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A B S T R A C T

Objective: The principal goal of this study was to investigate the uptake and distribution of lead (Pb) in the horns
of Pb-dosed goats, and to explore possible links to their historical Pb dosing records. Horn is a keratinized
material that grows in discrete increments with the potential to preserve the historical record of past environ-
mental exposures. While previous studies have leveraged this potential to examine environmental and biological
phenomena in horns, Pb uptake has never been explored.
Methods: Horns were collected post-mortem from three goats that had been previously used to produce blood lead
reference materials for the New York State proficiency testing program. The animals were periodically dosed
with lead acetate, administered orally in a capsule, over a 5 to 8-year period. Horn cross sections were taken
from each animal and analyzed using synchrotron radiation-induced micro X-ray fluorescence spectrometry (SR-
μXRF) at the Cornell High Energy Synchrotron Source (CHESS).
Results: Elemental distribution maps were obtained by SR-μXRF for Pb, Ca, S, Se, and three other elements (Br,
Zn and Cu), with values reported quantitatively as a mass fraction (μg/g for trace elements and mg/g for Ca and
S). Accumulations of Pb were clearly visible as a series of narrow “rings” in each of the horn samples analyzed.
The elements Ca, S, Br, Zn, and Cu were also detected as discrete rings within each cross-section, with Br strongly
correlated with S in the samples examined. A marginal increase in Se may coincide with Pb accumulation in horn
cross-sections. Annual mineralization estimates based on the relative distribution of Ca and S were used to
establish a tentative timeline for horn growth, with each timeline linked to the pattern of Pb accumulation in the
corresponding horn cross-section sample.
Conclusions: Following ingestion, absorbed Pb is eventually deposited into caprine horns, resulting in discrete
accumulations or “rings.” Elemental mapping by SR-μXRF clearly show Ca-rich layers that vary with annual
periodicity, consistent with previous reports of horn mineralization. Localized enrichment of Cu, Zn, Br and S
appear to coincide with the keratinized regions related to the annual growth ring pattern in horns. Spatial
analysis of horns for Pb accumulation may be useful as a qualitative marker of time-resolved exposures that may
reflect specific periods of acute Pb absorption.

1. Introduction

Hard keratinized materials are a diverse family of tissues that in-
cludes horns, nails, hair, hooves, tortoiseshell scutes, and others, with
functions ranging from thermal regulation to self-defense. Enrichment
of the disulfide-bonded amino acid cysteine (cystine) gives these tissues

their characteristic toughness. Free cysteine also binds to some metal
ions with high affinity, and it has been shown that keratinized tissues
can bio-concentrate toxic trace elements such as mercury and arsenic
[1]. Horns and other hard keratinized tissues grow incrementally,
forming metabolically inert layers that can preserve historical ele-
mental exposure information over time [2]. Other materials that grow
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in increments and can be used to study historical events include oto-
liths, teeth, mollusk shells, corals, and trees, among other animal and
plant tissues [2–4]. To our knowledge, only one other study has used
animal horns to reconstruct past exposures and environmental events
based on trace element analysis. Caumette et al. reported on the uptake
and spatial distribution of arsenic (As) and iodine (I) in the horns of
seaweed-eating wild sheep from North Ronaldsay, Scotland, using the
sheep horns as “archives” of the sheep’s exposure to those elements [5].
Several studies have used the isotopic carbon and nitrogen data from
horns to investigate (a) animal diets and habitats [6,7], (b) climatic
changes [8], and (c) to validate radiocarbon dating methodology [9].

Lead (Pb) is a ubiquitous environmental contaminant with a wide
range of adverse health effects in humans and animals. Because of the
persistence of Pb in the environment and its long residence time in the
body, the Pb burden in the human body and in ecosystems may reflect
past as well as recent exposures. Historical Pb emissions have been
investigated using corals [10], otoliths [11], trees [12], sediment cores
[13], and snail shells [14], among other sample matrices. Past Pb ex-
posures in humans have been studied mainly using bone Pb measure-
ments, while keratinized tissues (hair and nails) are less common [15].

Due to the challenge of exogenous contamination in many kerati-
nized tissues, few studies have been able to demonstrate an association
between Pb exposure and Pb content. Some have reported that Pb in
hair and/or nails is an unreliable biomarker of Pb exposure [16–18].
Contamination notwithstanding, the excretion of Pb in human hair has
been demonstrated to some extent in at least two previous studies
[19,20]. While horn is also a keratinized tissue, it has a relatively low
surface area-to-volume ratio, and therefore reduced exogenous Pb de-
position.

In this study, we report on the uptake and spatial distribution of Pb,
along with other detectable elements, in the horns of adult goats that
had been periodically dosed with Pb over a period of 5 to 8 years. These
lead-dosed goats were used as a source of blood pools containing
physiologically-bound Pb, which is important for producing matrix-
based reference materials for validating analytical blood Pb measure-
ments [21]. Previous studies from our laboratory have reported on
caprine blood Pb reference pools produced from these goats [21,22],
and on the uptake and accumulation of Pb in caprine long bones [23],
brain [24], and other soft tissues [25]. The principal aim of this study is
to explore the relationship between the Pb dosing history and spatial
distributions of Pb in horns from this same population of goats. Syn-
chrotron radiation-based micro X-ray fluorescence (SR-μXRF) was used
to create elemental maps of several horn cross sections to provide new
information on the relationship between Pb dose and Pb excretion, as
well as on the distribution of the elements Ca, S, Se, Zn, Cu, and Br in
caprine horns.

2. Materials and methods

2.1. Sources of horns

Horns were collected post-mortem from three male animals selected
from a herd of goats maintained by the New York State Department of
Health’s (NYS DOH) Wadsworth Center, as described elsewhere
[22,26]. Over the last three decades, more than 60 goats have been
dosed periodically with Pb to produce Pb-enriched blood reference
pools for distribution in the NYS DOH’s blood Pb proficiency testing
(PT) program. None of the goats are offspring of other dosed goats in
the program, making substantial in utero Pb exposure unlikely. Animal
use protocols were reviewed and approved by the Wadsworth Center
Institutional Animal Care and Use Committee (IACUC protocol #16-
096); the Wadsworth Center is accredited by the Association for As-
sessment and Accreditation of Laboratory Animal Care. Adult goats
were dosed with Pb, as Pb acetate, in oral gelatin capsules over several
multi-day events, before blood was collected for PT pools. At the end of
their working lives, these animals were euthanized on the advice of the

attending veterinarian responsible for the program. Necropsies were
performed in which the major organs and tissues including the liver,
kidneys, heart, lungs, horns, and long bones were harvested for re-
search purposes. Horns were collected as convenience samples from
approximately 20 animals and archived for research studies. Horn
samples used in this study were derived from animals identified by year
of animal birth – number as 1982-5, 2001-5, and 2002-1. All three ani-
mals were first dosed at 4 years of age. Goat 2001-5 was born on April
5, 2001 and died on October 3, 2016 (age at death 15 years and
6months). Goat 2002-1 was born on March 4, 2002 and died on Jan-
uary 28, 2015 (age at death 12 years and 10 months). Goat 1982-5 was
born in 1982 and died in 1994; exact birth, death and dosing dates are
not known. The full dosing history for goats 2001-5 and 2002-1, in-
cluding information on daily dosing and multi-day dose events, are
shown in the Supplementary Table.

2.2. Sample preparation for SR-μXRF imaging

Entire horns, ranging in length from ˜20 to 50 cm, were removed
proximal to the deceased animal’s skull using a Stryker autopsy saw
(Kalamazoo, MI). Horns were washed with de-ionized water to remove
adhering hair, blood, and other debris to reduce contamination of
samples. Transverse sections were cut using a diamond-disk blade at-
tached to a Dremel tool (Racine, WI) by making two cuts near the tip of
each horn, where the most rings are present (Fig. 1). The two cuts were
approximately 0.5 cm apart to create as thin a section as possible while
maintaining sample integrity. Transverse sections were then ground to
a thickness of between 230 and 430 μm using a Buehler grinder polisher
(Lake Bluff, Illinois) with 800 and 600-grit polishing papers, respec-
tively. Polishing also served the purposes of removing surface con-
tamination and smoothing the sample surface. Samples were mounted
for SR-μXRF analysis by adhesion to DuPont Kapton® tape (Wilmington,
DE) on the back side. The surface to be analyzed was left uncovered.

Three horn cross sections from the three different animals were
analyzed by SR-μXRF. The three samples are identified by s+ goat
identifier as s2001-5, s1982-5, and s2002-1. For quality control (QC)
purposes, pellets were prepared from two certified reference materials
(CRMs) based on hair: GBW 07601a (Institute of Geophysical and
Geochemical Exploration, Langfang, China) and ERM DB001 (Institute
for Reference Materials and Measurements, Geel, Belgium). These
CRMs were selected because they are comprised of hair, a keratinized
tissue similar to horn. Pellets were prepared using a Carver pellet press
(Wabash, IN) without the use of a binder.

2.3. Instrumentation and operating conditions

All SR-μXRF analyses were carried out at the Cornell High Energy
Synchrotron Source (CHESS), F3 beamline. The F3 beamline station
uses a hard bend magnet source. The radiation came from the 5.3 GeV
positrons, 21.6 m upstream from the sample. A pair of multilayers with
bandpass around 0.6% was used, providing higher monochromatic X-
ray flux (˜3×1010 photons/s) than the standard double-crystal Si(111)
monochromator. A CHESS single-bounce mono-capillary was used to
generate a 20-μm full width at half maximum (FWHM) focused X-ray
beam on the sample. An excitation energy of 16.2 keV was used, and X-
ray fluorescence spectra were recorded using a 4-element Vortex si-
licon-drift detector (SDD) positioned 90 degrees to incident X-rays and
with a distance of 22mm to the sample. An Xspress 3 multichannel
analyzer was used for fast data readout and a high fluorescence
counting rate. Incident intensity was monitored by an ion chamber
upstream of the sample. Samples were analyzed at room temperature in
air. Each thin sample was positioned at an angle of 45 degrees from the
incident beam and 45 degrees from the detector. A video camera was
used to identify the areas to be scanned. 2D raster-mapping in fly-scan
mode with dwell times between 0.15 and 0.35 s and step sizes from 35
to 50 μm was performed (Table 1). Shorter dwell times and larger step
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sizes were used for the analysis of CRM pellets. An XRF spectrum was
recorded at each analyzed spot for all horn and pellet samples.

2.4. Data analysis

SR-μXRF data were processed using Praxes software, an open source
package developed at CHESS (available at https://github.com/praxes/
praxes), which uses PyMca libraries for quantitative analysis [27].
Elemental content, calculated as the mass fraction using the funda-
mental parameters method, was based on an approximation of kerati-
nized matrix composition (chemical formula C8H14N2O3) and an
average measured horn density of 1.55 g/cm.3 Sulfur was excluded
from the chemical formula due to its low matrix content (˜3% by mass)
relative to major elements such as carbon. K-shell X-ray lines were used
to quantify all elements of interest except Pb, for which the L-lines were
used. Elemental images of S were overlaid on Ca using MATLAB and
Image Processing Toolbox Release 2017a (The MathWorks, Inc. Natick,
Massachusetts, USA) thereby creating composite color images of Ca
(green) and S (red).

For validation of quantitative results using CRM pellets, average
values were obtained from a representative region of each pellet scan
(the largest square area on the circular sample). Uncertainty (u) in the
mass fraction estimates shown for the CRMs in Table 2 were calculated
based on the ratio of the PyMca reported fitting error (σ area) to the
fitted radiation intensity (fit area) for the XRF spectrum peaks of each
element of interest, as reported in Praxes for a spectrum averaged over
the representative region. The ratio was multiplied by the measured
mass fraction for the same area and by 2.355 to obtain the FWHM, or u:

⎜ ⎟= ⎛
⎝

⎞
⎠

u σ area
fit area

Mass fraction2.355* *
(1)

For each elemental image of horn cross section samples, several
rectangular “regions of interest” (ROI) were identified using Praxes.
The width selected for each ROI depended on the radial curvature of Pb

growth rings and varied from 16 pixels to 57 pixels. The elemental data
for each ROI were extracted into Microsoft® Excel (version 16.15 for
Mac OS X) and graphed in GraphPad Prism version 7.0e for Mac OS X
(GraphPad Software, La Jolla California USA) to depict the Pb mass
fraction variation throughout the ROI. Dates were associated with data
points within the ROIs by estimating years of formation for each horn
growth ring (described in subsection 3.4) and distributing Pb content
data within each year evenly over 365 or 366 days. Cross correlation
analysis, following resampling of the mass fraction data in order to
equalize the number and spacing of points in the two series, was con-
ducted for two samples to explore a possible match between the dosing
and Pb deposition using MATLAB and Signal Processing Toolbox Re-
lease 2017a. Pearson correlation analyses between elements detected
with adequate intensity and exhibiting periodic ring patterns (Ca, S, Zn,
Cu, and Br) were carried out using Microsoft Excel and GraphPad Prism.
All mass fraction data, excluding the elevated edge data, within each
ROI of each sample, were included in the correlation analyses.

Fig. 1. Growth pattern of caprine horn and
location of sample cuts. (a) Diagram of outside
of the horn for a hypothetical 5-year old goat
indicating the layer of horn grown at each year
of age. (b) Diagram of the median sagittal horn
section from (a) showing year growth layers in
a pattern of stacked cones. Inset of a median
sagittal section of the tip of a caprine horn (not
analyzed in this study) showing mineralized
regions in between year growth layers. (c)
Example of a horn cross section, indicating the
layer of horn grown at each year of age.

Table 1
SR-μXRF scan parameters used for four horn samples and two hair CRM pellets.

s2001-5sm s2001-5 s1982-5 s2002-1 CRM Pellets

Dwell time (s) 0.35 0.3 0.35 0.3 0.15
Step size (μm) 40 40 35 40 50
Approx. sample thickness (μm) 230 350 430 250 1650 (ERM DB001), 1300 (GBW 07,601)
Scan square area (mm) 10.80× 18.40 16.00× 21.00 15.19×11.80 12.00× 17.60 15.00× 7.00

Table 2
Validation of quantitative results using pelletized hair reference materials, ERM
DB001 and GBW 07601a.

ERM DB001 GBW 07601a

Found (μg/g) Certified Value
(μg/g)*

Found (μg/g) Certified Value (μg/
g)*

S 48860 ± 2 – 38500 ± 2300 41900 ± 1100
Ca 992 ± 4 – 1300 ± 90 1450 ± 200
Cu 31 ± 2 33 ± 4 11.4 ± 1.5 14.3 ± 1.6
Zn 255 ± 4 209 ± 12 164 ± 3 137 ± 9
Se 3.2 ± 0.5 3.24 ± 0.24 0.6 ± 0.4 0.58 ± 0.12
Br 7.3 ± 3.3 – 1.7 ± 0.4 (1.1)
Pb 1.8 ± 1.1 2.14 ± 0.20 6.7 ± 1.4 5.7 ± 0.5

(Proposed value)
* Uncertainty provided on Certificate of Analysis.
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3. Results and discussion

3.1. Validation of quantitative results

Validation of quantitative results was performed using two CRMs
with certified values for S, Ca, Cu, Zn, Se, Br, and Pb (Table 2). Relative
biases were less than 25% for all analytes of interest in this study except
Br in GBW 07601a, for which only a “proposed” value is given on the
certificate of analysis, indicating a lower confidence than a certified
value. For ERM DB001, the found Pb value reported by Praxes software
(1.8 ± 1.1 μg/g) is clearly close to the limit of detection (LOD) as re-
flected by the high relative uncertainty (± 60%) but it is still reason-
ably close to the certified value of 2.14 ± 0.20 μg/g. LODs for Pb were
calculated using areas within ROIs of both samples (s2002-1 and s2001-
5) which do not contain any Pb peaks. Within those areas, standard
deviations of 10 contiguous points in a line across each ROI were cal-
culated and multiplied by 3 to give an estimated LOD of 1 μg/g for
s2001-5 and 1.5 μg/g for s2002-1. Differences in sample thickness and/
or biological variability likely explain the difference in LODs for the two
samples, which were derived from two different animals. The estimated
LODs are indicated in Fig. 6 as red lines to help delineate the Pb signal
from background.

3.2. Pb, Ca, S distribution in horn cross sections

Elemental maps produced from SR-μXRF analysis of horn cross-
sections show a series of discrete, narrow Pb bands hereafter referred to
as “rings” (Fig. 2). Multiple Pb rings were observed in all horn cross-
sections examined. The strong Pb signal observed at the surface edges is
discussed in subsection 3.6. A crack is visible in the lower region of
sample s2001-5 and sections of the outer surface are missing in s2002-1
and s1982-5, probably as a result of mechanical abrasion during the
animals’ lifetimes (Fig. 2). Fig. 2 shows elemental maps for Pb, Ca, and
S for s2001-5 (Fig. 2a), s2002-1 (Fig. 2b), and s1982-5 (Fig. 2c) re-
spectively. Representative XRF point spectra from s2002-1 show a S-K⍺

peak in a region with a higher S signal relative to Ca (Fig. 3a), in
contrast to a nearby region with a diminished S signal relative to Ca
(Fig. 3b). Due to the smaller number of distinct Pb rings apparent in the
elemental map for s1982-5 compared to s2001-5 and s2002-1, further
analysis of the data to link these Pb rings with Pb dosing history was
carried out but only for the latter two samples.

3.3. Horn growth pattern

The “nested cones” model of horn growth, described previously,
states that the newest “cones” of horn form against the bony core,
pushing previously formed cones outward and upward towards the
horn tip (Fig. 1) [28]. The central voids observed in all samples except
s1982-5 correspond to the vacated position of the most recently formed
horn cone in each cross section (Fig. 2). Consistent with this pattern,
samples s2002-1 and s2001-5 do not include growth from the last year
(s) of animal life (Fig. 4). In contrast to trees, otoliths, and many other
incremental growth materials, new layers of horn are formed internally.
Therefore, for a given cross section of horn, only the first, outermost
layer that is formed has been exposed to the environment and is subject
to exogenous contamination. This results in a lower overall contribution
from exogenous deposition in horns compared to, for example, a high-
surface area keratinized tissue such as hair. Keratinized tissue layers are
metabolically inert once formed [29], making transfer of elemental
contents between growth layers unlikely. By contrast, tree sapwood,
which contains “living” layers, may be able to translocate elemental
contents [12].

3.4. Establishment of a horn growth timeline

Elemental images of horn cross sections (Fig. 2) show Ca

accumulations in repeating thin bands in each sample, and strong Ca
accumulations co-located with white deposits in the bony center or on
the boundary of the bone cavity. Longitudinal horn sections also reveal
repeating white deposits (Fig. 1b). This suggests that these horns con-
tain alternating regions of primarily keratinized and primarily miner-
alized regions: the former regions are enriched in S, likely from cy-
steine’s sulfhydryl groups, and the latter are enriched in Ca.

The detection of regions of mineralization located in between the
keratinized layers of animal horn was reported previously [30–32].
Using X-ray diffraction and transmission electron microscopy, Ha-
shiguchi, Hashimoto, and Akao observed mineralized regions in be-
tween layers of keratinized tissue in horns from the serow [30] and
saiga [31], two ruminant species related to goats. The authors sug-
gested that the crystalline inorganic component in both horns contains
Ca in the form of octacalcium phosphate (OCP). A later study of rhi-
noceros horn by Hieronymous et al. (2006) noted periodic regions
which the authors hypothesized contained OCP [32]. Hashiguchi &
Hashimoto (1995) and Hieronymous et al. both noted that the areas of
mineralized tissue varied with annual periodicity, independent of en-
vironment. Hashiguchi and Hashimoto (1995) further suggested that
increments of horn growth are formed by alternating periods of rapid
horn growth and rest that are related to the animal’s “biological clock”
[30].

Seasonal variation in horn growth rate has been investigated in
several studies. An annual slowing or arrest in horn [6,33–37] and
overall body growth during the breeding season has been found for
many ruminants, including domestic, wild, and castrated animals [38].
Local photoperiod and climatic factors influence breeding season
timing; in ruminants, including goats, the breeding season typically
falls in Autumn or Winter [38]. Horn annuli – horizontal grooves in the
horn surface that form by the end of each winter – have long been used
in hunting and wildlife-related research to estimate animal age [36].
The reliability of age determination in certain species using the “horn
annulus technique” was established in a study that reported good
agreement between horn segment counts and the known ages for 21
bighorn rams [36]. The dating technique was further evaluated in
subsequent studies including other ruminant species [37,39,40].

Based on the distinct Ca rings and white deposits observed here in
caprine horns, we suggest that during the annual breeding period each
autumn, keratin deposition is temporarily arrested to form an “an-
nulus,” and a layer of mineralized tissue is deposited. These mineralized
regions can be identified by their enriched Ca content. Using the dis-
tinct pattern of Ca accumulations observed in horn cross sections, an
estimated year of formation can be assigned to each layer to create a
“timeline” of horn growth. Dates begin with the earliest-formed (outer)
layer of horn, based on the longitudinal position of the original sample
cuts. Consistent with previous studies [35], the first year’s annulus is
the least defined for the horns 2001-5 and 2002-1 in this study, both
along the outside of the horn and within cross sections. Therefore, the
best date estimates used here have an uncertainty of± 1 year. Future
studies could increase confidence in the absolute dates assigned by
using cross sections that include the bony core, such that the innermost
horn layer corresponds to the final year of life. Horn growth timelines
for s2001-5 and s2002-1 are shown in Fig. 4.

By extrapolating conception dates from birthdates of 46 goats, we
were able to estimate the timing window of the breeding season for the
specific caprine herd investigated in this study. Similar to many rumi-
nants, the breeding season for this population is estimated to occur in
Autumn, with most conceptions occurring in the second half of October.
The precise timing and duration of horn annuli formation is not known,
however, and it can only be assumed to take place by the end of Winter
[36]. Annual breakpoint estimates are assigned as January 1 in the horn
growth timelines. An additional uncertainty of ˜3 months is associated
with these estimates, considering that the actual timing of horn growth
arrest may fall anytime between early Autumn and late Winter (Fig. 4).
Further studies using confocal XRF and XRD mapping may be able to
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verify mineralization between keratin rings.

3.5. Investigating the relationship between historical Pb dosing and the
varying spatial Pb distribution across horn cross sections

Timelines of horn growth described in section 3.4 were super-
imposed on Pb elemental images for samples s2001-5 and s2002-1
(Fig. 5). Visual inspection of Fig. 5 suggests that the Pb content varies
from one ring to the next within each ROI. The dosing regimen used to
produce the blood Pb PT pools was also variable. Therefore, we in-
vestigated the relationship between the spatial Pb distribution and the
historical dosing schedules for samples derived from two different an-
imals.

Pb data were extracted from Praxes software and graphed as a line
scan, with each data point representing the average of 16 to 57 con-
tiguous pixels selected from within each ROI (Fig. 4,5). Each data point

in the line scans shown in Fig. 6 was assigned an estimated date (mm/
dd/yyyy) based on the annual breakpoints determined from the horn
growth timelines for each animal (s2001-5 and s2002-1), assuming a
simplified constant within-year growth. A Pb line scan corresponding to
each ROI was then graphed on the same x-axis as the dosing time series,
with the breakpoint of January 1 of each year indicated (Fig. 6).

For both animals, the first recorded oral Pb dose is followed by a
distinct Pb peak(s), as observed in Fig. 6, suggesting a time lag between
Pb ingestion and deposition in horn. By visually examining the time
between the first dose and the first Pb peak in Fig. 5, we can estimate
this time lag as approximately one year for both animals. However, as
discussed in subsection 3.4, the actual date of Pb deposition is subject to
considerable uncertainty. We used cross correlation analysis as a sec-
ondary approach to explore the temporal relationship between time of
dosing and Pb deposition in these horn samples. Cross correlation can
be used to assess the similarity between 2 time series at various relative

Fig. 2. Digital images and quantitative Pb (μg/g), Ca (mg/g), and S (mg/g) μXRF maps of a horn cross section from goat (a) 2001-5, (b) 2002-1, and (c) 1982-5.
Asterisks denote discrete Pb rings or pairs of rings at the estimated boundaries between horn growth layers, labeled in s2001-5 (A–H) and s2002-1 (A–D). Dashed line
indicates an approximate axis of symmetry of Pb rings. Scale bar= 2mm.
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lags and has been employed in chronology studies of trees and lichens
[41,42], marine tissues [41,43], and other materials [44]. The ap-
proach can also be used to estimate the time lag between 2 series. In
this study, cross correlation coefficients at the optimum lag, on a scale
of 0 (no correlation) to 1 (perfect correlation), were calculated as 0.16
for s2001-5 and 0.11 for s2002-1, indicating weak correlations for both
ROIs of both samples. The correlation coefficients for both ROIs of
s2002-1 were particularly weak, and no single optimum lag was iden-
tified by the cross correlation. As mentioned, a time lag of about 1 year
between Pb dosing and Pb deposition in s2002-1 can be estimated vi-
sually from Fig. 6b. For s2001-5, based on cross correlation calculations
for both ROIs, the transfer of Pb from date of dose to deposition was
estimated to lag dosing by ˜347 to 383 days, which is consistent with
visual observations in Fig. 6. The uncertainty in assigning a precise date
to each of the horn growth rings, coupled with Pb XRF data that are
close to the LOD, presents a particular challenge when calculating these
time lag estimates.

The weak cross correlations between the Pb distribution and dosing
history in these samples suggests that Pb uptake into these horns may

Fig. 3. Examples of XRF point spectra from (a) a keratinized zone, enriched in
S, and (b) a mineralized zone, enriched in Ca for s2002-1. Insets show the μXRF
maps for S, with asterisks indicating approximately where the point spectra
were obtained.

Fig. 4. Horn growth timelines superimposed
on composite images of Ca (green) and S (red)
μXRF maps for (a) s2001-5 and (b) s2002-1.
Annual horn growth layers (denoted by ) are
labeled within symmetrical ROI-A and ROI-B
in both images, beginning with the oldest
growth on the outside. Extreme Ca values on
the sample edges (> 1mg/g) are excluded to
enhance details at lower Ca levels. Both maps
are rotated 90 degrees clockwise relative to
Fig. 2a, b. Years are denoted by the last two
digits in (a), e.g., ‘01 means 2001.
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reflect complex recycling of Pb between body compartments after
multiple Pb doses. It is well known that Pb accumulates in the bone
compartment and can re-mobilize into the blood in response to phy-
siological changes (e.g., during pregnancy). In ruminants, the gastro-
intestinal system is more complex, which likely plays an additional role
in Pb absorption and recycling but the exact mechanism is unclear [15].
Another possibility is that the Pb distribution may reflect the specific
mechanism of horn growth; for example, Pb rings may be deposited
within the mineralized regions of horn following Ca deposition. Accu-
mulation of Pb in mineralized horn regions would not be surprising:
physiologically, Pb mimics Ca and accumulates in mineralized tissues
such as bone, including goat bone [23]. However, the existence of Pb
rings that are narrower than the lateral spatial resolution of the XRF set-
up used in this study, and hence the possibility that Pb is deposited into
horn continuously, cannot be ruled out. In a similar case of Hg de-
position in hair, for example, Hg accumulations have been shown to be
resolvable at small time scales as short as one day [45]. Further in-
vestigation of Pb distributions in horn cross sections at higher spatial
resolution could answer remaining questions about the mechanism of

Pb uptake into horn.

3.6. Elevated edge signals for Pb and other elements

An intense Pb X-ray signal is observed at the outer surface of these
horn samples. Zinc and Ca also show elevated edge signals. The X-ray
spectral fit for a representative region near the upper edge of s2002-1
confirms these signals are based on true peaks in that region, rather
than artifacts of analyzing at the edge of the sample (Fig. 7).

The surface of the horn cross-section samples examined here re-
presents growth from the early years of life when animals were not
dosed with Pb. All keratinized tissues are exposed to the outside en-
vironment and are potentially subject to surface contamination.
Distinguishing between exogenous and endogenous content is challen-
ging, especially for tissues that have a high surface to volume ratio (e.g.,
hair and feathers) as well as for elements that are ubiquitous in the
environment, such as Pb. Many studies measuring Pb in hair have re-
ported exogenous deposition, as indicated by an increase in Pb content
along the hair shaft [16,46–52]. The surface of the horn cross-section

Fig. 5. Horn growth timelines superimposed
on Pb μXRF maps for (a) s2001-5 and (b)
s2002-1. Annual horn growth layers (denoted
by ) are labeled within symmetrical ROI-A
and ROI-B in both images, beginning with the
oldest growth on the outside. Both maps are
rotated 90 degrees clockwise relative to
Fig. 2a, b. Years are denoted by the last two
digits in (a), e.g., ‘01 means 2001.
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samples examined here represents growth from the early years of life
when animals were not dosed with Pb. Thus, the Pb deposition ob-
served on the outer horn surface in this study is most likely due to
external contamination rather than endogenous excretion. In horns, the
high relative volume and new layers that form internally mean that Pb
content below the surface is largely unaffected by surface deposition
[53].

Elevated Ca and Zn content on the edges of these samples are also
likely due to contamination, or to unknown physiological events.

3.7. Additional elements: Se, Cu, Zn, Br

Regions showing Se accumulation appear as diffuse bands rather

than discrete rings, coinciding with the region containing Pb rings
(Fig. 8). These patterns could suggest a period of Se enrichment fol-
lowing an acute Pb dosing event, although due to the low resolution of
the Se maps, a simple co-location of Se and S in the samples cannot be
ruled out. It should be noted that while the XRF peaks for Se-Kβ at
12.5 keV and Pb-Lβ at 12.6 keV overlap in energy dispersive spectro-
metry, the Se-Kα peak at 11.2 keV and the Pb-Lα peak at 10.5 keV are
well resolved (see the Supplementary Figure). Increasing the lateral
spatial resolution to image Se accumulation bands might be achieved by
higher X-ray flux and longer dwell times, confocal XRF techniques [54],
plan-view scanning (rather than 45 degrees), and/or LA-ICP-MS ana-
lysis. Previous studies have suggested an antagonistic relationship be-
tween Pb and Se in the body [55]. For example, Se may have a pro-
tective effect against Pb toxicity, and urinary Se excretion decreases
with elevated Pb uptake in cows [56]. There is a possibility that Se
incorporation into caprine horns may be affected by Pb uptake based on
the elemental imaging reported here. Further spatial analysis with
better Se resolution would be necessary to address this question.

Elemental images for Cu and Zn in all three horn cross sections
appear to show growth rings similar to those seen for S (Fig. 8). Cu and
Zn, like S, have known roles in keratin formation. In its RS- coordina-
tion, Zn binds sulfhydryl groups to help form disulfide cross-links in
keratin [57]. A close examination of Figs. 2 and 8 show Zn is not
consistently co-located with S in these samples: significant Pearson
correlations with S were found only for two of the four ROIs in-
vestigated, one positive and one negative: s2001-5 ROI-B (r=-0.35) and
s2002-1 ROI-A (r= 0.46). Similar to Zn, Cu aids in catalytic oxidation
of sulfhydryl groups to disulfides [58,59]. Correlations between Cu and
S data were slightly stronger compared to Zn, with moderate to sig-
nificant correlations found for all four ROIs: s2001-5 ROI-A (r= 0.28),
s2001-5 ROI-B (r= 0.33), s2002-1 ROI-A (r= 0.21) and s2002-1 ROI-B
(r= 0.35).

Fig. 6. Variation in Pb content matched to the horn growth timeline and to the historical Pb acetate dose schedule for sample (a) s2001-5 and (b) s2002-1. SR-μXRF
averaged line scan (gray) showing Pb mass fraction plotted as a function of time using dates from the horn growth timelines in Fig. 4 along the symmetrical left (ROI-
A) and right (ROI-B) halves of each sample. Pb peaks corresponding to rings in Fig. 2 are labeled in s2001-5 (A–H) and s2002-1 (A–D). The lifelong dosing timeline for
the animal (navy), with bars corresponding to the cumulative Pb acetate dose over dosing events of up to 7 days, is overlaid on the line scan. Estimated LODs are
indicated by red dotted lines. Annual breakpoints represent January 1 of the listed year.

Fig. 7. X-ray spectrum for the edge region of s2002-1 confirming presence of
Pb. Spectra were summed over a ˜0.2 x 0.1 mm rectangle indicated by the red
box at upper edge the of the μXRF map inset.
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Elemental images also reveal distinct, repeating layers of Br accu-
mulation in s2001-5, s2002-1, and s1982-5 (Fig. 8). Consistent with the
apparent co-location of Br and S as seen in Figs. 2 and 8, highly sig-
nificant Pearson correlations were found between Br and S data in these
cross-sectional samples: coefficients for ROI-A and ROI-B of s2001-5
and s2002-1 are 0.80, 0.77, 0.62, and 0.52, respectively.

While Br was recently reported to have an essential function in the
formation of collagen in Drosophila [60], it has no known role in ker-
atin formation, unlike S, Cu, and Zn. A previous study found that Br-
deficient diets led to decreased Br concentrations of skin and hair in
rats, suggesting that Br is taken up into keratinized tissues [61]. We
thus assume that Br is excreted into horns of the goats in this study
following exposure from salt licks, feed, and/or grain. Further in-
vestigation is needed to explain the strong co-location of Br with S in
these horn samples, compared with more modest correlations found
between S, Zn, and Cu; both the latter have known roles in keratin
formation.

4. Conclusions

This study provides new information on the relationship between
acute Pb exposures and its eventual excretion into caprine horns based
on SR-μXRF maps of Pb micro-distributions in horn cross sections.
These data suggest that, in response to ingestion exposure, Pb is taken
up into caprine horns, resulting in discrete accumulations. Localized
enrichment of Cu, Zn, Br and S appear to coincide with the keratinized
regions related to the annual growth ring pattern in horns. A marginal
increase in Se may coincide with Pb accumulation in horn cross-sec-
tions. Variation in Ca-rich layers with annual periodicity in caprine
horn cross-sections is evident, consistent with previous reports of horn
mineralization. A growth timeline for each horn cross section was es-
tablished based on the alternating mineralization (Ca bands) and ker-
atinized (S bands) regions. The timelines were used to link dosing
events with the eventual deposition of Pb in the horn samples studied.

While the data suggest that Pb deposition in horns occurs during the
dosing time period, the spatial distribution is not an exact match with
the temporal dosing regimen. Spatial analysis of horns for Pb accu-
mulation may be useful as a qualitative marker of time-resolved ex-
posures that may reflect specific periods of acute Pb absorption.
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