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Introduction

Geoscience includes all the natural sciences related to the 
structure, morphology, evolution, and dynamics of the 
Earth. Among them, geology deals with the origin, for-
mation, and evolution of Earth, including its component 
materials and their structure. For geologists, grains and 
sediment are important since their study and analysis rep-
resent a powerful tool in classifying rocks or for describing 
a site’s geomorphic setting. Characterizing the physical 
properties of grains, for example, is critical to determine 
the suitability of sediment for various uses or in the study 
of its geologic history. The main physical properties of 
grains are their size and size distribution, color, shape, and 
composition. 

A basic tool for geoscientists is the optical 
microscope, which enables the magnifica-
tion of sample images for analysis and care-
ful inspection. The Olympus DSX1000 digi-
tal microscope is ideal for this application due 
to its large collection of easily interchange-
able lenses, six observation methods avail-
able at the push of a button, fast macro to 
micro viewing, and accurate measurements 
thanks to a telecentric optical system.

Geoscientists study many types of sediments, 
including grains in a wide range of sizes and 
shapes. For example, gravel-sized particles have 
a nominal diameter of 2 mm, sand-sized parti-
cles have diameters ranging from ca. 2 mm to 
62.5 µm, and clay is composed of particles hav-
ing diameters less than 2 µm.[1] On the other 
hand, sands, for example, are usually com-
posed of grains/units having different sizes and 
shapes, as shown in Figure 1. The wide range 
of sizes necessitates working with several mag-
nifications and objectives with a range of work-
ing distances. Smaller samples require higher 
magnifications and objectives with shorter 

working distances. With conventional digi-
tal microscopes, this can be challenging since 
the objective can crash into the sample, poten-
tially damaging it. This problem is solved with 
the DSX1000 digital microscope since its long 
working distance objectives enable the obser-
vation of uneven samples. These objectives are 
convenient for 3D samples since they combine 
the resolution of standard objectives with very 
long working distances, keeping the grains far 
from the optic to reduce the risk of damage.

Two important physical parameters of geolog-
ical samples are their color and texture since 
they can be critical in the identification of the 
different minerals that compose the sample. 
Darkfield microscopy is the preferred method 
for imaging natural colors. On the other hand, 
accurate identification of texture requires a 
detailed observation of surface details, which 
necessitates illuminating the sample from 
above. The DSX1000 digital microscope can 
simultaneously work in brightfield and dark-
field illumination methods from different direc-
tions. This feature, called MIX illumination, 
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makes the DSX1000 digital microscope ideal 
for the observation of geological samples.

Another important advantage the micro-
scope offers to geoscience is its ability to 
acquire Z-stacks (focus stacking), which is a 
technique to combine images taken at dif-
ferent focus distances. The result is an image 
with a greater depth of field than any of the 
individual images. This is of particular inter-
est for samples that have rough surfaces or 
with marked reliefs, like rocks or sediments.  

For geoscientists, the DSX1000 digital micro-
scope is a powerful tool for inspection geo-
logical sample. It combines low-magnifica-
tion and high-magnification systems, offer-
ing a wide-magnification range in a single 
easy-to-use instrument. Moreover, the micro-
scope possesses high-resolution, long work-
ing distance objectives that facilitate the 
capture of high-resolution, high-magnifica-
tion images, enabling the inspection of fine 
details in the geological samples. In addition, 
the long working distance objectives pro-
vide ample space between the lens and sam-
ple to make observations without risking the 
optics. And with six observation methods 
available at all magnifications by simply push-
ing a button, the DSX1000 digital microscope 
offers geoscientists tremendous flexibility.
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Saint Vincent Paradise Beach, Caribbean Sea, Saint Vincent
Mineral sand with volcanic minerals
Field of view: 2.5 mm

What you can also find in this eBook
Another recent research article on the application of portable X-Ray 
fluorescence spectroscopy for soil analysis. Learn more about how this 
method was used to scan soils of three agricultural fields in New Mexico 
after the Gold King Mine spill on page 14 of this eBook.
 
You can find more exciting Geoscience articles in  
part 7 of our Advanced Optical Metrology eBook series.

https://advancedopticalmetrology.com/geoscience/geoscience-portable-x-ray-fluorescence-spectrometry-analysis-of-soils.html
https://www.olympus-ims.com/en/insight/
discovering-the-unseen-beauty-of-sand-
under-a-digital-microscope/ 
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The Unseen Beauty  
of Sand Under a Digital 
 Microscope

01

Annegret Janovsky is a senior specialist for industrial micros-
copy at Olympus who uses her imaging expertise for a unique 
hobby: microscopic sand photography. In her spare time, she 
collects sands from beaches around the world to produce 
beautiful, detailed images of their grains using our DSX1000 
digital microscope. 

In the following pages of this  eBook, you will find eleven 
 selected images from the more than three hundred that the 
cristallographer and her friends and family have collected over 
the years; we talked to Annegret about her favorite ones.
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Was there any particular time you 
got interested in looking at sand?

Annegret: In 2015, I remembered sand I 
saw 25 years ago on my first travel with my 
future husband. And there was such a lovely 
lake in Scotland, it was called Loch Achilty. 
But back then we did not know the name 
of that lake. And at its bank, we found a 
sand I had never seen before. It was so crazy 
because it was not such a bright sand such 
as from the Mediterranean Sea or the Bal-
tic Sea. Also, it was violet. I was so fasci-
nated by this sand, but in those days, I never 
thought about collecting it or imaging it. 

Later, when we got the first digital microscopes 
at Olympus, I was looking for good samples to 
see the quality of the images. I remembered 
this sand, but it took a while before I was able 
to collect any. We had to go back to Scotland 
to look for this lake. But there was no help on 
the Internet; nobody knew anything about this 
lake with violet sand. However, after two days, 
we were lucky and found this special sand 
again. And yes, after collecting a small amount 
of violet sand, I was interested in its compo-
sition, so I had a look using a DSX1000 digi-
tal microscope, and it was very interesting. 

This was the beginning of 
my sand collection.

That is a nice way of getting into a 
new field of imaging and a new hobby 
at the same time. Since then, have you 
been collecting different types of sand 
on different holidays and travels?

Annegret: Yes, of course. But my col-
leagues, family, and friends all know of my 
hobby, so they collect sand for me when they 
travel. Currently, I have a collection of over 
300 sands. Sometimes they are very simi-
lar to other sands I already have, but most 
of the sands are very interesting. Within 
almost every new sand is a new world.

The images in this eBook are only a 
sample of everything you have. Can 
you tell us more about the image 
of the violet sand on page 6?

Annegret: Yes, this is my very first sand, the 
one I mentioned before from Loch Achilty. 
On the large image at the bottom, you can 
see a macro photo of the lake. This is a pure 
mineral sand. It is violet, and, of course, has 
bright or natural colored grains. But there 
is also a range of dark grains included.

X-ray diffractometry analysis performed by 
one of my Olympus colleagues using our 
TERRA™ pXRD instrument have shown 
that the purple sand grains are garnets.

Loch Achilty, Scotland, UK
Mineral sand
Field of view: 3.2 mm
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The next image on page 7 is very 
interesting. What is the secret 
behind the shape of this sand?

Annegret: My two most important sands are 
the purple one we just discussed, as it was my 
first sand, and this sand, which is from Take-
tomi, a Japanese island in the East China Sea. 
It is so impressive—can you see the stars? This 
is organic sand, and it is composed of the 
shells of foraminifera—microscopic organisms 
that form hard shells of various shapes. These 
grains are particularly amazing as the whole 
shell is formed by a single-celled organism.

This is fascinating. How 
big are these grains? 

Annegret: The foraminifera are relatively large 
at 2–3 mm each, so this image was taken using 
a 3x XLOB objective from Olympus. These objec-
tives are useful for 3D samples because they com-
bine the resolution of standard material objec-
tives with very long working distances, reduc-
ing the risk of sand grains hitting the optics!

Star Sand, Taketomi Island, East China Sea, Japan
Biogenic sand made of forams

Field of view: 14 mm
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Toronto Islands,  
Lake Ontario, Canada
Heavy mineral sand with pink 
and red garnets, black magnetite
Field of view: 2 mm

The next image that is really 
 impressive is the one on page 8. 
What is the story behind that one?

Annegret: This is a sand that was col-
lected by my daughter. It is from Lake Ontario 
near Toronto, Canada. In the large image 
you can see the photo of the beach with 
this reddish and black material. The red-
dish grains are garnets and the black ones 
are magnetite. It is a typical heavy min-
eral sand. Due to their weight, heavy min-
erals like garnet or magnetite can be accu-
mulated on beaches, with lighter minerals 
being carried away by wind or by water. 

This sand was imaged using a 10x XLOB objec-
tive. As with the first image, these grains are 
small and have interesting colors. From my 
experience of imaging different materials, I 
knew that darkfield microscopy is best for 
imaging natural colors. It is also useful to have 
a light source above the sample to capture sur-
face details. The DSX1000 allows simultane-
ous brightfield and darkfield illumination from 
different directions, which is ideal for these 
types of samples. In fact, all of the images fea-
tured here were taken using MIX illumination.
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Another fascinating image is 
the one shown on page 9. Where 
did you find this sand?

Annegret:  This is sand from Lahinch in Ire-
land, and it’s completely different from the 
heavy mineral sand in the last photo from 
Lake Ontario and from the sand from Loch 
Achilty, as it is composed of biogenic compo-
nents. Therefore, it is not possible to find out 
the origin of all the broken bits and pieces 
you can see in the image. They could be 
shells, foraminifera, or other organic mate-
rials; I don't know. But you can see a glassy, 
Y-shaped piece in the center of the image; 
this is a sponge spicule. And in the left bot-
tom corner, there is another interesting 
shape. It is a fragment of a sea urchin spine.

A crucial advantage to using the DSX1000 dig-
ital microscope for imaging sand is its abil-
ity to acquire Z-stacks—all of the images 
here were acquired using focus stacking.

Figure 1: Organic sand collected from Lahinch 
in Ireland. This sand is composed of units hav-
ing several sizes and shapes, forming a hetero-
geneous mix of purely biogenic components.[2]

Lahinch, Atlantic Ocean, Ireland
Biogenic sand with a Y-shaped sponge 
spicule, sea urchin spine
Field of view: 2.5 mm
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Brandon river mouth, Ireland
Mineral sand
Field of view: 3 mm
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Massa Carrara, Mediterranean Sea, Italy
Mineral sand
Field of view: 2.5 mm

Warnemünde,  
Baltic Sea, Germany
Mineral sand, mainly quartz
Field of view: 3.1 mm
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Hurghada, Red Sea, Egypt
Biogenic sand with forams
Field of view: 12.8 mm

Godafoss Waterfall, 
Iceland
Volcanic glass
Field of view: 1 mm
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Playa del Verodal, El Hierro,  
Canary Islands, Spain
Volcanic mineral sand
Field of view: 8 mm

Whitefish Lake, Montana, USA
Mineral sand
Field of view: 8.1 mm
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Portable X-Ray Fluorescence 
Spectroscopy Analysis of 
Agricultural Soils After the  
Gold King Mine Spill
G. Jha, S. Mukhopadhyay, et al.

ABSTRACT
In 2015, a million liters of heavy metal–contaminated wa-
ter spilled into the Animas River from the Gold King Mine 
(Colorado, USA), attracting national attention about the 
water quality and agricultural production in the affected 
areas. In response to the concerns, surface soil elemental 
concentrations were analyzed in three New Mexico agri-
cultural fields to determine potential threats to agronomic 
production. The irrigated fields were scanned using porta-
ble X-ray fluorescence (pXRF) spectrometry to monitor the 
spatiotemporal variability of lead (Pb), arsenic (As), copper 
(Cu), and chromium (Cr) before and after the growing sea-
son for 3 years. The geostatistical model with the lowest 
RMSE was chosen as the optimal model. The spatial de-
pendence between the measured values exhibited strong 
to moderate autocorrelation for all metals except for As, 
for which spatial dependence was strong to weak. Some 
areas exceeded the soil screening limit of 7.07 mg As kg–1. 
All sampling locations were below the screening limit at 
last sampling time in 2019. Mixed models used for tempo-
ral analysis showed a significant decrease only in As below 
the screening value at the end of the study. Results indi-
cate that the agricultural soils were below the soil screen-
ing guideline values.

02
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1 INTRODUCTION

On August 5, 2015, an inadvertent breach 
of the Gold King Mine (GKM) released ∼11.3 
million L of acid mine drainage into Cement 
Creek at the headwaters of the Animas River.[1] 
Approximately 2032 kg lead (Pb), 499 kg zinc 
(Zn), and 93 kg arsenic (As), among  others, 
were released and flowed downstream.[2]  
The GKM is “one of an estimated 23000 
 abandoned mines dotting the state of Colo-
rado”.[3] The USEPA notes that “mining opera-
tions have greatly disturbed the land, adding to 
existing highly mineralized conditions in many 
areas that cause acidic conditions that release 
heavy metals to the surrounding environment”.
[3] They specifically note the prevalence of alu-
minum (Al), lead (Pb), zinc (Zn), cadmium (Cd), 
copper (Cu), iron (Fe), and manganese (Mn) as 
contributing polluters to surface water, subsur-
face water, surface soils, and stream sediments.

In northwestern New Mexico, alfalfa hay, 
pumpkin, watermelon, pepper, tomato, and 
other specialty crops are of strong economic 
importance. The irrigation water is delivered to 
farms through a series of community ditches 
or canals. At the time of the GKM spill, most 
farmers immediately closed their irrigation 
gates and ditches, allowing the most pollut-
ant-laden water to pass down the river without 
entering their irrigation systems.

A substantive portion of the released metals 
were associated with suspended solids in the 
river. Sediments rich in Fe, Al, and other met-
als, however, were deposited as reddish orange 
sludge along the banks and throughout the 
river channel. A rapid assessment of the ele-
mental concentration of riverbank sludge, irri-
gated croplands, and upland (non-irrigated) 
soils of the river valley affected and unaffected 
by the GKM was conducted. 

In this assessment, Fe, Cu, Zn, As, and Pb 
increased in the order of control (non-irrigated) 
soils < irrigated soils < riverbank alluvium < 
riverbank sludge. Additionally, the riverbank 
sludge had concentrations of Pb (n = 9) that 
ranged from 509 to 859 mg kg−1, all above 
the USEPA residential screening limit of 400 
mg kg−1. Therefore, a comprehensive monitor-
ing plan was initiated out of concern that as 
hydrologic pulses occur, the metal-laden sludge 
deposited on the bottom of the river would 
become resuspended, enter the irrigation sys-
tems, and lead to an increase in toxic metal 
concentration in soils used for farming.

The deleterious effects of toxic metals to 
human health are well documented. Briefly, the 
main health effects associated with high levels 
of elements include nervous system disorders, 
liver and kidney failure and damage, anemia, 
cancer, cardiomyopathy, gastroenteritis, osteo-
malacia, brain damage, hematologic effects, 
hypertension, intestine tract distress, and tissue 
lesions, among others.[4]

Widespread concern exists as to the safety 
of produce if irrigated with potentially met-
al-laden water from the Animas River. The 
objective of this study was to perform a spatio-
temporal analysis of elemental concentrations 
in agricultural soils of the Animas River water-
shed over a period of three cropping seasons 
(2017–2019) and compare monitored values to 
determine their potential threat to agronomic 
production. We hypothesized that the soil con-
centrations of several elements would increase 
over time in response to irrigation with water 
from the Animas River.

2 MATERIALS AND METHODS

2.1 General study area

The study was conducted on irrigated farm 
fields in San Juan County, NM. Geologically, 
the area is comprised of shale, sandstone, lime-
stone, dolomite, and volcanic rock outcrops. 
Soils of the area are Alfisols, Aridisols, Entisols, 
and a few Mollisols. Soil temperature regime is 
dominantly mesic, with an aridic or ustic-aridic 
moisture regime.[5] The Koppen climate classifi-
cation of the area is BSk (cold semiarid).[6] Soils 
feature carbonatic, mixed, or smectitic miner-
alogy. In this arid to semi-arid climate, almost 
all crops must be irrigated to produce sufficient 
yields. The soil series on the studied fields are 
described as Fruitland, Turley, and Garland.

2.2 Fieldwork

Three irrigated farm fields of 30, 17, and 8 ha 
were evaluated as part of this study. With the 
perimeter of each field, a random sampling 
scheme was established in ArcGIS (ESRI), which 
created a sampling density of ∼3.2 points 
ha−1. This resulted in a total of 175 points (two 
fields with 50 points each and one field with 
75 points). The pre-determined sampling loca-
tions were downloaded into an eTrex (Garmin) 
handheld global positioning receiver for field 
geolocation. Elemental data collection was 
 performed using a DP-6000 portable X-ray 
 fluorescence (pXRF) spectrometer (Olympus®).
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[7] Prior to operation, the instrument is checked 
with a stainless steel alloy, then operated on 
line power (110 VAC) using a portable power 
inverter at 15–40 keV. The instrument was 
operated in Soil Mode at 30 s per beam such 
that one complete scan was completed in 90 
s. Validation of instrument performance was 
accomplished via National Institutes of Stan-
dards and Technology (NIST)-certified reference 
materials. The average recovery percentages 
were determined for all four sampling times 
during the study that did not vary by more than 
15% from the actual certified values for the 
elemental concentrations.

The pXRF field sampling was conducted over 
3 years. The Animas River watershed has 
only one growing season (from mid-April 
to mid-November). Portable XRF scans in 
November were considered to represent both 
post-growing conditions for the current season 
and pre-growing conditions for next growing 
season. Scanning was performed in an identi-
cal manner at the same sampling locations to 
allow for temporal analysis.

2.3 Statistical analysis

Descriptive statistics and correlation analysis of 
pXRF metal(loid) was analyzed in R studio (ver-
sion 3.4.1). Pearson’s correlation matrix was 
plotted using the corrplot function combined 
with the significance test (p ≤ .05) in Hmisc 
package. Temporal changes in metal(loid)
s were assessed in SAS version 9.4 using a 
design-based linear mixed model approach 
with sampling time as the fixed effect and ran-
dom effects for field and the sampling time by 
field interaction. Additionally, a repeated state-
ment fitted an unstructured covariance of the 
repeated measurements (the four sampling 
times) from the randomly chosen but repeat-
edly sampled locations within fields. When 
time was significant, pairwise comparisons 
among the four measurement times used mod-
el-based estimates and standard errors. Signif-
icance was set at p ≤ .05. Temporal analysis of 
significant changes in metal(loid) concentra-
tions were analyzed using SAS version 9.4.

2.4 Geostatistical analysis and spatiotem-
poral mapping

Spatiotemporal variability maps were inter-
polated for four metal(loid)s of concern using 
pXRF total concentrations sampling four times 
over a period of three growing seasons. Three 
different models were fit to total metal(loid) 
concentrations of As, Cr, Pb, and Cu. Root 

mean square error was considered as a mea-
sure of model performance, and the model 
with the lowest RMSE value was selected for 
each metalloid as the best fitted model for 
kriging interpolation[8]. Semivariogram param-
eters were interpreted to understand the 
insights of the fitted model. Sill is the variance 
on the dataset without knowing the spatial 
location, and nugget is the amount of variance 
that is not explained by the model as the dis-
tance between observations approaches zero 
(Allan, 2018). Nugget to sill ratios were inter-
preted to understand the strength of spatial 
dependence between sampling points. Semi-
variogram ranges were also interpreted as the 
range of spatial autocorrelation determining 
the strength of metal concentrations scanned 
using pXRF at one geographic location in the 
field relative to another scanning location sep-
arated by a distance. Spatial maps were inter-
polated using ordinary kriging in ArcGIS version 
10.2.2 (ESRI) using the weighted averages of 
the known concentrations of metal(loid)s.

3 RESULTS AND DISCUSSION

3.1 Summary statistics

Total mean soil elemental concentrations were 
detected in the order Pb > Cu > Cr > As for 
each growing season. The Pb and Cu concen-
trations at all locations were below the soil 
screening levels of 400 and 3100 mg kg−1, 
respectively. During the pre-growing 2017 sea-
son, the average total metal concentrations 
in the three fields were 50 mg kg−1 (Pb), 23 
mg kg−1 (Cu), 17 mg kg−1 (Cr), and 8 mg kg−1 
(As). In observing the maximum, median, and 
mean concentration values for As, at least one 
or more sampled locations exceeded the soil 
screening limit (SSL) value of 7.07 mg kg−1 rec-
ommended by the New Mexico Environment 
Department.[9] In total, 46.3% (number of loca-
tions exceeded/total number of scanning loca-
tions = 81/175) sampling locations exceeded 
the SSL for As during the 2017 pre-grow-
ing study period, and 43.4% (76/175) sam-
ples exceeded the SSL in the 2017 post-grow-
ing season. In the 2018 and 2019 post-grow-
ing seasons, the percentage of locations that 
exceeded the SSL values was reduced to 16.6% 
(29/175) and 7.4% (13/175), suggesting tem-
poral decreases.
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3.2 Correlation analysis between  
elements analyzed using pXRF

Several metals showed significant correlations 
with each other in the soil matrix. Combining 
the data from all three fields, Cu and Pb were 
positively correlated with significant correla-
tion coefficient values ranging from .76 to .90 
when metal concentrations pooled for all three 
fields were correlated and compared respective 
to the four sampling times.

These results were similar to the findings by 
other researchers using pXRF for multi-elemen-
tal analysis with strong correlations between 
Pb and Cu.[10, 11] Cu and Cr, Pb and Cr, As and 
Cr, and As and Cu showed weak or moderate 
correlations with each other or sometimes neg-
ative correlations. Additional works in the Ani-
mas River watershed after the GKM spill estab-
lished that there was an association between 
Pb, Cu, and Zn and Fe-minerals such as jarosite, 
goethite, and clays in sediment.[12]

3.3 Spatiotemporal variability of  
metals in agricultural fields

Figures 1–4 depict the spatial distribution of 
the four metal(loid)s of interest interpolated 
over the four sampling dates. There were some 
hotspots of As in the fields until the third sam-
pling date. All soil As concentrations were 
below the SSL of 7.07 mg kg−1 and therefore 
were considered below the risk assessment 
guidelines during the last sampling date in the 
2019 post-growing season (Figure 1).

Cr concentration increased in the soil collected 
during the last sampling time for all three fields 
(Figure 2). This increase was more noticeable 
in fields 1K and 3K, which were under pivot 
irrigation. Field 2S, which was under furrow 
irrigation, had an increase in Cr at some loca-
tions. Regions of higher Pb concentration also 
showed high Cu concentration. However, Cu 
(Figure 4) does not show much variability after 
any irrigation season. Lead and Cu show simi-
lar adsorption behavior and tend to coexist in 
soil,13 however, lead tends to become less sol-
uble with increasing pH of soil solution as more 
calcium carbonate is added through irrigation 

Figure 1: Spatial variability interpolation maps of total As concentration in three agricultural fields 
under irrigated conditions for four sampling dates from 2017 to 2019.
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water. River water was collected near the inlet 
irrigation gates for three growing seasons and 
analyzed for all metal concentrations, showing 
values below the USEPA screening levels.

Samples located closer to each other by dis-
tances less than the range are spatially cor-
related and contribute to kriging predictions.[14] 
The nugget to sill ratios for As were moderate 
for fields 1K and 2S. The nugget to sill ratio for 
field 3K was moderate for pre- and post-grow-
ing 2017 and strong for post-growing 2018 
but was weak for post-growing 2019. Nugget 
to sill ratios for Cr, Pb, and Cu were moderate 
to strong.

Weak spatial dependence of As is due to vari-
ability at scales smaller than the two closest 
sampling points in any one field. The inability 
to capture small-scale variability for As in this 
study was also due to the increasing number of 
nondetectable As readings using the pXRF. The 
nugget to sill ratio for Cr, Cu, and Pb showed 
strong to moderate spatial dependence during 
all four sampling times for all three fields. The 
spatial dependence estimated using semivario-

gram parameters are predictions at unsampled 
locations in the field based on the known val-
ues from sampled locations.

Maps based on kriging predictions can be used 
for future study by sampling locations less than 
the range in fields. In furrow-irrigated fields, 
it is important to understand that redox con-
ditions might be different in the top of ridges 
and bottom of furrows. In this study, samples 
were scanned from random locations with a 
mix of both ridge and furrows without any 
biased separation. Therefore, it is important to 
sample both locations in furrow-irrigated sys-
tems to get a proper representation of elemen-
tal concentration in future studies.

3.4 Temporal analysis

At the time of the GKM spill it was hypothe-
sized that there would be a surge in metal con-
centrations in agricultural field soils as irriga-
tion resumed once the irrigation ban was lifted. 
There was a significant increase in total Cr con-
centration at the end of three growing sea-
sons. We also measured a significant decrease 

Figure 2: Spatial variability interpolation maps of total Cr concentration in three agricultural fields 
under irrigated conditions for four sampling dates from 2017 to 2019.
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in total As and Pb at the third sampling date in 
post-growing 2018 (Figures 1 and 2).

Contrary to the hypothesis of this study, As 
decreased 2.3 ± 0.3 mg kg−1 from March 2017 
to November 2019. The estimated As (5.3 
± 0.2 mg kg−1) after three growing seasons 
decreased to below the soil screening level. 
However, there was a significant increase (9.4 
± 1.3 mg kg−1) in mean Cr concentration. This 
study did not analyze the oxidation state of Cr 
and focused only on total concentration. It is 
recommended for future studies to look into Cr 
speciation and how it interacts with soil matrix 
and plants. Decreases in average Cu concen-
trations (1.7 ± 0.9 mg kg−1) were not signifi-
cant, whereas decreases in mean Pb concen-
tration (1.0 ± 2.9 mg kg−1) were significant 
between March 2017 and November 2018 but 
not between March 2017 and November 2019. 
Both Cu and Pb were below the soil screening 
level for all fields sampled at all sampling times.

4 CONCLUSIONS

This study evaluated agricultural fields in the 
Animas River watershed, NM, for four potential 
metal(loid) contaminants of concern (Pb, As, 
Cu, Cr) following the GKM spill of 2015. Porta-
ble X-ray fluorescence was used to determine 
metal(loid)s at a total of 175 sampling loca-
tions spread across three fields over 3 yr. Geo-
statistical models were fit to each metal(loid) 
for each agricultural field for each sampling 
date. Spatial interpolation was used to infer 
spatial variation, and mixed models were used 
to infer the temporal variation in metal(loid) 
concentrations. Spatial interpolation revealed 
an overall decrease in surface soil As concen-
tration between 2017 and 2019. However, 
there were some areas in the fields where As 
concentrations still exceeded the regional soil 
screening limits of 7.07 mg kg−1 for the first 
three sampling times. Arsenic concentration in 
soils decreased to significantly below the soil 
screening value (7.07 mg kg−1) by the end of 
2019 growing season for all fields. We found 

Figure 3: Spatial variability interpolation maps of total Pb concentration in three agricultural fields 
under irrigated conditions for four sampling dates from 2017 to 2019.
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that all three fields were below the risk assess-
ment guidelines. This study is important in 
environmental monitoring of agricultural soils 
after the GKM spill of 2015 to help farmers 
and consumers make informed decisions of the 
field soils used for growing important crops 
like alfalfa, corn, and pumpkin in northwestern 
New Mexico.
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