 1994) and the smaller 1.265-Ma Valles

caldera (Phillips et al., 2007), inception of Redondo Peak by uplift-induced reemergence of

2
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Figure 1: Map of study area, with outline of Jemez River and tributaries and reported sampling
and survey sites.

the Valles Caldera floor (Phillips et al., 2007), and post-resurgence rhyolitic volcanism that

had been concentrated within the ring fracture zone (Phillips et al., 2007; Spell and Harrison,

1993). Zimmerer et al. (2016) have since reported refined ages of the latest pulses of eruptive

activity at 74.4 and 68.3 ka. The current VC geothermal system is probably related to this

more recent volcanic activity. Modern (Tertiary-Quaternary) caldera fill generally consists

of multimodal lava flows, pyroclastics, and some alluvial and lacustrine units (Goff, 2009;

Goff et al., 2011). In the southwestern Jemez Mountains, older prevolcanics are exposed

and are made up of Precambrian granitic gneiss and Paleozoic and Mesozoic sediments,

which house the regional principal aquifers (Connell, 2011).

The ∼80-km JR (Figure 1) is a major tributary to the Rio Grande. Its semiarid catch-

ment receives most precipitation from heavy monsoonal rain between July and September,

while the amount of snowfall in the winter is more variable interannually. The base flow

3



of the JR is regulated by a mixture of this alpine precipitation and shallow groundwater.

The complex geologic history of the Jemez Mountains has created discrete subsurface flow

paths (Goff et al., 1981, 1988; Trainer et al., 2000). These different fracture networks in-

crease susceptibility of the JR to diffuse thermal water input. Along the western caldera

moat, meteoric waters heated by elevated background geothermal gradient issue from frac-

tured rhyolite (Goff et al., 1981; Trainer et al., 2000). Along the periphery of the system,

the VC hydrothermal outflow plume exists as a distal expression of the deep geothermal

reservoir fluids and is globally one of the few to extend to ≥20 km (Goff et al., 1988). Oth-

ers have recently demonstrated the influence of this system using trace element and other

geochemical indicators as far as south of San Ysidro (McGibbon et al., 2018), where our

study reach terminates. These outflow fluids travel laterally southward, following the flow

of the JR, and ascend to various sites at the surface through the Jemez Fault Zone. To as-

sess the geochemical influence of these thermal seeps and the major tributaries of the JR,

we focus on specific junctions along-stream.

The upper JR, which generally traces along State Highway NM-4, is formed by the

confluence of the East Fork headwaters and Rio San Antonio (SA), the longest headwater

tributary (Figure 2a). Both waters share the same Na-Ca-HCO3 affinity, which is inherited

by the upper JR. Thermal meteoric waters, Spence (SPNC) and McCauley (MCLY) springs,

each occur along the reaches of these tributaries and could be providing input via mixing.

Further downstream, a section of the JR at Hummingbird (HBRD) and the adjacent NM-4

are intersected by faults with upwelling hydrothermal gaseous CO2 (Rahilly and Fischer,

pers. comm.). Using similar methods, Smith (2016) showed a high CO 2 flux in association

with faults at Sulphur Springs (Goff et al., 1985) in the caldera and at an outflow thermal

spring downstream. The presence of H2S is also apparent, which is evidenced by a po-

tent ‘rotten-egg’ stench and yellow-white sulfur coatings streamside (Figure 2b; Appendix

A). These gases appear to have no detectable influence on riverine major solute chemistry

under the flow conditions sampled for this study, since there is no compositional change

4
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Figure 2: Zoomed-in maps of key Jemez River junctions, highlighting the Battleship Rock
confluence (a), the Hummingbird site (b), the outflow thermal spring seeps (c), the Guadalupe
confluence (d), and the Guadalupe-to-San-Ysidro section. The colored (teal) polygon is a Stiff

diagram (Stiff, 1951).
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diagram (Stiff, 1951).
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relative to upstream conditions. The most significant observed changes in water chemistry

occur within the Cañon de San Diego region (Figure 2c). Here, Soda Dam (SD) and Je-

mez Springs (JS) hot springs apparently issue from discrete flow paths within the Jemez

Fault Zone (Goff et al., 1981), and emerge as warm, mineralized, and CO2-charged fluids

(as demonstrated by massive and terraced travertine deposits; Appendix A). River waters

mixing with these thermal waters are imparted with a Na-Cl-HCO3 signature and an order-

of-magnitude increase in total dissolved solids (TDS) from above to below spring seepage.

The only other tributary to the JR is Rio Guadalupe (GUAD), with a confluence about thir-

teen kilometers downstream from JS (Figure 2d). The JR below GUAD does not acquire the

inflowing Ca-HCO3 composition but is diluted by the relatively lower TDS of the GUAD.

From the GUAD triad to San Ysidro, there is another significant concentration increase in

all major solutes (Figure 2e). The contributing saline end-member likely belongs to the San

Ysidro mineral waters (Goff et al., 1981, 1988), which contain a VC outflow component and

circulate within Mesozoic and Paleozoic strata (McGibbon et al., 2018). Our representative

waters are from the JP-1 and GT-01 wells, which were drilled for geothermal exploration in

the Jemez Pueblo through a U.S. Department of Energy initiative (Albrecht et al., 2015).

7



2 Methods

2.1 Sample Collection

The JR and its known inflows were sampled from a total of fifteen sites in August 25th,

2018. Samples were obtained from tributaries (SA, GUAD) and springs (SD, JS) and their

accompanying above- and below-JR sites, with four additional locations from East Fork fur-

thest upstream, the HBRD junction, the JR Spanish Queen fishing grounds between JS and

the GUAD tributary, and at the intersection of the JR and NM-4 at the village of San Ysidro

(JRSY). Approximately fifteen kilometers separate JRSY from the last river sampling site,

the GUAD tributary (the intervening area is the Jemez Pueblo). We were unable to collect

a sufficient sample volume from JS, as there was nearly no runoff from the spout of the

enclosed JS bathhouse well at the time of the campaign. Thus, an older JS sample from

2017 is substituted. Potential thermal meteoric water inflows, SPNC and MCLY springs,

were also sampled in 2017. For the San Ysidro end-members, we use a JP-1 sample, which

has data partially reported in McGibbon et al. (2018), and obtain unpublished data for the

GT-01 well from the Albrecht et al. (2015) effort. Goff et al. (1981) report that the mineral

springs derived from the VC outflow fluids have remained relatively chemostatic for over

half a century and any input from surface hydrology is negligible. Although there is sea-

sonality in the geochemistry of the thermal meteoric waters (Vuataz and Goff, 1986), SPNC

and MCLY were sampled during early winter, avoiding dilution from snowmelt recharge.

In the field, we follow water sampling protocols defined by the U.S. Geological Sur-

vey National Field Manual for the Collection of Water-Quality Data (Wilde, 2006). At

each site, a pair of treated (0.45-µm-filtered and HNO3-acidified) and raw (and without

headspace) samples was collected in Nalgene high-density polyethylene bottles for cation

measurements and analyses of anions, respectively. The temperature, pH, TDS, and spe-

cific conductance of these waters are recorded with an Oakton Waterproof pH/CON 300

meter. To complement these stations of discretely sampled water chemistry, a spatial sur-

8



vey of an extended suite of physiochemical parameters, which includes temperature, pH,

TDS, specific conductivity, oxidation-reduction potential (ORP), dissolved oxygen, and

turbidity, was synoptically conducted using a YSI ProDSS multiparameter water quality

meter during the campaign (Figure 3). The Ag/AgCl reference ORP electrode (in 4 M KCl)

was calibrated with a YSI 3682 ZoBell Solution and its measured potentials are converted

to and reported as Eh in volts (V)

Eh = Efield + (−0.001 ∗ T + 0.224)︸ ︷︷ ︸
Eref

, (1)

where Efield is the in-situ potential and Eref is the potential of the given reference electrode,

which is calculated with a temperature-dependent (T in oC) linear expression derived from

standard values (Nordstrom and Wilde, 2005, their Table 6.5-2). We employed regular

1-km spacing throughout the upper JR reach and finer 50-m frequency around sites with

grab samples. Any gaps in these spatial series records are along restricted residential and

reservation areas.

2.2 Analytical methods

Total alkalinity (expressed as HCO3) was measured via potentiometric acid-neutralization

titration (Dickson, 1981; Gran, 1952) correspondent to Standard Method 2320 (Association

et al., 2018). All instrumental analyses were done at the Analytical Geochemistry Labora-

tory at the University of New Mexico (UNM). Major solute chemistry was analyzed using a

Perkin Elmer Avio 500 inductively coupled optical emission spectrometer (Na, K, Mg, Ca,

Si) and a Dionex ICS-1100 ion chromatograph (Cl, SO4, F) similar to methods disclosed

in Environmental Protection Agency (EPA) 200.7 and 300.0 (Pfaff, 1993), respectively.

Sixteen trace elements (Fe, Li, U, Sr, Rb, Ba, Co, Pb, Cu, Ni, V, Cs, Mo, Mn, As, Al)

were analyzed with a Perkin Elmer NexION 300D inductively coupled plasma mass spec-

trometer following EPA method 200.8. As a QA/QC protocol, a continuing calibration

9
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Figure 3: Spatial profiles of physiochemical parameters recorded by the Oakton (in orange) and
YSI (in blue) meters.

verification solution, prepared from a PlasmaCAL SCP33MS reference reagent, was ana-

lyzed three times (each at the beginning, midpoint, and end of analysis) to ensure accuracy

within ≤5%. The response of an internal indium standard for drift assessment every sam-

ple showed a range of 97% - 120% recovery. Replicates for 10% of total unknown samples

were in good agreement within ≤5% of each other.

2.3 Geochemical modeling

We use Phreeqc (Parkhurst and Appelo, 2013), an equilibrium-based geochemical program

maintained by the U.S. Geological Survey, and the llnl.dat thermodynamic database (John-

son et al., 2000) to compute aqueous speciation and mineral saturation indeces. Model input

consisted of major and trace solute chemistry and Eh measured by the YSI meter.
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3 Results & Discussion

All data are presented in Table 1 and Table 2. Spatial series of physiochemical parameters

are tabulated in Appendix B. The data reported are obtained during a ∼425 L/s event on the

given sampling date. This discharge is estimated from a United States Geological Survey

stream gauging station (unit #08324000) below the confluence at GUAD (USGS, 2019).

The flow conditions during our campaign are about 25% weaker than the mean daily value

(Figure 4) and is almost just half of the reported flow (∼963 L/s) in the loading assessment

by Dyer (2007), during which some major elements and heavy metals, like As, were found

to have been exceeding EPA drinking water standards.
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10
2

10
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10
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D
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ch
ar

ge
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/s
)

15-minute data
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Campaign day

Figure 4: A hydrograph (black lines) of the Jemez River near Jemez Springs, including mean daily
statistics (orange ‘x’), for the 2018 flow year. The red-rimmed yellow dot denotes the sampling

campaign of this study. Data are obtained from online National Water Information System
database (USGS, 2019).

The distribution of detected solute concentrations is shown by Figure 5. Some trace

elements, like Li and Sr, are within the lower range of major-solute abundance, measur-

11



ing up to as much as ∼1 ppm. Except for V and Al, which are the most enriched in river

samples, the greatest measured values are in springs. The thermal meteoric waters, SPNC

and MCLY springs, are generally depleted in most solutes, often below or middling within

the range of river concentrations. However, these waters contain the most Mo, which may

be a consequence of their relatively long residence times (Dondanville, 1971; Goff et al.,

1981; Vuataz and Goff, 1986). Notably, within fractured and highly-altered Quaternary tuff

from a core extracted in the dry-steam region of the caldera, Hulen et al. (1987) found shal-

low molybdenite deposits, which are hypothesized to have formed from prior existence of a

liquid-dominated system or leakage of such high-temperature waters via favorable conduits

of the Sulphur Creek fault network. This remnant mineralization may have also occured

within fractured Quaternary moat rhyolite that hosts the thermal meteoric waters, which are

located just outside the caldera ring fracture and near the northeastern terminus of the Jemez

Fault Zone. The latter springs that account for most of the high solute concentrations are

surface expressions of the saline VC outflow plume and each has underdone a unique flow

path, which is reflected by different solute abundances.

Although the origins of the geochemical differences among spring groups in Cañon

de San Diego have not been fully determined (Goff et al., 1981, 1988; McGibbon et al.,

2018), the trace element data provide additional constraints in identifying the correspondent

lithology these thermal waters have significantly interacted with. Generally, JS is more

enriched in heavy metals while SD contains more alkali and alkaline-earth metals. The

JS waters were likely in communication with the local Cu-rich (Elston, 1967; McLemore,

1996) azurite and malachite deposits of the Permian Abo Formation sandstone (Kelley et al.,

2003, 2007), given the maximum concentrations found in this spring. Alongside Cu, Ag,

Au, and U have also been extracted from the Abo (Elston, 1967; McLemore, 1996). It’s

possible the fluids that formed the ore minerals also provided sources of mineralized Ni and

Co, the other trace metals most abundantly found in JS. The SD waters show the greatest

extent of interaction with the Pennsylvanian Madera limestone, which is reflected by the

12
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Figure 5: A dot plot showing logarithmic distribution of analyzed solute suite.

highest HCO3 concentrations and abundance of some alkali and alkaline-earth metals that

are often incorporated as constituents of carbonates (Graf, 1962; Heier and Adams, 1964;

Nesbitt et al., 1980).

The thermal waters in the Jemez Pueblo area are still derived from the VC outflow,

but their geochemical composition has been significantly altered by interaction with lower

Permian rocks. Dissolution of evaporites in the Yeso Formation is demonstrated by a

loss of a radiogenic signature, or lower 87Sr/86Sr ratios denoting a shift to a marine end-

member (McGibbon et al., 2018), and elevated SO4, HCO3, and Sr concentrations in the

representative well waters (Figure 5). High Cu and Pb concentrations in the JP-01 well

waters may originate from interaction with the underlying Abo Formation. Furthermore,

the depleted signatures of Rb, Cs, and Ba support uptake into Na- and K-bearing minerals

like those in the arkosic sandstones and interbedded clays of the Abo (Goff et al., 2011).

13



The GT-01 well contains almost 100 ppm of Fe, which may be associated to widespread

occurrence of hematite (Albrecht et al., 2015) or may originate from well contamination.

We further interpret how these spring sources influence the availability and behavior

of trace elements in the JR with downstream distance-concentration profiles, where the

confluence at Battleship Rock (Figures 2 and 6) is used as the datum for the JR study reach.
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Figure 6: A downstream plot of major-solute chemistry with marked known inflows (gray dashed)
and the EPA MCL for total dissolved solids (red solid).
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3.1 Major solutes

Major-ion chemistry in the JR from 2018 reflects patterns observed in sampling campaigns

from the preceding decade (Figure 6) (Crossey et al., in prep., 2013; Jochems et al., 2010).

Except for GUAD, there is an increase in solute concentrations at each inflow. The great-

est contributions are usually at SD, where diffuse thermal seeps have been identified (Goff

et al., 1981), and the flow path through SY, along which groundwaters are dissolving car-

bonates and evaporites (Goff et al., 1981; McGibbon et al., 2018; Trainer et al., 2000).

Levels of total dissolved solids begin to exceed the EPA primary drinking water standard at

JR below SD. This salinization load is maintained throughout the rest of the JR study reach,

which is characteristically defined by conservative behavior, since changes in downstream

concentrations only occur when mixing with inflowing waters of different geochemical

compositions.

This behavior holds true for all major ions, including SO4, which is a solute that has

been characterized to originate from multiple sources in the VC (Szynkiewicz et al., 2019b,

2012). Given the connection of the SA tributary to the intra-caldera Sulphur Creek wa-

tershed (Goff and Grigsby, 1982; Vuataz and Goff, 1986) and the influence of SPNC-like

thermal waters, the JR headwater SO4 sources are derived from oxidized H2S in fumarolic

condensates and from oxidation of S dissolved from altered rhyolite (Szynkiewicz et al.,

2019b). The proportions of this combination differ seasonally, as there is more contribution

from condensed geothermal steam during the winter due to greater availability of surface

water (Szynkiewicz et al., 2019a). The SO4 content in the hydrothermal outflow fluids and

springs comes from Paleozoic sedimentary strata (Szynkiewicz et al., 2019b), which has

also been suggested by McGibbon et al. (2018).

3.2 Conservative trace elements

The 12 of 16 measured trace elements reflect the salinization pattern of major solutes and

mostly behave conservatively downstream (Figure 7). These solutes can be grouped ac-
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cording to their inherent chemical properties. The alkali (Li, Rb, and Cs) and alkaline-earth

metals (Ba and Sr) are cations with low ionic potential, and, thus, are weakly electrostati-

cally attracted to anions like O2
- (Railsback, 2003). This weak bonding potential enables

relatively good solubility. The rest of the elements (Fe, Ni, Co, V, U, Pb, and Cu) con-

sists of cations with intermediate potential, which have a greater likelihood of coordinating

with S and O groups and may be potentially incorporated into major oxides and hydroxides,

aluminosilicates, sulfides, and carbonates (Railsback, 2003). This second group of conser-

vatively behaving elements may also exist under variable oxidation states, some of which

are insoluble forms (Brookins, 1988).
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Figure 7: A downstream plot of trace elements that behave like TDS or major solutes, with
marked known inflows.

The JR waters above SD likely represent background concentrations, which may be

derived from a combination soil, atmospheric, or weathering contributions (Gaillardet et al.,

2003) and input from the thermal meteoric waters (Figure 5). Several elements appear

18



more concentrated at the HBRD site, where there is no known aqueous inflow but visual

fumarolic emergence. The sharp shift to reducing conditions (Figure 3) could solubilize

adsorbed or suspended Cu and Pb (Davranche and Bollinger, 2000; Godtfredsen and Stone,

1994; Lin and Valentine, 2008). The source of the increase in Li, Sr, and Rb is more difficult

to constrain, but may be associated to uncharacterized hyporheic exchange. The decrease

in U could be caused by transformation to a U(IV) species, which would be immobile at

moderate-to-high pH (Gascoyne, 1992), although no oxidation state change is suggested by

speciation modeling (Figure 8). The dissolved load of all conservative metals below SD is

then significantly enriched by thermal water contribution (Figure 7).

The alkali and alkaline-earth trace elements remain in solution after loading at SD,

which corresponds to their aforementioned electrostatic characteristics. The transition met-

als behave similarly and do not react further downstream of the SD inflow. In-stream geo-

chemistry appears to favor formation of some minerals for Fe and Ni (Figure 9). Over-

saturation with respect to a mineral does not necessarily guarantee precipitation, as a solid

phase will only crystallize if the kinetics are favorable. More importantly, except for Ni,

which is present as a divalent ion for all of the river reach, the conservative transition met-

als predominantly exist downstream as hydroxyo (Fe(OH)3
0, UO2(OH)2

0, VO3OH-2), oxy

(HCoO2
-), and carbonato (CuCO3

0, PbCO3
0) complexes (Figure 8). The continued stabil-

ity of these aqueous forms further downstream could be enhancing solubility and prevent-

ing precipitation. Although these transition metals are sensitive to changes in Eh, only Fe

shows a change in oxidation state, in which Fe(II) enters the JR as a free ion and a carbonyl

(FeHCO3
+) complex (Figure 8) at the SD inflow, where Eh levels drop (Figure 3). Notably,

Co may only exist in one oxidation state over the range of Eh conditions that covers natu-

ral waters (Garrels and Christ, 1965). The generally increasing turbidity trend downstream

also presents potential for removal via adsorption (Figure 3). However, given the moderate

dissolved SiO2 concentration range (47-59 mg/L), it’s possible that water-sediment interac-

tion for some trace metals is minimized by potentially present silica coatings (Davis et al.,
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Figure 8: Results of inorganic speciation modeling with Phreeqc. Any species contributing to ≤
0.01 % are not included.
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Figure 8 (cont.): Results of inorganic speciation modeling with Phreeqc. Any species contributing
to ≤ 0.01 % are not included.
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Figure 8 (cont.): Results of inorganic speciation modeling with Phreeqc. Any species contributing
to ≤ 0.01 % are not included.

2002). Perhaps an even more important factor to consider is the transport of particular met-

als (Fe, U, Cu, Pb) that are known to become more readily adsorbed as neutral aqueous

complexes (Figure 3), precluding any influence from charged solid surfaces. These unique

in-situ geochemical conditions elicit preservation of the dissolved load of these transition

metals.

The behavior of elements along the terminal part of the JR study reach is dependent

on the inflowing end-member groundwaters (Figure 7). The significant increase in Sr and

Ba concentrations is a result of interaction between the end-member fluids and marine sedi-

ments, as observed with the representative well waters (Figure 5). Unlike the highly soluble

Li, Rb and Cs tend to become incorporated into feldspars, clays, and zeolites (Berger et al.,
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Figure 9: Saturation index of Jemez River waters with respect to Fe, Ni, U, Cu, Pb, Al, and Mn
phases. The dashed line (Saturation Index = 0) denotes equilibrium.

1988; Ellis and Mahon, 1967), and are, thus, likely progressively becoming depleted in the

end-member water as it travels along the flow path to mix with the JR. The addition of Fe,

U, and Ni correspond with elevated signatures in the JP-1 and GT-01 wells. No well data are

available to directly explain the increase in V, but the element often mimics the behavior of

U (Railsback, 2003), especially in sedimentary settings (Hostetler and Garrels, 1962). Al-

though Cu and Pb are enriched in the JP-1 well, these solutes are probably relatively absent

in the actual end-member fluids mixing with the JR in San Ysidro.

3.3 Non-conservative trace elements

Trace elements that show unique non-conservative behavior (elsewhere besides HBRD)

and/or appear to be depleted in the inflowing thermal waters are discussed individually
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Figure 9 (cont.): Saturation index of Jemez River waters with respect to Fe, Ni, U, Cu, Pb, Al, and
Mn phases. The dashed line (Saturation Index = 0) denotes equilibrium.

below.

3.3.1 Arsenic

Elevated concentrations of As in geothermal fluids and surface discharges have been as-

sociated with volcanogenic geothermal systems (Stauffer and Thompson, 1984; Webster

and Nordstrom, 2003), with anomalously high levels of ≤48 ppm reported in the El Tatio

geothermal field, Chile (Ellis and Mahon, 1977). Within the study reach, the highest mea-

sured values are found at SD (174 µM) and JS (51 µM) thermal springs (Figure 10). Cor-

respondingly, there is as much of an 11.5-fold increase in As from the JR above to below

the SD input. Exclusive non-conservative behavior of As is marked by the river section

between this area of greatest loading and the town of Jemez Springs. The concentration of
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As is expected to increase slightly or remain relatively constant since the JS inflow is more

enriched relative to the last JR point. Instead, about 60% of introduced As at SD is removed

from solution.

Figure 10: Subplots of arsenic downstream profile and spatial surveys of physiochemical
parameters. The term, ∆µMinflow-river, is the difference in concentration between a known inflow

and the preceding river sample. The line connected with ‘x’ markers denotes pHOakton.

Although As may stably exist in the environment in four oxidation states (+5, +3, 0,

or -3), arsenite (+3) and arsenate (+5) are most common in aqueous systems. Due to the

reducing and/or anaerobic conditions, arsenite has been noted to be the dominant form of

As issuing from thermal springs (Bundschuh and Maity, 2015; Smedley and Kinniburgh,

2002; Webster and Nordstrom, 2003). Criaud and Fouillac (1989) report 57% of total As in

SD emerges as arsenite. During an August 2015 campaign (∼934 L/s), more recent work by

Hansson (2016) determined that 55-72% of total As is arsenite at multiple SD seeps while

76% is present as arsenate at a JR point just below thermal inflow. The coexistence of both

species may reflect the limitations reduced sulfur species impose on microbial and inorganic
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As oxidation (Cherry et al., 1979; D’Imperio et al., 2007; Stauffer et al., 1980). Although

there are significant changes to Eh-pH conditions, reaching respective global minima of

0.22 V and 7.43 pHYSI (Fig. 9), just after the SD inflow, previous studies and a theoretical

assessment (Figure 11) support likely predominance of arsenate, which could be controlling

the fate of newly introduced As in-stream.

Along the JR section where As is behaving non-conservatively, there are sharp increases

in turbidity, in addition to aforementioned decreases in Eh and pH (Figure 10). The most

prominent increases occur just 0.3 km after the SD inflow (108.6 NTU) and approximately
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at the midpoint (at 7.6 km) of SD and JS (108.5 NTU). This degradation in water trans-

parency may support elevated presence of particulate matter, some of which may act as

potential adsorbents. Relative to arsenite, it has been empirically demonstrated that arse-

nate has a higher potential to adsorb onto solids. The kinetics of arsenate adsorption are

faster, and adsorption onto Fe, Al, and Mn oxides/oxyhydroxides is the most efficient at a

pH range of 4-8 (Gupta and Chen, 1978; Raven et al., 1998), which are conditions reflected

by the SD-mixed JR section where there is non-conservative transport of As.

3.3.2 Molybdenum

Unlike other conservative trace metals (subsection 3.2), the first and most significant in-

crease in Mo concentration is at the confluence with SA (Figure 12), which is likely re-

ceiving some input from Mo-rich SPNC spring (Figure 5). There is no net positive con-

tribution of Mo from the thermal springs, as their measured concentrations only make up

3.4-4.3% of those for the respective river points before inflow. Mo in geothermal fluids

are not usually found in high concentrations, except for basalt-hosted systems (Arnórsson

and Ívarsson, 1985; Evans et al., 2015; Kaasalainen and Stefánsson, 2012) that report as

much as 0.73 µM (Arnórsson and Ívarsson, 1985). Furthermore, the range of Mo (1.7-6.7

x 10-2 µM) found in the JR is comparable to an estimated background range worldwide

(1.1-8.9 x 10-2 µM) (Linnik and Ignatenko, 2015).

For the most part, the downstream profile of Mo is conservative. The majority of fluxes

in concentration is attributed to mixing. Non-conservative behavior is identified at HBRD,

where 0.01 µM is removed from solution, which may be explained by a local 60 NTU max-

imum (Figure 12). Although peak adsorption of Mo onto metal oxides, clays, and soils

occurs around pH 3-5 (Goldberg et al., 1996; Matern and Mansfeldt, 2015), the alkaline

conditions at HBRD do not preclude complete adsorption inactivity at pH slightly above

circumneutral. The slight loss in Mo concentrations at HBRD may be attributed to weaker

adsorption at high pH. However, this suggested mechanism does not appear to occur in
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Figure 12: Subplots of molybdenum downstream profile and spatial surveys of physiochemical
parameters. The term, ∆µMinflow-river, is the difference in concentration between a known inflow

and the preceding river sample. The line connected with ‘x’ markers denotes pHOakton.

another JR section where physiochemical conditions would seem to favor stronger adsorp-

tion. Despite observing the lowest pH and highest turbidity along the stretch between SD

and JS, there is less decrease in concentration between these two sampling points relative

to HBRD (Figure 12). Hence, this disparity suggests that non-conservative behavior of Mo

is not from adsorption.

The exclusive removal of Mo at HBRD may be governed by geochemical behavior anal-

ogous to a process responsible for creating enriched Mo deposits during euxinic events (Arnold

et al., 2004; Neubert et al., 2008). Mo in the oxygenated JR waters likely exists predomi-

nantly as molybdate (MoO4
2-), which is a highly soluble aqueous species. The JR waters at

HRBD are within the range of seawater pH (7.5-8.4), where the oxygen in MoO4
2- is sus-

ceptible to becoming replaced by larger, polarizable atoms from soft Lewis bases (Felten

et al., 1978), such as S from incoming and dissolving H2S, whose presence is maintained
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by reducing conditions (Figure 12) and absence of ferrous iron (Figure 8; Stumm and Mor-

gan, 1981). As a result, the dissolved Mo is progressively converted to some thiomolyb-

date species (MoOnS4-n
2-) (Erickson and Helz, 2000), which are more prone to removal

via potential co-precipitation with Fe (Bertine, 1972; Helz et al., 2011), or other abundant

transition metals. Dissolved Mo is more likely lost through sulfidation, transforming Mo

into a reactive species, and eventual equilibrium coprecipitation. It is difficult to model any

potential redox transitions due to the lack of reliable thermodynamic data for aqueous Mo

species.

3.3.3 Aluminum

A significant control of aqueous Al activity is pH (Driscoll and Schecher, 1990; Hem and

Roberson, 1967). Under acidic conditions, Al is soluble and exists mainly as the free Al3+

ion. Under circumneutral pH, Al is readily hydrolyzed into some aluminum hydroxyl group,

which is relatively insoluble in water. The mean Al concentration for the JR, 0.68 µM,

which is well below estimated median concentration in North American rivers (9 µM; Du-

rum and Haffty, 1963) and average concentration for freshwaters (9 µM; Bowen, 1966).

Al is also generally scarce in neutral NaCl thermal waters, such as the SD (0.91 µM) and

JS (0.74 µM) springs, but has been measured in 102-ppm levels in acid-SO4 condensates

derived from geothermal steam or vapor systems (Goff et al., 1985; Lewis et al., 1997).

Since podzolization (Cronan and Schofield, 1979; Lundström et al., 2000; Mokma and Bu-

urman, 1982) is unlikely to occur in a semi-arid watershed, the elevated Al signatures at

East Fork JR and below GUAD (Figure 13) may be associated to the boggy conditions at

those junctions. The East Fork headwater catchment has been observed to yield elevated

concentrations of dissolved organic carbon (Chorover et al., 2011; McIntosh et al., 2016;

Vázquez-Ortega et al., 2015), which can act as solubilizing agents of heavy metals such as

Al (Sposito, 2008; Trostle et al., 2016). Moreover, further Al input to East Fork JR is likely

coming from MCLY spring (6.1 µM; Figure 5).
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Figure 13: Subplots of aluminum downstream profile and spatial surveys of physiochemical
parameters. The term, ∆µMinflow-river, is the difference in concentration between a known inflow

and the preceding river sample. The line connected with ‘x’ markers denotes pHOakton.

For most of the river reach, the dissolved Al load is attenuated (Figure 13). It is possible

that there is Al uptake from potentially precipitating gibbsite, kaolinite, or albite, as these

phases appear to be supersaturated through all of the river reach (Figure 9). Some Al may

also be lost to adsorption onto clay particulates (Charlet et al., 1993; Walker et al., 1988).

This phenomenon is most clearly observed at the JR section between the two thermal spring

inputs where there is loss of Al, even though the inflowing JS waters are more Al-loaded.

There is a slight increase (∼0.07 µM or ∼2 µg/L) at HBRD, which is potentially receiv-

ing loading of Al via acidic solubilization (Driscoll, 1985; Driscoll and Schecher, 1990).

Copious hydrothermal gas input charges soil solution, or water stored in streambed, with

CO2, which dissolves into H2CO3. The dissociation of H2CO3 increases concentration of

H+, which releases particulate Al into solution, and produces HCO3
-, which may act as a

mobilizing counterion to Al. The 0.18 increase in pH from the Battleship confluence to
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HBRD may mark infiltration of the high-pCO2 Al-rich solution, as H+ is consumed during

release of CO2 from the dissolved inorganic carbon pool (no addition of HCO3 at HBRD

from JR at Battleship; Figure 6) upon exposure to atmospheric conditions.

3.3.4 Manganese

The occurrence of Mn in natural waters has been linked to plant metabolism, as the metal has

been found to have been stored in tree leaves as a result of organic circulation (Bidwell et al.,

2002; Ovington, 1956). Mn is also an abundant element in igneous ore minerals (Borchert,

1970), so its presence in the JR could be attributed to weathering of soil sourced from

local volcanic material. With such a relatively short time-scale under the context of mass

Figure 14: Subplots of manganese downstream profile and spatial surveys of physiochemical
parameters. The term, ∆µMinflow-river, is the difference in concentration between a known inflow

and the preceding river sample. The line connected with ‘x’ markers denotes pHOakton.

transport in a river, the slow kinetics of oxidation of Mn (Hem and Roberson, 1967; Laxen

et al., 1984) likely do not affect speciation. Inorganic speciation modeling suggests that Mn
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exists predominantly as Mn2+ in river stretches where concentrations are increasing and as

aqueous MnCO3 where the solute is depleting (Figures 8 and 14). Although Chiswell and

Mokhtar (1986) state that MnCO3(aq) is an insoluble form of Mn(II), the JR is undersaturated

with respect to rhodochrosite and other solid phases (Figure 9). Some removal may also

be mediated by adsorption to particulate matter, since the JR becomes progressively more

turbid downstream.
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4 Summary & Conclusions

We investigated natural salinization of the Jemez River during a low-flow event, as down-

stream aqueous geochemistry is influenced by its two tributaries and multiple areas of

geothermal activity. There is a net ∼500-ppm increase from above the thermal springs

to the end of the study reach. Major-solute behavior has been extensively characterized and

has been identified to be governed by conservative processes through mixing. The abun-

dance and distribution of accompanying trace elements, some of which have never been

measured for the Jemez River before, appear to be dependent on changing hydrogeochem-

ical compositions and unique in-situ physiochemical conditions along the study reach.

Two-thirds of measured trace elements mimic most of major-solute behavior. Relative

non-reactivity of this group is characterized by weak ionic potential, constant oxidation

state, and counterion balancing through complexation. To some extent, the presence of

silica in these waters may potentially inhibit effective adsorption, which would allow these

elements to remain in solution after receiving greatest loading from the Soda Dam thermal

inflow. Conversely, the latter one-third is attenuated non-conservatively at different Jemez

River sections by distinctive sinks attributed to adsorption, co-precipitation, and oxidation-

enhanced immobility. Notably, some elements from both groups appear to be influenced

at Hummingbird, where no aqueous inflows exist. There are considerable changes in Cu,

Pb, and U concentrations, which could be attributed to the sudden shift to a more reducing

system. More complex dynamics are likely responsible for fluctuations in Al and Mo at

Hummingbird, where the Eh-pH state couples with upwelling hydrothermal gases to create

environmental conditions commonly reserved to acidic environments and euxinic basins,

respectively.

With persistent droughts and diminishing snowpack, properly managing water resources

becomes even more imperative, especially in semi-arid regions like the southwestern U.S.

This work emphasizes the importance of interactions between groundwater and surface wa-
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ter, with implications for improving predictive models of water quality and refining general

understanding of salinization dynamics.
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Appendix A Field Photos

Field photographs of riverside geothermal features: bleached outcrops at Hummingbird site

(A & B) and travertine deposits at Jemez Springs (C) and Soda Dam (D).

Appendix B Spatial Series Data

Spatial series data of physiochemical parameters over ∼50-km Jemez River reach:
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Site Sp. Cond. (µS/cm) TDS (mg/L) Temp. (o C) pH ORP (mV) Turbidity (NTU) ODO (ppm) Distance (km)

JG01 (EFJRH4) 111 72 13.94 7.78 143.3 12.53 7.88 -7.5
JG02 111 72 13.94 7.8 139.5 14.7 7.9 -7.45
JG03 111.1 72 13.89 7.77 148 19.5 7.9 -7.4
JG04 111 72 13.94 7.78 145.1 17.49 7.91 -7.35
JG13 142.7 93 16.56 8.15 141.1 4.31 7.64 -0.2
JG11 141.8 92 16.44 8.08 143.1 4.18 7.84 -0.11

JG10 (EFJRABR) 141.8 92 16.44 8.11 141 4.26 7.81 -0.1
JG09 141.9 92 16.44 8.09 143.2 4.09 7.86 -0.05
JG12 141.9 92 16.50 8.09 141.9 3.93 7.76 -0.015

JG14 (JRBBR) 164.8 107 16.44 8.12 134.2 11.73 7.74 0
JG15 155.7 101 16.50 8.11 149.6 9.62 7.79 0.05
JG16 155.5 101 16.56 8.12 152.7 17.71 7.77 0.1
JG17 155.7 101 16.44 8.08 153.9 19.59 7.74 0.15
JG18 162 105 16.83 8.26 139.6 7.01 7.7 1
JG19 162.2 105 16.89 8.21 105.5 30.19 7.76 1.09
JG20 162.2 105 17.00 8.25 70.8 9.53 7.7 1.14

JG21 (HBRD) 162.5 106 16.94 8.24 73.3 10.97 7.71 1.19
JG22 162.4 106 16.94 8.15 42.3 13.44 7.73 1.24
JG23 164 107 16.67 8.19 78.1 7.19 7.8 1.29
JG24 168.7 110 17.67 8.31 112.6 7.18 7.37 2
JG30 173.9 113 18.06 8.32 143.4 14.82 7.71 6.04
JG31 177.9 116 18.06 8.28 153 16.24 7.75 6.09
JG32 204.1 133 18.11 7.9 155.6 26.46 7.73 6.14

JG33 (JRASD) 247.1 161 18.22 7.82 143.6 33.25 7.68 6.19
JG34 206.4 134 18.33 7.48 115.5 29.75 7.65 6.24
JG35 511.1 332 19.78 8.08 19.5 17.58 7.35 6.29

JG36 (JRBSD) 750 487 20.39 7.78 64.2 16.61 7.33 6.34
JG37 761.2 495 20.56 7.58 65.9 16.73 7.36 6.39
JG38 779.4 507 20.39 7.69 90.3 24.77 7.45 6.44
JG39 789.6 513 20.83 7.43 83.2 23.56 7.34 6.49
JG40 807.5 525 20.50 7.88 137.9 108.61 6.97 6.54
JG41 802.9 522 20.44 7.86 139.6 95.32 7.03 6.59
JG42 802.1 521 20.44 7.86 139.8 86.43 7.04 6.79
JG43 803.6 522 21.06 7.71 166.3 24.53 7.43 6.99
JG44 803.9 523 21.11 7.76 161.3 30.4 7.42 7
JG45 808.2 525 21.78 7.97 135.7 17.78 7.41 7.19
JG46 791.1 514 21.94 7.95 176.1 17.71 7.32 7.39
JG47 804.5 523 22.17 7.96 174.7 108.49 7.24 7.59
JG48 800.5 520 23.06 8.03 167.4 26.03 6.96 7.79
JG49 809.1 526 22.61 7.97 178.9 37.93 7.17 7.99
JG50 807.8 525 22.89 7.98 187.9 23.19 7.18 8
JG51 807.4 525 22.89 7.93 191.9 25.36 7.19 8.19
JG52 809.9 526 22.78 7.94 190.1 22.52 7.17 8.39
JG53 809 526 22.83 7.93 190.2 22.45 7.2 8.49
JG54 805.4 524 23.28 8.01 182.7 20 7.12 8.54
JG55 838.6 545 24.06 7.93 176.7 20.18 7.03 8.59
JG56 840.1 546 24.06 7.88 179.2 24.27 6.92 8.64
JG58 843.6 548 24.11 7.83 181.4 22.02 6.94 8.69
JG59 917 596 24.56 7.8 181.7 21.07 7.07 8.74

JG60 (JRJS) 912.7 593 24.72 7.74 181.2 22.16 6.96 8.76
JG61 929.3 604 25.06 7.71 187 21.29 6.93 8.79
JG62 953.2 620 25.28 7.73 175.7 24.15 6.87 8.84
JG63 972.6 632 25.56 7.67 171.1 30.74 6.9 8.89
JG64 960.9 625 25.28 7.68 178.3 25.38 6.96 8.94
JG65 960.9 625 25.33 7.64 186.2 29.36 6.99 9
JG68 959.5 624 25.44 7.63 189.6 27.26 6.88 12
JG69 999.1 649 24.94 8.27 157.9 23.01 6.95 13
JG70 997.5 648 24.89 8.3 164.1 22.9 6.99 14
JG71 997.9 649 24.89 8.32 165 22.6 6.97 14.79
JG72 1004.2 653 25.39 8.4 153.9 25.99 7.01 14.84
JG73 1006.1 654 25.33 8.43 160.7 24.99 6.83 14.89

JG74 (JRSQ) 1008.4 655 25.39 8.43 164.1 25 6.9 14.94
JG75 1010.2 657 25.39 8.44 167.5 24.97 6.83 14.99
JG76 1009.4 656 25.44 8.42 164.1 24.95 6.83 15
JG77 1007 655 25.44 8.4 164.4 26 6.88 15.04
JG78 1009.4 656 25.39 8.43 165.6 25.76 6.81 16
JG79 989.3 643 26.50 8.51 138.1 44.68 6.93 17
JG80 989.6 643 26.44 8.53 146.7 32.43 6.75 18
JG81 991.2 644 26.06 8.49 157.2 32.72 6.99 19
JG82 995 647 25.94 8.52 158.7 32.46 6.97 20
JG83 991.3 644 26.06 8.52 159.6 32.27 6.9 21
JG93 984.6 640 26.17 8.49 178.5 34.73 6.89 22.33
JG92 985.6 641 26.17 8.54 181.1 36.61 6.89 22.38
JG91 986.7 641 26.06 8.53 177.8 34.31 6.93 22.43

JG90 (JRAG) 987.5 642 26.06 8.5 174.4 33.52 7.02 22.48
JG89 899.6 585 26.17 8.51 169.9 35.06 6.78 22.53
JG88 896.2 583 26.06 8.43 169.6 32.05 6.93 22.58

JG87 (JRBG) 849.7 552 26.22 8.5 173.9 34.92 6.76 22.63
JG86 849.9 552 26.17 8.5 171 35.84 6.79 22.68

JG98 (SY) 1252.3 814 27.39 8.15 175.7 60.03 7.17 37
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