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Abstract 

Geothermal arsenic (As) and its inorganic species transformation in river 

systems are of global concern, since As has a potential negative impact on human 

health and ecosystems. Periods of increased precipitation may change As 

concentrations and As partitioning in streams, due to elevated water tables, increased 

runoff generation, dilution, and interactions with sediment.  

In this study we investigate hydrological conditions of Jemez River, located 

along the Jemez fault in NM, USA, during the monsoon months June, July and 

August of 2015. We aim at determining how different hydrological conditions in the 

Jemez River during the monsoon months might affect the concentrations and riverine 

mass flows of geothermally derived (total) As and As III discharging in a travertine- 

and hot spring area called Soda Dam.  

Water and sediment from the river and hot springs sites, as well as 

streamflow measurements along a 22 km river reach were collected. The chemical 

composition of water and sediment was determined using Inductively Coupled 

Plasma-Optical Emission Spectrometry/Mass Spectrometry (ICP-OES/MS); and Ion 

Chromatography (IC) as well as a High Performance Liquid Chromatograph (HPLC) 

coupled to an ICP-MS for further water analysis. Discharge and mass flows as well as 

element inputs and outputs to/from Soda Dam was computed.  

The measurement months were characterized by a median discharge of  

1642 L/s. During the measurement campaigns peak flows occurred with discharges of 

2.5×104 to 6.1×104 L/s during the measurement campaigns. Arsenic concentrations 

were between 1.3 and 107 µg/L in river water, between 167.3 and 6707 µg/L in hot 

spring waters, and between 0.37 and 13.1 µg/kg in river bed sediment. Arsenic III 

was found in hot springs water and river water. Infiltration and subsurface flows 

induced by fault-associated fractures and permeability structures were found to be 

likely to divert water at Soda Dam, as reflected in large discharge differences along 

the reach (470 to 1305 L/s). These flows also had an impact on As concentrations in 

riverine and hot spring water since they mobilize As from bedrock and sediment. 

Changing mass flows of As can only in a few cases be explained by dilution 

processes by Jemez River, which has previously been assumed to be the main control 

on As mass flows along the stretch. Instead, our findings are likely to reflect changes 

in chemical composition of the mixed geothermal waters discharging at Soda Dam, 

due to changing mixing ratios of ground waters of different compositions. The 

present study hence provides a refined interpretation of the hydrological pathways in 

Soda Dam and Jemez River, and calls for more discharge and geochemical 

investigations during a longer study period, to properly investigate the driving forces 

behind the fate of the As from geothermal fluids. 
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1. Introduction 

Arsenic (As) in surface waters and groundwater is of global concern due to 

its potential negative impact on human health and eco systems (Hering & Kneebone, 

2002; Sharma & Sohn, 2009). It occurs naturally in certain types of bedrock but can 

also be added from anthropogenic sources, such as mining (Casiot et al., 2005) and 

other industrial activities (Bhattacharya et al., 2007). The highest As concentrations 

are found in geothermal aquifers situated below ground, whose high temperatures and 

leaching capacity lead to concentrations typically ranging between thousands to tens 

of thousands of µg/kg. These occur in many different types of environments, and are 

often associated with active tectonic plate boundaries but also occur in areas with 

terrestrial geothermal activity (Bundshuh & Maity, 2015).   

Geothermal water contains As in its most toxic form – As III. The water 

reaches the surface through a sometimes complex network of fractures, where it may 

mix with meteoric water and other ground waters before emerging at the surface as 

seeps and hot springs, eventually discharging into lakes and rivers. This alters the 

speciation of As, converting As III to the less bioavailable As V, in a complex 

interplay between microorganisms and changing chemical properties of water as the 

fluids mix. 

The interaction between geothermal and surficial water bodies has been 

studied in many corners of the world, including the Bolivian Altiplano (Ramos et 

al.2014), the Mutnovsky field of Kamchatka, Russia (Ilgen et al., 2011) and in Sierra 

Nevada of the USA (Wilkie & Hering, 1998). Studies from river systems affected by 

geothermal inputs from Yellowstone National Park, have investigated how seasonal 

hydrological changes affect arsenic transport; highlighting the role of elevated water 

tables, alterations of the streamflow-suspended sediment relationship (Nimick et al., 

1998), aswell as differences in mixing amounts/magnitudes of fluids with different 

composition (Hurwitz et al., 2007). 

The Jemez river crosses the Jemez fault zone in northern New Mexico, and 

receives geothermal water with elevated As concentrations (2000-7000 µg/L) 

originating from the deep geothermal reservoir of Valles Caldera. The water mixes in 

the subsurface with other ground waters, and issue as hot springs and seeps 

discharging 1500 l of geothermal water per minute into Jemez River at the travertine 

area Soda Dam, (Trainer, 1984; Reid et al., 2003). This water may pose a threat to 

human health and aquatic species, since recreational activities and fishing are 

common in the area (NMED, 2009).  

Earlier studies dealt with topics such as the geothermal system and fluids in 

Valles Caldera (Goff et al., 1998), inorganic As species in hot springs (Criaud & 

Fouillac, 1989), as well as dissolved concentrations and mass flows in Jemez River 

(Goff et al 1981; Reid et al., 2003; Dyer 2007). However, most studies have 

concentrated on winter- and spring months alone, with only a few samples collected 

during the monsoon months (June – September). Also, the one study calculating mass 

flows and performing discharge measurements along Jemez (Reid et al., 2003), did 

not include the area where most of the geothermal water is discharged – Soda Dam. 

Its position right above the Jemez fault may be an interesting site for studying 

subsurface water flow due to its extensive network of fractures and channels, which 

possibly has an impact on the discharge in Jemez River.  

There is currently a knowledge gap concerning the hydrological processes 

and conditions that governs the water regime and chemical transport on an inter-

monthly scale along the Jemez River; especially during the monsoon months, which 

are characterized by intense localized precipitation events causing peak flows in the 

river (NMED, 2009).This is problematic, since it limits our knowledge of how 

geothermal As is mobilized during such regimes, what effect it has on the speciation, 

and thus the risks associated with the As present in the river during this period of 

time. Even though most systems have a constant availability or influx of geothermal 
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water to surface water (Ingebritsen et al., 2001; Webster & Nordstrom, 2003; 

Bundshuh & Maity, 2015), conditions and watershed dynamics during the monsoon 

might affect As mobility and transport to- and with the Jemez River. A study focusing 

exclusively on the monsoon months would highlight hydrological mechanisms and 

characteristics that are not visible on an inter-annual scale, that are still vital for 

present and future sustainable water management, and to be able to understand and 

plan for impact of environmental changes and climate change. It would also 

contribute to the general knowledge and understanding of As and water flow 

dynamics in semi-arid, geothermally impacted river systems.  

The aim of this thesis is to investigate how different hydrological conditions 

in the Jemez River during the monsoon months might affect the concentrations and 

riverine mass flows of geothermal arsenic. We then consider geothermal sources at 

Soda Dam, and surface waters of Jemez River upstream and downstream of Soda 

Dam. 

Water- and sediment sampling, as well as measurements of discharge and 

physicochemical properties of was carried out during four field campaigns, at 

selected sites in Jemez river and Soda Dam hot springs during June, July and August 

of 2015. Chemical composition of digested sediment, filtered- and non-filtered water 

was determined (with variable success), using alkalinity titrations and Ion 

Chromatography (water), ICP-OES/MS (water and digested water & -sediment) and 

HPLC—ICP/MS coupling (inorganic As species III and V). Mass flows for As and 

Lithium (Li) was calculated, and a basic input/output model based on Li 

concentrations was produced. 
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2. Method 

2.1. Site Description 

Jemez River lies in southwestern New Mexico, USA (Figure 2) and is 

approximately 80 km long. It flows through the Jemez mountains at a mean elevation 

of 1550m (USGS, 2015a), starting at the edge of the ~1 m. y. old Valles Caldera (Goff 

et al., 1981), where its tributaries, San Antonio Creek and East Fork, come together. It 

then continues south towards the Rio Grande.  

Jemez flows along the fault over different types of bedrock, with alluvial 

deposits, mafic & volcanic rocks along the two tributaries San Antonio Creek & East 

Fork River; and evaporites, carbonates and calceous rocks along main Jemez River 

(New Mexico Environmental Department, NMED, 2009; Reid et al., 2003). 

Discharge is measured every fifteen minutes by the United States’ Geological Survey 

(USGS) at Jemez river near Jemez (st 08324000), which has a drainage area of 122 

km2.  

It has a mean discharge of 7.9×102  ‒ 9.9×102 L/s during winter months (November – 

February), and 6.0×103 ‒ 6.8×103 L/s during spring months (April and May), 

calculated from 1954-2014. The high spring discharge is caused by snow melt (USGS 

2015a). Yearly discharge at the station is illustrated in Figure 1.  

 

 

 

 

 

Figure 1 Discharge in ft3 

per second (cfs) during 

2015 (in blue), and median 

daily statistics from 1954 

through 2014 (in orange), 

at the USGS gage “Jemez 

river near Jemez”  

(st. 0832400).  

Figure modified from 

USGS, (2015a). 

 

The river is situated in a semi-arid climate. Meteorological stations owned by 

National Oceanic and Atmospheric Administration (NOAA) continuously records 

precipitation in the catchment. Data from three stations, located in Jemez Pueblo 

(US1NMSN0089); Jemez Springs (USC00294369) and Los Alamos (USW00003062) 

were included in this study (NOAA, 2015). Their locations are illustrated in Figure 2. 

The river is affected by the southwestern summer monsoon, when approximately 50% 

of the annual precipitation occurs from June through September (Sheppard et al., 

2002). The monsoon season is characterized by intense short-duration local storms, 

causing high peak flows in the Jemez River (NMED, 2009). 

2.2. Field campaigns 

Water and sediment samples, as well as discharge measurements were 

collected along a 22 km long distance reach of the Jemez river during the 

southwestern US monsoon period, June – August 2015 (see Table 1), to investigate 

discharge dynamics, spatial and temporal variations in Arsenic (As) concentrations, 

and the distribution of As species As III and As V.  

Sampling sites were selected along the Jemez River reach with a specific 

focus on  the travertine and hot spring area called Soda Dam, SD, (13S 0347 614, 13S 
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3962 148). Both hot spring and river samples were collected. The sites were 

numbered from North (1) to South (14) according to Table 1, and are illustrated in 

Figure 2. Photographs of the sites are further shown in Appendix 1.1.The Soda Dam 

area was sampled during all campaigns due to its frequent geothermal hot springs, 

pools and seeps. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Environmental variables known to affect As mobility was measured at each 

site (pH, temperature (T), dissolved oxygen (DO), Total dissolved solids (TDS), and 

conductivity (C)).  Parameters were measured using a portable multi parameter meter 

(Orion Star A329), calibrated using commercial pH 4.0, 7.0, and 10.0 buffers the day 

before sampling. During the last sampling occasion a waterproof pen meter (OHAUS, 

model ST10R) was used to measure the redox potential (Eh) at the sites.  

Water samples for elemental and As speciation analysis were collected using 

250 ml plastic bottles, if possible with zero headspace. The sample was collected at 

approximately 60 % depth in the middle of the river channel, after rinsing the bottle 

three times. Sediment samples were collected to see the elemental composition on the 

sediment surface at each site. The sediment was collected in 250 ml plastic bottles, 

attempting to get a representative amount of the occurring grain sizes at each site. 

During the latter three sampling occasions, a larger fraction of fine grained sediment 

was collected since explicitly fine sediment was used for digestion in the lab 

(described below). Water and sediment samples were taken to the lab the same day 

and stored in a 4°C fridge until analysis date.  

 

Figure 2 Map showing Jemez River, and location of sampling sites with their site 

ID between brackets. Hot spring sites are marked with stars and river sites with 

triangles. The location of NOAA precipitation sites and USGS gage site 0832400 

used in this study, are also included. 
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Table 1 Sampling sites along the Jemez river and their site ID’s, aswell as sample 

types collected during each of the four sampling occasions. ‘SA’ = San Antonio 

Creek; ‘BR’ = Battleship Rock; ‘EF’ = East Fork river; ‘SD’ = Soda Dam; ‘HS’ = 

Hot spring (geothermal sample); ‘u.s.’ = Upstream; ‘d.s.’ = Downstream; ‘w’ = 

water sample; ’s’ = sediment sample; ‘Q’ = streamflow measurement, ‘mf’ = mass 

flow calculation.  

 

Discharge was measured on two occasions (called “0717” and “0811” after 

the month and day of sampling) at five of the sampling sites; Jemez at Battleship 

Rock, above and below Soda Dam, and above and below the Guadalupe confluence 

(see Table 1). This was done by using a velocity flow meter (Marsh-McBirney), and 

the velocity-area method with a measuring interval of 1,2 m (4 feet). The method 

allows for calculating discharge by measuring streamflow and water depth at a 

regular interval along a cross section of the river. Total discharge at the cross section 

is then estimated by adding the discharges at each point, according to: 

 

𝑄 =  ∑𝐴𝑖 ∙  𝜈𝑖      (1) 

 

With discharge Q [L/s], cross-sectional area A [m2] for each interval i, and average 

velocity v [m/s] for each interval i (USGS, 2015b). 

  

Site 

ID 

Site 

name 

 Sampling date 

Location/Description 

06-Jun-

2015 

“0606” 

30-Jun-

2015 

“0630” 

17-Jul-

2015 

“0717” 

11-Aug-

2015 

“0811” 

1 SA At La Cueva w, s   w, s w, s 

2 

BR–

SA 

San Antonio at Battleship 

Rock w, s   w, s w, s 

3 BR–EF 

East Fork at Battleship 

Rock w, s   w, s w, s 

4 

BR-

JMZ 

Jemez River at Battleship 

Rock w, s w, s 

w, s, Q, 

mf 

w, s, Q, 

mf 

5 SD–1  

Far above SD 

w, s w, s 

w, s, Q, 

mf 

w, s, Q, 

mf 

6 SD–2  Right above SD travertine   w, s w, s w, s 

7 HS–1 

Seep right above 

travertine w, s  s w, s w, s 

8 HS–2 

Puddle on the other side of 

the road from the 

travertine w w, s w, s w, s 

9 HS–3  

Stream flushing out of the 

bedrock w w w w 

10 SD–3 Right below SD travertine w, s w, s w, s w, s 

11 SD–4  

Far below SD travertine 

w, s w, s 

w, s, Q, 

mf 

w, s, Q, 

mf 

12 SD–5  

Further below SD 

travertine   w, s w, s w, s 

13 

JMZ/G 

–1 

Jemez u.s. G 

w, s   

w, s, Q, 

mf 

w, s, Q, 

mf 

14 

JMZ/G 

–2 

Jemez d.s. G 

w, s   

w, s, Q, 

mf 

w, s, Q, 

mf 
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2.3. Lab preparations and analytical methods 

2.3.1.  Water samples 

Water samples were filtered in the lab to remove particles greater than 0.45 μm. (The 

reported cation concentrations of water samples are thus total dissolved plus colloidal 

concentrations). A magnetic stirrer was used to homogenize the water sample, before 

collecting 50 ml water for filtration into a 50 ml plastic tube. Samples from the first 

and third sampling period (“0606”- and “0717” samples) were then filtered using a 

Digi filter setup with a 0.45 μm filter. The “0630” and “0811”-samples were filtered 

manually by pushing the water through a 0.45 μm DIGIfilter with a 60 ml BD 

syringe, into a 50 ml plastic tube.  

Filtered water samples were used for the instrumental analysis (see below), 

and for determining alkalinity by titration with 0.02 M H2SO4. The alkalinity was 

calculated according to;  

𝐴𝑙𝑘𝑜 =  1000 (𝐵) 𝐶𝑎 (𝐶𝐹) / 𝑉𝑜    (2) 

 

where 𝐴𝑙𝑘𝑜 is the alkalinity of the sample; B is the volume of titrant needed to reach 

the HCO3
- equivalence point; Ca is the normality of the acid titrant [eq/L]; CF is the 

acid correction factor, and 𝑉𝑜 is the initial volume of the sample (25 mL) (USGS, 

2015c). 

2.3.2.  Mass flows and mass balances 

Mass flows of Lithium (Li) and As was calculated at the sampling sites where 

streamflow was measured, during our 0717- and 0811-campaigns (see Table 1). 

This was done by multiplying the discharge (dm3/s) with the dissolved water 

concentration (μg/L) at the same site during the same sampling campaign (Reid, Goff 

& Counce, 2003), then converting units to mg/s. Lithium was considered since it has 

a conservative behavior in water, and differences in its abundance might indicate 

processes in the river, such as dilution from waters of other compositions, or 

(evapo)concentration. Arsenic mass flows was compared to Li mass flows, to see if 

changes in As abundance could be attributed to these processes. 

Total inputs and outputs of As and Li to/from Soda Dam was estimated by 

using a simple mass balance approach, assuming there are no other sources of Li/As 

other than the river itself and the geothermal inputs at Soda Dam. This was done by 

using calculated mass flows from the sites upstream Soda Dam (SD-1), and 

downstream Soda Dam (SD-4), as well as a calculated geothermal mass flow. Arsenic 

mass flows during the 0811-campaign was also computed using concentrations from 

field prepared samples (part of the method evaluation, see below in Section 2.3.4) to 

account for uncertainties associated with lab storage and preparation. 

To compute geothermal mass flows elemental composition of HS-3 was used. 

It was assumed to represent the composition of the geothermal fluids that discharges 

into the river, since it flows straight out of the bedrock in the area. Previous studies 

have concluded that the geothermal discharge into SD is a constant rate of 1500L/s 

(Trainer, 1984; Reid et al., 2003), but to account for uncertainties associated with that 

assumption, geothermal discharges of 1000 and 2000 L/min was also evaluated in the 

approach.  

Input (In) into Soda Dam is thus the sum of the mass flows upstream SD and the 

geothermal input (SD1+HS3), and output (Out) is the mass flow calculated 

downstream of SD (SD-4). The difference between the input and output (a change in 

storage through time) was calculated according to; 

𝐷𝑖𝑓𝑓 =   𝑂𝑢𝑡 − 𝐼𝑛      (3) 
and 

𝐷𝑖𝑓𝑓 (%)  =  𝐷𝑖𝑓𝑓/𝐼𝑛 ∗  100     (4) 
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2.3.3.  Sediment digestion  

Unfiltered water and sediment samples were digested according to the 

following routine, to determine the elemental concentrations of the surface of 

suspended particles and streambed sediment. The sediment was prepared by adding 

the sediment onto a glass plate, into a 70-80 °C oven until completely dry. About 2 g 

of the dried sample was then put into a 50 ml plastic tube, excluding grains greater 

than 2 mm in diameter by manual removal. To analyze the suspended particles in the 

water, 20 ml of non-filtered water sample was added to a 50 ml tube. A magnetic 

stirrer was used to homogenize the water before sub-sampling from the original water 

sample bottle.  

The sediment samples were digested in a fume hood using a DigiPREP MS 

and an aquaregia mixture of 2 ml of Ultra High Purity (UHP) HNO3 and 3 ml UHP 

HCl. Samples were heated stepwise to 100°C using a digestion block, for a total of 

180 minutes. After cooling, the digested samples were filtered into a 25 ml volumetric 

flask, to separate the sediment from the solution. The volumetric flask was filled up 

with 18MΩ-cm water, and filtered manually with a 0.45 μm DIGIfilter (as described 

in Section 2.3.1.). 

The sediment concentration was computed by multiplying the measured 

concentration with the dilution factor (0.25). This was divided with the amount of 

digested sediment used for analysis (ca 2 g). Since grain size distribution and 

composition was not identical in the digested samples from the same site, mean 

concentrations from the different sampling campaigns were calculated and used in 

this study.  

Filtered water sample concentrations was subtracted from digested water 

sample concentrations, to estimate the concentration of elements on the surface of 

suspended particles in the water column, previously performed by Nimick et al. 

(1998). However, this did not succeed, possibly due to very low suspended sediment 

concentrations.  

2.3.4.  Method evaluation 

Determining As concentrations is associated with many errors due to the instability of 

the element, especially in the presence of Iron since these two may co-precipitate 

and/or de-absorb to particulates. Additionally, As III is known to be very unstable, 

and quickly oxidizes to As V when it comes in contact with atmospheric oxygen 

(Sorg et al., 2014).  

Since cation concentrations and speciation results differed between 

instruments, the associated field and lab methods were evaluated during the last 

sampling (in 0811) by collecting duplicates in the field. All samples were 

immediately put into a cooler once collected, where they were stored upon arrival at 

the lab. One set of samples (set a) were prepared in the lab as described above, while 

the other set (b) was prepared in the field after recommendations from other 

elemental (Li et al., 2013; Nimick et al., 1998) and speciation related studies (Sorg et 

al., 2014; Hymer & Caruso, 2004). Set b was prepared as follows; 

Water for determining dissolved concentrations was collected using a 60 ml 

BD syringe, which was washed three times before collecting approximately 55 ml of 

water sample. A 0.45 μm DIGIfilter was attached to the syringe, the water sample was 

pushed through it, and collected in a 50 ml plastic tube. Acidification of samples was 

done with three drops of 2% nitric acid (for ICP-OES and ICP-MS analysis). To 

evaluate the speciation methods, 1 ml field-filtered water sample was immediately 

put into a 2 ml plastic tube together with 1 ml mobile phase. Once in the lab, the 

speciation tubes were freezed until analysis date.   

Due to our failed attempt in determining suspended concentrations, the 

digestion method was evaluated by preparing a set a using the previously described 
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Aquaregia digestion method (see Section 2.3.3.), while set b was run in a method 

never exceeding 90°C, to see if some of the As in the digested samples were lost due 

to volatilization. This did not work out for sediment samples, since it was not possible 

to account for differing compositions of single grains in the two sets of samples.  

 

2.4. Instrumental Analysis 

2.4.1. Inductively Coupled Plasma-Optical Emission 
Spectrometry 

Filtered water samples, digested sediment and -water samples, were analyzed 

on an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) to 

attain total concentrations of cations. The instrument produces excited ions and atoms 

by heating a sample with a plasma, and then identifies their emitted wavelengths as 

they go back to their stable state; each element has a characteristic wavelength. Our 

work mainly focused on elements already known to have an interrelationship with As: 

Iron (Neil, 2014), Aluminium (Blake & Peters, 2015) and Manganease (Ilgen et al., 

2011; Smedley & Kinniburgh, 2002).  

Since most water samples were below the detection limit for As (0.05 ppm), 

these were also analyzed with an inductively coupled plasma-mass spectrometer 

(ICP-MS) detector, known for its detection limit of 1 ppt. Instead of using 

wavelengths, it identifies elements by their charge- to mass ratio (Hymer & Caruso, 

2004). If within the detection limit, comparisons between As and other elements were 

made using OES results. Whenever results from the two instruments differed, MS 

results were preferred since it has a better detection limit. 

2.4.2.  Ion Chromatography 

Ion Chromatography (IC) was used to quantify concentrations of anions in 

filtered (non-digested) water. IC's separates and quantifies ions by pushing them 

through a column, to which they have different affinities. The ions get characterized 

by the amount of time it takes for them to travel through the column and are 

quantified by the amount of current they give off when they go back to their original 

state (Xian, 2014). Due to their interrelationship with As species, this work mainly 

pays attention to Phosphate (Dixit & Hering, 2003), Sulphate (Planer-Friedrich et al., 

2007), and Chloride (Bundschuh & Prakash Maity, 2015).  

2.4.3.  High performance liquid chromatograph-setup 

To get concentrations of As species III and V, the ICP-MS was coupled with 

an high performance liquid chromatograph (HPLC). This setup is a common way to 

separate and quantify As species; it allows for the HPLC to separate the species in a 

sample by letting them interact with a column they have different affinities to, and the 

ICP-MS to quantify them as they leave the column (Hymer & Caruso, 2004).  

The sample was pushed through the column using a mobile phase buffered to 

pH 7. It was prepared by bringing 146 mg EDTA and 0.650 ml TBAOH to 1L with 

18MΩ-cm water. Standards of 1.25-, 2.5-, 5-, and 10 µg/L was prepared from 

0.04325 g of NaAsO2 (As III) and 0.104 g of Na2HAsO4 × 7H2O (As V).  

2.4.4.  Dilutions 

For the instrumental analysis, samples were diluted according to Table 2. 

These were made right before analysis using 2% HNO3 (ICP-OES and ICP-MS), 

18MΩ-cm water (IC) and mobile phase buffer (HPLC‒ICP-MS). 
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      Table 2 Dilutions and total amount of eluent for the instrumental analysis. 

2.4.5.  Quality Control 

Quality control (QC) procedures, using three blanks and five lab-prepared 

calibration standards, Continuing Calibration Verification (CCV), Initial Calibration 

Verification (ICV), and Initial Calibration Blank Verification (ICBV) was prepared 

using lab prepared standards, and included in every analysis to ensure that the run 

was accurate. An acceptance criteria of 10% was set and applied to all analysis.  

 

3. Results 

All concentration and discharge data presented in this section are tabulated in 

Appendix 1.2. 

3.1. Analysis of catchment precipitation and discharge 
during campaigns 

Precipitation from the three NOAA sites together with discharge at the USGS 

gage during the study period are illustrated in Figure 3. In total, it rained 49 out of the 

67 days covered by our study (June to August). The precipitation frequency was the 

highest in July and early August. Peaks in precipitation with 10 to over 20 mm during 

the same day have been recorded at all three stations during the study period. These 

peaks are the largest in the southern and northernmost stations, with precipitation up 

to 30 mm-1 during a 24-h period. Field campaigns in the beginning (0606) and the end 

(0811) of the study period were carried out after having had lower amounts of 

registered precipitation (compared to the other campaigns), whilst the 0717- and the 

0811-campaign were carried out after periods of higher frequency and magnitude of 

precipitation.  

Discharge had a median value of 1642 L/s, and an Inner Quartile range (IQR) 

of 1104 to 2095 L/s at the USGS gage. Peaks in discharges occur somewhat earlier 

than periods of elevated precipitation, in 06-27 (61450 L/s); 07-11 (2464 L/s) and  

07-21 (31710 L/s).  

Mean discharge was the highest during the 0606-campaign compared to the other 

three sampling dates, although the 0630- and 0717- campaigns were carried out up to 

only a few days after two of the above mentioned peak flows registered by the USGS 

gage. Mean discharge at the USGS gage was the lowest during our 0811-campaign. 

3.2. Discharge from streamflow measurements 

Discharges calculated from streamflow measurements along the reach are ranging 

from 470 to 1305 L/s in 0717, and from 774 to 1277 L/s in 0811 (see Figure 4).  

Total eluent volume [ml] 

Instrument 

ICP-OES ICP-MS 
HPLC‒

ICP-MS 
IC 

10 10 2 7-8 

Sample Dilutions 

River 

water 

(w) 

Filtered (f) 1x 10x 2x 1x 

Digested (dw) 1x 10x - - 

Sediment (s) 10x 100x - - 

Hot springs and pools (w/s) 10x/100x 100x 200x 10x/100x  
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Figure 3 Daily discharge (15 minute data interval) at USGS gage 0832400 (“Jemez 

River near Jemez”) during period of study; sampling dates; and precipitation data 

from NOAA in a) Los Alamos, b) Jemez Springs, and c) Jemez Pueblo. 
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Discharge minimum is found in Jemez river right above the Guadalupe confluence, 

(470/774 L/s at JMZ/G-1 during 0717/0811). The discharge becomes elevated after 

the Guadalupe confluence during both campaigns, and fairly agrees with flows 

registered by the USGS gage during the 0811 campaign (985/976 L/s at the  

JMZ-2/USGS gages), but not during the 0717 campaign (940/1614 L/s). Discharge 

maximum is found in Soda Dam during both campaigns, where they were 1305 L/s 

(SD-1, 0717) and 1277 L/s (SD-4, 0811). Site SD-4 however, also has one of the 

lowest discharges at 560 L/s during the 0717 campaign. 

 

 

 

 

Figure 4 Discharge calculated from 

streamflow measurements at selected 

sites during the 0717- and 0811 

campaigns (see figure 2), and 

registered discharge at the USGS 

gage 08324000 (“Jemez river near 

Jemez”), located approximately 2 km 

south of JMZ/G-2. 

 

3.3. Water  

3.3.1.  River water chemistry  

River water chemistry and properties are depicted in Figure 5. Arsenic 

concentrations range between 1.3 and 107 µg/L in the river during our campaigns. 

Lower As concentrations are found in the north of Soda Dam (1.3 to 4.9 µg/L), while 

higher concentrations are found in river waters at and downstream of Soda Dam (8.9 

to 107 µg/L). Arsenic concentrations are generally lower in river water during the 

0717-campaign (1.1 to 79 µg/L), than during the 0811-campaign (3.0 to 107 µg/L). 

The concentrations of Cl range from 2.2 to 115mg/L, and are, like As, highly 

elevated in- and downstream Soda Dam. This is also the case for Li, ranging from 

0.01 to 0.78 µg/L. Iron behaves similarly, ranging from 134.8 to 497.7 µg/L, but 

generally peaks around the Guadalupe confluence in the south. Sulphate (SO4
-) and 

Mn have concentrations of 2.8 to 59 mg/L and 0.8 to 59 µg/L, respectively. These 

typically display elevated concentrations in the north.   

Properties of river water such as alkalinity (34.4 to 157 mg/L of CaCO3), total 

inorganic carbon, TIC, (7.5 to 40 mg/L), Total dissolved Solids, TDS, (0.72 to 230 

µS), conductivity (152 to 656 µS) and temperature (25 to 16°C) was elevated in and 

downstream of Soda Dam. The redox potential (Eh) of the river water was oxidizing 

above- and below the SD sites, generally increasing with decreasing distance to the 

travertine; ranging between 220 and 0.51 mV above the travertine – and reducing to 

slightly oxidizing (-45 to 80 mV) below the travertine. Dissolved Oxygen (DO) 

content and pH in the river water was low at the Soda Dam sites; DO ranged from 

7.63 to 5.25 mg/L, and the pH varied between 8.38 and 5.85, with alkaline conditions 

before and after flowing through the SD area. The water temperatures were between 

16°C to 25°C, which might to some extent reflect diurnal variations.  
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Figure 5 Chemical compositions of river water along Jemez River during the four 

field campaigns. (Blue = “0606”; Orange = “0630”; Grey = “0717”;  

Yellow = “0811”). 
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3.3.2.  Hot Spring Chemistry  

The composition of hot springs varied greatly, and are illustrated in Figure 6. 

Arsenic concentrations were orders of magnitude greater than in river water, ranging 

between 167.3 to 6708 µg/L. Although the characteristics of the three sites varied 

greatly. The highest concentrations were generally found in HS-3, whereas HS-1 

generally exhibited the lowest. Chloride concentrations were 1239 to 1946 mg/L, 

with the exception of one data point (152.4 mg/L at HS-1 in 0811). Sulphate 

concentrations were between 21.8 and 55.5 mg/L. Iron and Manganese concentrations 

are highly variable in the samples, ranging from 195.3 to 2940 µg/L, and 47.37 to 

4851 µg/L, respectively. Lithium concentrations were between 2.04 and 16.1 mg/L. 

The alkalinity of the hot spring water was between 241.7 and 1306 mg/L of CaCO3, 

TIC ranged between 236.5 and 313.9 mg/L, and TDS ranged between 2.36 and 3.42 

ppt. The waters were reducing with an Eh of (-103), (-205) and (-238) mV, and 

slightly acidic with relatively constant pH, ranging from 6.23 to 6.66.  Temperatures 

were highest in HS-3, and varied from 32 to 47°C, conductivity varied from 787 to 

7250 µS, and DO varied from 0.09 to 1.6 mg/L of oxygen.   

 

 
Figure 6 Hot spring water composition of geothermal sites HS-1, HS-2, and HS-3 in 

Soda Dam. 
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3.3.3.  Method Evaluation 

The method evaluation showed higher concentrations for field prepared 

samples than lab prepared samples, according to Figure 7. The percentage of “lost” 

As varies between 8-55% among hot spring and river sites regardless of location (BR, 

SD, and JMZ/G), indicating that laboratory measured water concentrations of As are 

underestimated. For hot spring site HS-3, this resulted in a difference of 55%. 

 

 
 

Figure 7 Arsenic concentrations (µg/L) of water samples prepared in the lab (set a, in 

yellow) and the field (set b, in green) during the 0811 field campaign.  

3.3.4.  Mass flows  

Calculated mass flows of As and Li along the river are depicted in Figure 10.  

Mass flows of Li are between 31.8 and 136 mg/s, and are fairly constant at the sites 

during the two campaigns, except for below the Guadalupe confluence (JMZ/G-2) 

with 290/494 mg/s (0717/0811).  Mass flows of As range from 2.2 to 51 mg/s, and are 

generally higher during the 0811-campaign than during the 0717-campaign, 

especially downstream of SD-4 where it peaks and reaches 136 mg/s. During 0717, 

the mass flow remains fairly constant downstream and at SD-4.  

 

 

 

 

 

 

Figure 8 Li and As 

mass flows 

calculated at selected 

sites along Jemez 

river during 

sampling campaign 

0717 and 0811. 

 

The mass balance calculations indicate a 71.5 to 76.7 % (0717 and 0811 

campaigns, respectively) “loss” of dissolved Li in Jemez River according to our 
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input/output quantifications of Soda Dam. Meanwhile, there is an 81.4% As decrease 

(0717), and a 36.3% gain (0811) of As (see Table 3) during the two campaigns. 

Table 3 In/output quantifications of dissolved Li and As from/into Soda Dam during 

the 0717- and 0811 campaigns using lab prepared samples and a geothermal input of 

1500 L/min. 

Campaign 0717 0811 

Element Li As Li As 

In SD    [mg/s] 457 133 514 100 

Out SD [mg/s] 130 24.7 120 136 

diff        [mg/s] -327 -108 -394 36.3 

diff          [%] -71.5 -81.4 -76.7 36.3 

 

Assuming geothermal discharges of 1000 and 2000 L/min (altered from the 

basic assumption of 1500 L/min) gives similar decreases for samples collected during 

both campaigns for mass flows of Li (ranging between -62.8 to -81.5%). However, 

the different assumed (plausible) geothermal inputs have large impacts on the 

estimated As mass flow changes, displaying a gains of 90.1/36.3/6.3% 

(1000/1500/2000 L/s) (see Table 4). For field prepared samples from the 0811-

campaign, the estimated As mass flows gains of As were 48.7/36.3% (1000/1500L/s). 

For an assumed geothermal fluid input of 2000 L/s during 0811, a mass flow loss of  

19.6% was estimated for As.  

Table 4 Resulting percentage gains and losses of Li and As using the mass balance 

approach at Soda Dam, using geothermal discharges of 1000/1500/2000 L/s, for 

laboratory and field prepared samples.    

Campaign 
0717 - Lab prep 

samples 

0811 - Lab prep 

samples 

0811 - Field prep 

samples 

Geothermal input 

[L/min] 
1000 1500 2000 1000 1500 2000 1000 1500 2000 

Li diff [%]  -62.8 -71.5 -76.9 -68.4 -76.7 -81.5 x x x 

As diff [%] -73.3 -81.4 -85.8 90.1 36.3 6.3 48.7 36.3 -19.6 

 

3.3.5.  Preliminairy Speciation Results 

Our preliminary speciation results are illustrated in Figure 9. The results from 

the 0606- and 0630-campaigns should be interpreted with caution, since these display 

higher inorganic As content (As III + AsV) than total dissolved As content (from the 

ICP-MS-analysis). However, results are still included to highlight the abundance of 

the As III form in samples from all campaigns.  

During the 0811 campaign, the inorganic As content ranged between 0.5 and 

18 µg/L in river water. As V is the dominant inorganic As species, comprising 76 to 

100% of the total inorganic As fraction (As III + As V). At the hot spring sites, the 

total inorganic As content is 44.7 to 383 µg/L. As III is the dominant inorganic 

species, comprising 54.9 to 71.9 % of the total inorganic As.  

The method evaluation during 0811 for three samples indicate that lower 

concentrations of inorganic fractions, and higher fractions of As III are obtained when 

preparing samples in the field.  
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Figure 9 Concentration of As III and As V in river- and hot spring water, of lab 

prepared (“Lab prep”) samples from the 0606-, 0630-, and 0811-campaigns; and 

field prepared (“Field prep”) samples from the 0811-campain (in µg/L).  

 

3.4. Sediment  

Calculated suspended particle concentrations resulted in negative values, 

possibly due to low concentrations, and were therefore not included in the study.  

Element concentrations in the river bed sediment are illustrated in Figure 10. These 

sites have a mean of 0.37 to 13 µg/kg As with somewhat elevated concentrations in 

Soda Dam. Corresponding mean value ranges for Fe and Mn were 1811 to 5733 

µg/kg, and 125.1 to 330.1 µg/kg, respectively. 

The hot spring sediment (HS-1/HS-2) have mean concentrations of 36.1/127 µg/kg 

As, 2966/5078 µg/kg Fe, and 101.6/648.9 µg/kg Mn. 
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Figure 10 Mean (square), max and min (line) bed sediment concentrations of As, Mn, 

and Fe. 

 

4. Discussion 

4.1. Watershed dynamics 

Precipitation showed large spatial variations in the study region, which is 

likely related to the orographic effects acting at higher elevations. The highest 

precipitation has for instance been registered in northernmost Los Alamos, according 

to Figure 3. Discharge at the USGS gage has typical southwest monsoon 

characteristics during the study period: In June, the start of the monsoon season, the 

Jemez River has a low base flow, which is somewhat elevated in July when the 

monsoon is at its peak returning to low values in August at the end of the monsoon 

season. 

Flows peaks are registered by the USGS gage at three occasions during our 

study period (June 27th, July 10th, and July 20-21st). These occur as a response to 

high intensity precipitation events, typical for the monsoon months. There is a small 

offset between the precipitation- and discharge gages during these events. Peak 

discharges at the USGS gage were in some cases (06-27) registered before a relevant 

precipitation event was recorded. This could be due to the local nature of the 

monsoon precipitation events: the rainfall responsible for peak flows at the gage may 

not have been registered by one of the NOAA-gages at its initial, most intense state.  

It is not unusual for rivers to exhibit a time lag, in terms of having elevated discharges 

after a period with large rain input. It might in some cases take a couple of months 

after the passing of the monsoon for rivers to go back to normal base flow conditions 

(Hurwitz et al., 2007), due to the large amounts of water that has been added 

to/circulating within the catchment.  
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4.2. Local discharge and fault permeability 

Discharge along the Jemez stretch exhibit great variation according to the 

streamflow measurements. Even though it is impossible for two field campaigns to 

properly reflect all the dynamics of a river, these might still be able to shed light on 

key processes governing water flows. 

Calculated discharges from the 0717- and 0811 campaigns are the lowest in 

Battleship Rock, the highest at Soda Dam (SD), and decrease downstream towards 

the USGS gage. This indicates that water is diverted along the way. Similar 

conditions can be seen in data from June 1996 published by Reid et al (2003), where 

there is higher (~475 L/s) discharge at Jemez ranger station (south of SD in Jemez 

Springs, see Fig 2) than further downstream (~325L/s) close to the Guadalupe 

confluence. Although ephermal streams could possibly be diverting water from the 

main river channel, the location of the river across a fault zone is assumed to be the 

major control on the discharges at our sites. Faults are important pathways for fluid 

circulation within the crust (Frery et al., 2015) and are commonly associated with 

bedrock fractures and sometimes poorly lithified sediment faults. These are important 

permeability structures (Rawling et al., 2001) that might act as sub-surface conduits 

where water can be diverted and added (Frery et al., 2015; Heynekamp et al., 1999), 

resulting in local decreases and/or increases in discharge. Our knowledge on the 

magnitude of the network of fractures and channels, and their effect on subsurface 

flows around the River are very limited. However, studies have shown that sub-

surface flows in fault zones can be an important component when estimating a water 

budget for river basins in such terrain, which likely is the case in Jemez River. 

Permeability mainly depend on intrinsic controls such as deformation, fault 

displacement, fault zone geometry and lithology (Caine, Evans, & Forster, 1996).  

Diverted water may flow to other parts of the Jemez catchment, eventually 

discharging at the drainage point by the USGS gage, further south of our stretch or to 

nearby catchments. It is also very likely that some of this infiltrated water contributes 

to groundwater recharge. This is an important process in semi-arid mountain regions 

during the monsoon months, since it counteracts the groundwater depletion existing 

during the rest of the year (Ajami et al., 2012; Wilson & Guan, 2004). 

4.2.1. Infiltration and sub-surface flow as a function of 
precipitation 

The amount and magnitude of sub-surface flows are not only governed by the 

presence of fractures and permeability structures, but is also a function of the 

hydrological conditions before and during a considered event. For instance, changes 

in the amount of subsurface flow could be a function of the rain conditions that have 

been prevailing a few days before a discharge measurement, since this has an 

influence on water levels, the degree of soil saturation and consequently the amount 

of water present in and infiltrating the subsurface. Measurements during the 0717-

campaign was carried out after a few days with precipitation, when base flows at the 

USGS gage were elevated (mean discharge that day was 1669 L/s), and still 

recovering after an intense storm event, as indicated by a peak flow seven days earlier 

(see figure). This has resulted in a great discharge variance between the two sites right 

upstream- (1305 L/s) and downstream (560 L/s) Soda Dam, where less than half of 

the water present upstream is also found a few hundred meters downstream. This 

phenomenon is also apparent in the southernmost parts of our stretch, where there is a 

difference of 650 L/s between our southernmost site (JMZ/G-2) and the USGS gage, 

located only two kilometers from each other. Here, it is apparent that increased 

amounts of water and diversions of water with alternative pathways has a large local 

impact.  

Stream-bed infiltration could be contributing to such local water ”losses”. Simpson & 
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Meixner (2013) discovered that flood events and elevated water levels in the Upper 

San Pedro River, AZ, brought about a larger amount of stream/bed infiltration, than 

during normal, base flow, conditions, to the extent that a river that was previously 

gaining starts loosing. The infiltrated water contributed to ground water recharge and 

sub surface flows, but was also retained in the soil for a few days up to several weeks. 

Since the Jemez catchment is located in similar conditions (climate, soil, elevation), it 

is possible that this mechanism is also influencing river flow in Jemez River.  

The amount of runoff generation is assumed to be high around the  

0717-campaign; the soil profile being saturated after having had precipitation for 

several days, and being in the midst of the monsoon season. This was also apparent in 

the field; the soil had obviously generated runoff and surficial flows in the south, 

since there were signs of a recent flood (torn apart ground vegetation and fine grained 

flood deposits with mud cracks covering the ground above- and below the Guadalupe 

confluence). Newman et al. (1998) concludes, that even if lateral subsurface flows 

might exist in unsaturated soil, sub surface flows are the largest when the whole B-

horizon is saturated, since it allows for the flows to travel through both the soil matrix 

and macro pores; typically during spring rain events (June ’95) and the snow melt 

season. Lateral flows are therefore thought to be an important process during the 

0717-campaign.  

The 0811-campaign was carried out even further into the monsoon. The 

USGS gage registered a base flow of around 850-1100 L/s which is the lowest 

registered discharge among the four field campaigns. Still, there was a considerable 

increase of flow velocities measured right downstream (1276 L/s) in relation to 

upstream (1104 L/s) SD, compared to the discharge conditions during the 0717-

campaign (when discharge downstream SD was more than half of what was measured 

upstream SD). This changing relationship between the sites in SD may have different 

causes. The discharge could also be a result of re-infiltrated, old trapped stream-bed 

infiltrated water, contributing to river discharge (Meixner et al., 2007; Simpson & 

Meixner, 2013). It is also possible that the lack of rain during the days before the 

0811 field campaign had a high impact on evapotranspiration and soil moisture in the 

top soil. This could lead to a decrease of lateral subsurface flows, since it would cause 

less infiltration rates and thus decrease the total amount of lateral flows (which is 

consistent with conclusions by Newman et al (1998), described above).  

Another impact factor could be attributed to rising groundwater levels. 

Monsoon seasons tend to increase infiltration rates, commonly leading to elevations 

of ground water levels in the latter parts of the monsoon season. This has not only 

been observed in the US (Nimick et al., 1998), but also in China (Duan et al., 2015; 

Deng et al., 2014) and Indonesia (Sriwana et al., 1998). Elevated groundwater levels 

does not only bring about a quicker discharge response of rivers during rain events, 

but may also affect the pathways the water may take. This might be what we see 

comparing the two field campaigns, since the precipitation gages registered 

precipitation on the day of our 0811-campaign.   

 

4.3. Concentrations and chemical transport 

Arsenic concentrations display variations on both spatial and temporal scales. 

According to studies performed during other parts of the year, Soda Dam appears to 

have a significant impact on river water composition with respect to chemistry and 

properties (Reid et al., 2003; Dyer, 2007; NMED, 2009). Downstream La Cueva and 

up streams SD, pH is from around 7.5-8 and low (around 3 ppb) As concentrations, 

but as the river continues into SD its concentrations of As, Fe, Cl increases. Alkalinity 

is also elevated, while parameters like pH and Eh decreases as a result of the 

geothermal inputs in the area. Possibly, there continues to be geothermal inputs 

between our sites in SD and right before the Guadalupe confluence, especially in 
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Jemez Springs where previous studies have found geothermal arsenic inputs (NMED, 

2009; Reid et al., 2003). Peaks in pH and alkalinity by the Guadalupe confluence 

indicate that the buffer capacity – in combination with lack of (local) geothermal 

inputs - and volume of the stream, has neutralized the acidic inputs at SD. This also 

happens in the southern parts of the Antequera sub-basin (Ramos et al., 2015). 

Despite elevated concentrations of sulphate (SO4) in the hot spring waters, 

there are not elevated concentrations in the river water at and downstream SD. It is 

possible that the SO4 has been removed from the water through precipitation with As 

as Arsenic sulfides (Planer-Friedrich et al., 2007), which would remove both species 

from solution. Precipitation reactions have previously been referred to as possible As 

removal mechanisms in Jemez River by Reid et al (2003). The lack of SO4  might also 

relate to microbes, as SO4 reducing bacteria use SO4 to gain energy.  This reaction 

produces H2S, which can be smelled in the air at SD, and has been found in gas 

samples from the SD area by Goff & Janik (2002). Sulfate bacteria are clearly 

abundant by the hot springs (HS-3) (Treiman, 2003) and it is therefore possible that 

they also exist in river waters. However, more studies are required to confirm this, 

since microbes are very sensitive to temperature (Rzonka & Schulze-Makuch., 2003) 

and the river water is 20-30°C colder than hot spring water.  

4.3.1.  Sediment- and bedrock-water interactions 

Variation in element concentrations at the sites could be related to the 

reactivity of As, and indicate changes in partitioning. Elevated dissolved 

concentrations of redox-sensitive As, Fe and Mn over time, can for instance be a 

result of the elements’ lower affinity towards suspended material, and a higher 

abundance in their dissolved phase (Nimick et al., 1998) although total concentrations 

remain constant. The low TDS in the beginning of the study period (0606- and 0630 

campaigns), indicate that the suspended particle transport in Jemez river is limited, 

especially in Battleship rock. On the other hand, it is possible that the water there 

might contain a higher amount of organic material and/or a larger clay fractions, as 

indicated by its unclear brownish water. This might influence As transport since 

dissolved As may absorb to clay particles and organic material (Ilgen et al., 2011), 

especially in the occurrence of elevated sediment flows, as observed during the 0606-

campaign when San Antonio and consequently Jemez river at Battleship Rock turned 

red from the suspended material (see Figure 11). However, since the northern parts of 

 

Figure 11 

San 

Antonio at 

Battleship 

rock during 

the 0606-

(left) and 

the 0717-

(right) 

campaign. 

 

Jemez have no (significant) geothermal inputs, and dissolved water concentrations are 

low, the amount of As attached to grains is probably not significant. Nimick et al. 

(1998) concluded that particulate transport of geothermally derived As accounts for 

less than 10% of the total transport in discharges up to 80 m3/s (8×104 L/s); not even 

the peak flows in the USGS gage reach those amounts. In Guadalupe, however, where 

TDS are three times higher than in Soda Dam, and the dissolved amount of As is 

larger, it may have a bit larger influence.  

Element concentrations at our sites may also be impacted by the potentially 
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different pathways the water has taken during our sampling campaigns (see Section 

4.2). Elements such as As, Fe and Cl, and Mn are known to accumulate, are all highly 

abundant in hot spring water, and found in sediment below the SD travertine dam 

(SD-3—5). They are apparently present in the subsurface and might be 

added/removed as soil and stream-bed infiltrated water travels through. As the water 

is retained in the sub surface it might, under appropriate conditions, react with the 

surrounding bedrock and sediment, becoming enriched in the elements these have 

accumulated or contain, and depleted with elements that precipitates from solution. 

When infiltrated water enters or re-enter to the river, possibly during re-infiltration or 

“Flushing” events, it thus leads to increased/decreased concentrations in the River 

with respect to those elements (Meixner et al., 2007). Flushing happens as the 

availability of water is increasing, for instance during monsoon months (Meixner et 

al., 2007), possibly in conjunction with larger rain events and storms (Creed et al., 

1996; McHale et al., 2002), after a period with limited precipitation (Sriwana et al., 

1998) or as a consequence of rising water tables (Deng et al., 2014). Flushing was 

concluded to be the number one cause of increased mass flows of As in the Madison 

river during spring runoff (Nimick et al., 1998). 

4.3.2.  Mass flows during the 0717 and 0811 campaigns 

According to results, As concentrations are altered in the northern and 

southern parts of the study area; Concentrations are higher at the lower discharge at 

our most upstream sites in Soda Dam (BR--SD-1). The mass flows at the same sites 

are relatively constant during both campaigns (BR: 2.2/2.8 mg/s and  

SD-1: 12/15 mg/s). This agrees with previous conclusions by Reid et al (2003), 

namely that elevated discharges dilute the arsenic present in the river water, which in 

our case yields lower arsenic concentrations in Jemez River. This is also apparent 

when measurements from the same campaign are compared upstream- and 

downstream the Guadalupe confluence (”JMZ/G-1” &”-2”). Mass flows then remain 

fairly constant, or at least within the same order of magnitude.  

But Arsenic concentrations are not higher at lower discharge downstream of 

Soda Dam, at SD-4, or above and below the Guadalupe confluence (during different 

campaigns).  In contrast, discharge and concentration show a positive relation; for 

example, site SD-4 has concentrations of 44.1 µg/L at a discharge of 560L/s (0717), 

and 106.9 µg/L at 1300 L/s (0811). Also, mass flows at the same site varies greatly if 

one compares data from the two campaigns; SD-4 further has mass flows of 24.7 

mg/s during the 0717-, and 136 mg/s during the 0811 campaign.  

These variations do not relate to the processes governing Lithium abundance SD, as 

indicated by the results from our input/output-mass balance of SD. Even if different 

values of the geothermal discharge input to the system are assumed, one obtains the 

same “loss “of ~70% Li during the 0717- (62.8-76.9%) and 0811 (68.4-81.5%) 

campaigns. Even though the As results are more sensitive to assumed geothermal 

discharge input, it still displays a rigid pattern; during the 0717 campaign ~80% As 

appear to be lost, and during the 0811-campaign As is gained in 5 cases out of 6 (6.3-

90.1%, see Figure 4). This behavior might reflect the reactivity of As and changes in 

partitioning as it interacts with bed sediment, microorganisms and/or soil water. Such 

interactions are not represented in our mass flow calculations and consequently in our 

model, since only dissolved fractions are taken into account. However, since 

suspended transport of As in Jemez River is limited, it is not likely that changes due 

to interactions with suspended material would have such big impact. Interactions with 

bed sediment can not be completely ruled out since the observed change in Lithium 

abundance during the campaigns (~5 %)  is not significant. However, since this is not 

very likely, concluding that there has been a bed sediment release of As into the river 

would require detailed sediment chemistry data to properly see if there has been a 

radical change in properties or composition of the sediment. Instead, we would like to 
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question the view of time-invariant geothermal water input to SD, and wish to 

introduce a more nuanced interpretation of these fluid flows.  

In the field we observed how the geothermal pathways seemed to be 

changing during each campaign; seeps appeared and disappeared, and also seemed to 

vary in magnitude. At HS-1, where As concentrations in water was both the highest 

and the lowest of our hot spring sites, these dynamics were most obvious: during the 

0606-campaign the site was a puddle from where geothermal waters were bubbling, 

with dissolved concentrations of 652 µg/L and a small outlet to Jemez River; in 0630 

the site was drier and not sampled; during the 0717-campaign the site was connected 

to Jemez again and had concentrations of 718 µg/L; and during the 0811 campaign 

the it was completely connected to Jemez river, and displayed highly elevated 

concentrations (6707 µg/L). Just as the surroundings and the composition of the water 

at HS-1 was changing, the composition of the previously assumed ”constant” 

geothermal hot spring site varied. HS-3 was also assumed to exhibit few variations in 

composition according to previous conclusions concerning the hot springs in SD 

(Trainer, 1984). It was therefore assumed to be a good representation of the 

geothermal input into the river. We sampled it straight from the travertine wall, and in 

contrast to the other two hot springs was not subject to surface processes, such as 

dilution from runoff and direct precipitation. Even though this site generally had the 

highest concentrations of As, it shared characteristics with the other hot spring sites in 

terms of its varying composition (1574-4862 µg/L As), also with respect to Li  

(10-16 mg/L). This challenges our static view of the spring, and the geothermal water 

discharging into the river. The site is not representative because of its supposedly 

constant composition, but instead, rather because its composition is changing - 

possibly in response to surrounding conditions.  

Hydrothermal hot spring discharge to surface waters of the southwestern 

USA is in most cases fairly constant through time. However, among river systems 

displaying a strong seasonality and which captures local hot spring discharge there 

are variations, for instance in Yellowstone and the Snake River (Ingebritsen et al., 

2001). It is possible that SD is also such an area. The observation that even the 

“conservative” hot springs in SD display such varying compositions, contradicts the 

conclusion by Trainer (1984) and later Reid et al (2003), stating that geothermal 

inputs are constant and that the composition of the springs display little seasonal 

variation.  

Goff et al., (1981) states that the hydrology of the hot spring waters at SD is 

nearly independent of the hydrology of the surface meteoric waters, based on an 

isotopic comparison of surface meteoric waters and hot spring compositions of April 

1979 (comprising one sample from SD). This would suggest that our observed 

variations in HS-3 are not under the influence of infiltrated water. However, their 

observations do not rule out changes in mixing of ground waters, for instance as a 

result of changes in groundwater levels, which was found to be the main processes 

responsible for elevated As concentrations in Yellowstone (Nimick et al., 1998). Goff 

et al. (1988) concluded that, due to the isotopic variations of cold meteoric waters, it 

is impossible to know exactly from where the water comes and how mixing of 

geothermal waters happen. Consequently, it is difficult to know whether or not 

mixing changes with time. Trainer (1984) did mention that “a lesser pulse of ground-

water recharge and dilution may occur during the late-summer thundershower 

season” (Trainer 1984, p.252). Due to the number of infiltration-related mechanisms, 

as well as pathways, mixings and chemical enrichments/depletions that likely occur 

during the summer months, neither the fraction of geothermal water from Valles 

Caldera nor the As input discharging into Jemez River at SD is believed to be 

constant. On the contrary, we believe it to be highly responsive to watershed 

dynamics, particularly the mixing of different ground waters in SD. Future research 

using tracers and collecting continuous discharge data along the reach, would increase 

our knowledge of the discharge dynamics of Jemez River, and the network of  
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sub-surface flow at SD. 

4.3.3.  As III in river water  

Arsenic III has previously been observed to account for 57% of the total amounts of 

As (1.3 mg/L) in HS-3 (June 1984; Criaud & Fouillac, 1989), whereas our results 

vary between 0-44% during the three (0606-, 0630-, and 0811) campaigns. 

The abundance of both inorganic As species not only in spring waters of SD but also 

in Jemez river, indicate that the oxidation of geothermal As III in Jemez River is slow. 

There has been similar observations in Hot Creek in Sierra Nevada, where this was 

concluded to be due to biologically mediated reactions and slow oxidation kinetics 

(Wilkie & Hering., 1998).  

Due to the uncertainties involved with our speciation data it is not possible to 

draw any detailed conclusions on how the speciation of As is affected by mixing of 

fluids and altering sub-surface pathways during our study period. However, our 

findings motivate further research concerning the As speciation of Jemez River, and 

possibly ecological matter and fish, since As III is a very mobile and toxic species. 

Preferably using anion exchange resins in the field, as recommended by Sorg et al. 

(2014), since this method is less associated with errors. 

We also wish to highlight, that according to the four samples where lab- and 

field prepared data can be compared, it seems like not only the fraction of As III is 

lower (or completely disappear) in lab prepared samples compared to field prepared 

samples, but also that the total inorganic fraction (As III +As V) of As increases. This 

suggests that some type of conversion from other forms of arsenic species occur 

during storage, possibly organic forms such as MMA and DMA, or from 

thioarsenates. These might transform to As III from sulfidic hot springs, a reaction 

that, up until their (thioarsenate’s) disappearance, is assumed to be more 

quantitatively important than the oxidation from As III to As V (Planer-Friedrich et 

al., 2007).  

 

5. Conclusions 

Jemez River is characterized by low base flows and peak flows during our study 

period. Infiltration and subsurface flows are likely behind changes in discharge along 

the reach, especially in Soda Dam whose location crossing a fault causes diversion of 

water through its extensive network of fractures and permeability structures. Sub-

surface flows are possibly also governed by precipitation patterns, and associated 

infiltration rates and water table fluctuations. 

Arsenic concentrations in the river depends on the input of As through 

geothermal fluids, as well as the mobilization of As present in sediment and bedrock. 

This happens for instance through soil water alterations when meteoric water is 

retained in the subsurface, and then goes back to the river during flushing events or 

periods of lower discharge. Suspended fractions of As do not contribute significantly 

to As mobility/mass dynamics.  

Dilution due to increased river discharge does not appear to have a significant 

impact on As concentrations along the stretch according to our two discharge 

campaigns. This contradicts conclusions of previous studies. Instead, we suggest that 

the major control on As concentrations - in both river- and hot spring water – are 

variations in mixing ratios of the geothermal water from Valles Caldera, and local 

ground waters of another composition. These ratios likely occur as a response to 

water table fluctuations, but possibly also because of altering subsurface pathways 

and flows of meteoric waters. These are novel results - hot springs have previously 

assumed to exhibit little seasonal composition variability, and there has been a 

tendency to refer to the geothermal water issuing at Soda Dam as one unit. Further 
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investigations of the Soda Dam sub-surface and river discharge along the Jemez 

River, are needed to properly understand how fluids mix and circulate in the area.  

Arsenic V and Arsenic III coexists in hot spring- and river water. In the river, the 

species are likely mediated by biological reactions slowing down the oxidation of As 

III, thus allowing the two to coexist. Proper field methods preserving the original 

species concentration of As in water samples are needed to further understand the 

mobility of As in Jemez.  
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Appendix 1 

 
1.1. Site Images 

 

Photographs of sites visited during the field campaigns.  

 

  

  

  

   

35



 

 

 

  
 

36



1.2. Raw data 

Concentration and discharge data from the field campaigns collected in this study.  

0606-campaign 

 Water Chemistry Speciation 

Site 
Cl 

(mg/L) 
SO4  

(mg/L) 
As 

(µg/L)  
Mn 

(µg/L) 
Fe 

(µg/L) 

Li 
(mg/L

) 

Alkalinity 
(mg/L) 

TIC 
(mg/L) 

pH 
T   

(°C) 
DO 

(mg/L) 
DO 
(%) 

Conduc
tivity 
(µS) 

TDS  
(ppm) 

As III  
(µg/L) 

AsV  
(µg/L) 

As III 
(%) 

As V 
(%) 

As III + AsV 
(µg/L) 

SA 3.6 33.43 1.27 1.45 166.93 0.01 58 13.94 7.92 20 5.55 88.2 195.2 97 1.1 55.3 0.019 0.981 56.4 

BR-SA 5.86 29.5 3.78 1.19 160.21 0.04 60 14.42 8.29 18.1 7.06 94.5 193 97 1.2 53.4 0.022 0.977 54.6 

BR-EF 6.24 10.94 2.88 0.85 134.8 0.03 72 17.3 8.25 19 6.65 91.4 193.8 97.4 1 50.6 0.019 0.981 51.5 

BR-
JMZ 

5.61 5.33 3.24 2.35 224.52 0.03 64 15.38 8.35 18.6 7.34 102.5 151.8 77.2 3.2 98.2 0.031 0.968 101.4 

SD-1 14.5 18.75 9.63 1.32 193.81 0.1 82 19.71 6.86 18.9 7.54 103.2 240 120 3.5 46.4 0.071 0.929 49.9 

SD-2                    

SD-3 58.5 17.62 47.82 1.01 249.15 0.41 124 29.8 6.77 19.7 6.99 97.6 433 217 21.3 79.3 0.211 0.788 100.6 

SD-4 64.7 17.75 56.8 1.1 240.07 0.45 120 28.84 6.82 20.1 6.98 97.9 452 226 21.7 81.3 0.211 0.789 103 

SD-5                    

JMZ/G
-1 

114.58 18.25 81.12 3.68 340.02 0.82 156.8 35.28 8.35 19.9 7.35 100 656 331 
 

169.5 
 

1 169.5 
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0630-campaign 

 water Speciation 

Site 
Cl 

(mg/L) 
SO4 

(mg/L) 
As 

(µg/L)  
Mn 

(µg/L) 
Fe (µg/L) 

Li 
(mg/L) 

Alkalinity 
(mg/L) 

TIC 
(mg/L) 

pH 
T  

(°C) 
Conductivity 

(µS) 
TDS 

(ppm) 
As III 
(µg/L) 

AsV 
(µg/L) 

As III 
(%) 

As V 
(%) 

As III+AsV 
(µg/L) 

SA                  

BR - SA                  

BR - EF                  

BR - JMZ 4.79 12.42 4.91 3.11 191.21 
below. 

det 
limit 

34.78 8.36 6.50 
 

178.8 89.4 
 

71.2 
 

1 71.2 

SD - 1 16.63 13.22 15.31 5.57 259.23 0.1 116 27.88 6.63 26.7 267 134 2.7 80.6 0.032 0.967 83.3 

SD -2 29.73 14.55 26.48 2.03 224.31 0.21 123.81 29.76 6.6 26.6 324 16  -   -  
   

SD - 3 93.1 13.93 86.78 1.98 273.37 0.69 154.17 37.05 6.64 28 594 297 16.4 114.7 0.125 0.874 131.2 

SD - 4 103.44 13.48 95.3 2.2 302.15 0.78 165.96 39.89 6.76 31.5 632 230 17.2 108.1 0.137 0.862 125.4 

SD - 5 102.15 13.34 99.06 2.23 333.69 0.77 161.22 38.75 5.85 26.6 1.49 0.72 13.9 111.3 0.111 0.888 125.2 

JMZ/G - 1                  

JMZ/G - 2                  

JMZ/G
-2 

53.32 10.41 37.37 0.95 273.36 0.36 130 31.24 8.29 18 7.63 102 360 170 
 

138.5 
 

1 138.5 

HS-1 1681.03 37.04 651.7 424.2 2492.3 10.66 1144 274.95 6.24 31.6 0.09 62 6130 
0.000
00327 

139.2 0.8 0.994 0.005 140 

HS-2 1362.33 53.35 959.3 364.9 2417.9 9.176 992 238.42 6.29 38.8 0.41 8 5860 
0.000
00293 

1058.4 
 

1 
 

1058.4 

HS-3 1768.97 35.25 1707.1 487 2636.7 11.42 1187.2 285.33 6.27 46.5 0.38 8.5 6820 
0.000
00342 

763.1 
 

1 
 

763.1 
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HS-1 
        

6.49 31.5 4710 
2.36 
(ppt) 

5.4 73.8 0.067 0.932 79.2 

HS-2 1238.37 54.96 624.78 420.56 2939.81 7.2 1306 313.88 6.36 38.5 6010 
2.97 
(ppt)  

5840.6 
 

1 5840.6 

HS-3 1456.53 39.19 
1574.8

5 
301.42 2200.94 10.1 1188 285.52 6.29 46.4 7250 

3.30 
(ppt)  

9877.5 
 

1 9877.5 

 

0717-campaign 

Site 

Water 
Discharge 

(L/s) Massflows (mg/s) 

Cl (mg/L) SO4 (mg/L) As (µg/L)  Mn (µg/L) Fe (µg/L) Li (mg/L) 
Alkalinity 

(mg/L) 
TIC (mg/L) pH T  (°C) DO (mg/L) 

Conductivity 
(µS)  Li As 

SA 2.24 59.59 1.1 172.17 356.87 0.07 44 10.57 7.11 16.5 7.39 199.9    

BR - SA 3.11 58.19 3.37 194.19 59.12 0.07 52 12.50 7.96 16.6 6.94 208.9    

BR - EF 4.49 2.8 1.85 186.58 9.53 0.07 67.2 16.15 8.05 16.4 7.51 142    

BR - JMZ 3.91 27.28 2.05 162.85 12.08 0.07 62 14.90 8.01 17 7.31 176.4 1090 81.34 2.24 

SD - 1 8.92 23.29 8.93 202.38 18.27 0.10 72 17.30 6.89 18.7 7.42 214.2 1305 135.62 11.61 

SD -2 15.54 23.49 21.23 203.28 23.97 0.15 76 18.27 7.04 19 6.99 111-236    

SD - 3 42.48 23.22 78.73 250.45 46.01 0.33 96 23.07 6.3 19.5 7.5 336    

SD - 4 48.21 23.86 44.14 301.26 16.48 0.23 92 22.11 6.75 19.7 7.25 364.3 560 130.12 24.72 

SD - 5 48.93 23.87 74.78 248.11 35.98 0.26 104 25.00 6.83 19.7 7.29 363    

JMZ/G - 1 73.51 22.49 50.18 283.20 4.75 0.07 116.8 28.07 8.19 21.6 7.19 453.9 470 31.81 23.58 

JMZ/G - 2 41.38 13.56 26.09 288.04 7.72 0.31 124.8 29.99 8.3 21.5 7 373-393 940 289.93 24.52 

HS - 1 1422.6 26.76 718 2766.00 2145.97 9.20 984 236.49 6.66 30.3 0.62 1426    
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HS - 2 1510.29 51.15 3090 47.00 2210.85 10.89 1279.6 307.54 6.27 38.4 0.1 5718    

HS - 3 1946.15 31.74 4862 310.00 2645.13 12.85 1272 305.71 6.23 46.6 0.18 6834    

 

 

0811-campaign and bed sediment  

 Water 
Discharge 
(L/s) 

Massflows 
(mg/s 

Site 
Cl 

(mg/L) 
SO4 

(mg/L) 

As 
(µg/L)   

Lab 
prep 

As  
(µg/L) 
 Field 
prep 

Mn 
(µg/L) 

Fe 
(µg/L) 

Li 
(mg/L) 

Alkalinity 
(mg/L) 

TIC 
(mg/L) 

pH 
T  

(°C) 
DO 

(mg/L) 
Conductivity 

(µS) 
Eh 

(mV) 
 Li As 

SA 3.42 43.35 3.04 3.52 257.49 293.05 0.052 48.6 11.68 6.78 16 5.25 195.4 220    

BR - SA 4.71 37.18 3.99 5.67 9.55 260.37 0.073 53.1 12.75 7.84 16.3 6.65 198.9 193    

BR - EF 5.89 4.12 3.4 4.37 6.73 299.95 0.058 69.6 16.74 8.15 17.1 7.23 158 172    

BR - 
JMZ 

5.34 21.71 3.34 4.44 6.29 300.57 0.065 64 15.38 7.49 17.3 7.41 181.3 
176 833.86 54.2 2.79 

SD - 1 10.25 18.4 13.74 20.06 9.54 318.76 0.102 31.3 7.51 5.65 21.2 6.91 224.5 0.51 1104.36 112.64 15.17 

SD -2 17.66 18.33 30.12 50.04 17.03 367.72 0.065 79.6 19.13 7.08 21 6.74 249.4 38    

SD - 3 45.35 20.41 103.85 178.23 26.01 374.35 0.362 97.1 23.35 6.41 24.3 6.51 373 -45    

SD - 4 48.69 20.12 106.87 171.96 27.92 448.27 0.094 100.8 24.23 6.86 23.5 6.81 391.6 -45 1276.79 120.02 136.4 

SD - 5 50.13 19.53 102.79 196.77 27.29 451.11 0.42 101.2 24.33 6.96 23.1 7.22 395.6 -31    

JMZ/G - 
1 

72.18 17.1 61.52 61.16 2.51 470.33 0.065 121.4 29.17 8.13 25.5 6.51 490.1 
80 774.44 50.34 47.64 

JMZ/G - 
2 

67.16 16.61 51.3 58.00 4.47 497.68 0.501 128.9 30.98 8.38 25.2 6.65 486.5 
20 985.66 493.82 50.56 

HS-1 152.42 21.73 6707.87 9686.24 4826.5 681.67 2.04 241.7 294.83 6.39 22.9 1.51 787 -103    
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HS-2 1164.65 55.47 167.26 181.27 1257.32 195.34 7.67 1244 1517.68 6.27 39 0.23 5781 -205    

HS-3 1505.18 36.37 3394.72 7524.47 4850.56 564.29 16.05 1228 1498.16 6.25 45.7 1.61 6790 -238    

 

 

 

 0811 Speciation Sediment (µg/kg) 

 Lab prep Field prep Lab prep As Fe Mn 

Site 
As III 
(µg/L) 

AsV 
(µg/L) 

As III 
(µg/L) 

AsV 
(µg/L) 

As III 
(%) 

As V 
(%) 

As III+AsV 
(µg/L) 

0606 0630 0717 mean 0606 0630 0717 mean 0606 0630 0717 mean 

SA 0 0.47 0.16 0.09 0.006 0.994 0.5 1.5 
 

1.6 1.5 4288 
 

5006.8 4647.4 286.7 
 

368.5 327.6 

BR - SA 0 1.14 
  

0 1 1.1 0.6 
 

1.1 0.8 2616.1 
 

5201.7 3908.9 291.5 
 

368.8 330.1 

BR - EF 0 1.2 
  

0 1 1.2 0.3 
 

0.4 0.4 2134.1 
 

3839.8 2986.9 113.6 
 

136.7 125.1 

BR - 
JMZ 

0 0.87 0.28 0.2 0 1 0.9 1.7 0.6 0.4 0.9 2283.9 2417.9 3889.2 2863.7 116.4 183.7 132.5 144.2 

SD - 1   
0.12 0.31 

   
9.7 8.8 1.6 6.7 3333.8 2184.5 3663.9 3060.7 166.1 92.7 178.5 145.8 

SD -2 0.56 2.95 
  

0.16 0.84 3.5 
 

2.9 0.9 1.9 
 

3631.6 3454.4 3543 
 

131.1 118.6 124.9 

SD - 3   
35.64 1.09 

   
6.4 18.6 1.9 9 2145 3834.9 3597.3 3192.4 129.8 264.6 158.4 184.2 

SD - 4 2.13 6.68 
  

0.242 0.758 8.8 
 

11.3 14.9 13.1 
 

4773.8 5356.2 5065 
 

253.3 199.6 226.4 

SD - 5 0 10.02 3.02 0 0 1 10 
 

5.5 3.2 4.4 
 

4070.8 2723.6 3397.2 
 

234.5 179.3 206.9 

JMZ/G 
- 1 

0 17.51 
  

0 1 17.5 1.9 
 

1 1.4 2167.3 
 

1457.1 1812.2 402.7 
 

221.9 312.3 

JMZ/G 
- 2 

0 14.85 
  

0 1 14.9 1.7 
 

1.8 1.7 4231.7 
 

7234.8 5733.3 283.6 
 

304.6 294.1 

HS-1 0.09 44.57 
  

0.002 0.998 44.7 0.2 101.7 6.3 36.1 
 

3686 2245.4 2965.7 
 

108.5 94.7 101.6 

HS-2 121.22 99.61 
  

0.549 0.451 220.8 
 

120 133.6 126.8 
 

4934.8 5220.8 5077.8 
 

808.7 489.2 648.9 
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HS-3 275.32 107.59 
  

0.719 0.281 382.9 
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