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Abstract

A computer-controlled micromilling apparatus that permits discrete sampling of accretionary biogenic carbonate
specimens with micron-scale resolution has been developed for the purpose of acquiring high-resolution d13C and
18
d O values, and major/minor elemental chemistry. Secular variation in stable isotope ratios and major/minor
elemental composition records inter-annual and intra-annual changes in the environmental parameters or animal
behavior for extant and extinct species.
A polished specimen is attached to a stage beneath a ®xed micro-milling head, and viewed on a large-screen
monitor via a color digital camera. Growth bands (analogous to tree rings) are generally a result of variable
accretion rates in biogenic carbonates. These growth features are ®rst digitized in real-time as a series of threedimensional coordinates. To better characterize complex growth features, intermediate coordinates are interpolated
using a cubic spline ®t through the digital points. Intermediate sampling paths, which mimic less visible daily
growth banding, are in turn calculated between digitized curves. Sampling path arrays serve to guide three high
precision actuators, which position the sample stage relative to the ®xed micromilling head. A fourth actuator
provides vertical control of the digital color camera (compensating for vertical movement of the z-axis stage
actuator) keeping the specimen image focused. This new micromilling device permits high-resolution sampling of
complex internal structures via a user-friendly program interface.
1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Accretionary biogenic carbonates are secreted by a
variety of organisms such as gastropods, bivalves, corals, and in most bony ®shes as otoliths (literally `ear-
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stones'). These CaCO3 structures are common in both
modern environments and the geologic record, with
well-preserved material dating back at least to the
Jurassic (Patterson, 1999). As skeletal material precipitates, it stores a record of contemporary environmental
and biotic conditions as variation in d18O and d13C
values and major/minor elemental chemistry.
Signi®cantly, such carbonate fossils recovered from
geological and archaeological sites allow for reconstruction of past environments and life history.
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Accretionary carbonates have been sampled for seasonal variation in temperature and d18O values of
ambient water using corals (Linsley et al., 1994; Beck
et al., 1997), bivalves (Dettman and Lohmann, 1993;
Klein et al., 1996a), and ®sh otoliths (Patterson et al.,
1993; Smith and Patterson, 1994; Patterson, 1998).
Partition and analysis of high-resolution samples from
accretionary biogenic carbonate permits interpretation
of inter-annual and intra-annual variation in d18O and
13
d C values as seasonal changes in environmental conditions because oxygen isotope ratios record variables
such as temperature (e.g. Kalish, 1991; Dettman and
Lohmann, 1993; Patterson et al., 1993; Beck et al.,
1997; Patterson, 1998), while the isotopic signature of
carbon may be used as a proxy for metabolism, reproduction, and/or trophic level (Tanaka et al., 1986;
Patterson, 1998; Patterson, 1999). Similarly, various
aspects of water chemistry (such as salinity) are
recorded by major/minor elemental composition (e.g.
Secor et al., 1995; Klein et al., 1996a,b; Secor and
Piccoli, 1996).
Recovery of such high-resolution records is critical
for the reconstruction of past environmental and physiological conditions. However, limitations relating to
discrete physical partitioning and the ability to analyze
small masses of skeletal material have traditionally
impeded recovery of detailed seasonal records. These
limitations only permitted seasonally deposited carbonate to be extracted from relatively large structures such
as those produced by corals and large species of
bivalves.
Determination of d18O and d13C values from as little
as 20 mg of carbonate is now relatively routine because
of recent advances in automated carbonate preparation
devices coupled to gas stable isotope ratio mass spectrometers (Merritt and Hayes, 1994). This technology
enables detailed studies of secular variation of stable
isotope ratios within accretionary materials on a subweekly time scale if such samples can be physically isolated.
Recent advances in motion controllers now permit
seasonal extraction from a much greater range of specimens. For example, specimens with carbonate secretion rates ranging from 0.5 to 2 mm per year for
bivalves, and up to approximately 1 mm per year for
some sagittal otoliths have been sampled for secular
variation d18O and d13C values (Dettman and
Lohmann, 1993; Patterson et al., 1993). Such studies
requiring accurate micromilling of the material parallel
to growth banding with path widths less than 20 mm in
order to obtain weekly or subweekly time-averaged
samples have only been attempted in studies since 1993
using a microsampling device developed at the
University of Michigan by Dettman and Lohmann
(1995). This microsampling device was used by
Patterson et al. (1993) to sample otoliths cut into

transverse sections to reveal annual growth structure.
However, only the transparent portion of the otolith
could be used to digitize points, because a photomicrograph using the otolith as a negative was required.
Furthermore, Patterson et al. (1993) were restricted to
milling arcs of comparatively simple geometry. This
greatly restricted the volume available for sampling.
This paper presents a new micromilling computer
controlled apparatus featuring a user-friendly program
for the partitioning of accretionary materials with an
emphasis toward acquisition of discrete
20 mg
samples. This device is capable of recovering samples
quicker, more accurately, and with greater stage resolution than other systems. The program was developed
in the G programming language using the LabVIEW2
program development application. The ¯exible control
panel has several functions that permit detailed
sampling of a variety of complex geometrical patterns.
This micromilling apparatus now permits routine partitioning of sample paths with widths of at least 15±20
mm, thereby increasing available specimens from which
details of climate and life history can be obtained.

0

2. Micromilling

The micromilling apparatus consists of a movable
specimen platform positioned beneath a ®xed micromilling bit driven by three linear actuators (Fig. 1).
Linear actuators for y- and z-axes have a stepper resolution of 0.05 mm (monotonic inaccuracies to within
0.005%, and bidirectional repeatability to 1.0 mm),
while the linear actuator for the x-axis has a resolution
of 1 mm. Linear actuators are driven by a motion controller using an IEEE-488 interface. The specimen is
attached to the stage and viewed in real-time via a
color digital camera with a focal depth approximately
9.2 cm, a maximum ®eld of view approximately 9 2 12
mm (at low magni®cation), and a minimum ®eld of
view approximately 1.4 2 0.8 mm (at highest magni®cation). A fourth linear actuator providing programmatic and motorized focusing drives the camera
position. The apparatus is computer-controlled via a
newly developed program written in the G programming language using the LabVIEW2 program development application to control all aspects of the
sampling procedure. The full x±y±z range of motion
for the specimen platform is 17.78 2 7.62 2 4.54 cm.
Micromilling requires ®ve distinct steps which are
presented below: (1) preparation of specimens; (2) digital characterization of the internal structure; (3) cubic
spline interpolation of digital characterization; (4) calculation of intermediate sampling paths; (5) micromilling and recovery of carbonate.
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Fig. 1. Schematic of micromilling apparatus. Specimen is attached underneath a ®xed dental drill and viewed on large screen monitor via color digital camera. Computer-control drives motion controller via IEEE-488 interface, and permits stage manipulation in
three directions via three micropositioning actuators.

2.1. Preparation of specimens
Specimens are ground ¯at on one side, ®nishing with
alumina powder polish (approximately 1 mm grain
size). The polished side is then axed to a glass slide
with ethyl cyanoacrylate, then the opposite side is
polished so that growth features are clearly visible.
The total thickness of specimens is usually 100±500 mm
(although this system can be used on materials ranging
from a standard petrographic thin section up to a
maximum thickness of 4.54 cm). The glass slide is ®xed
to the micromilling stage by nylon thumbscrews, and
viewed in real-time on a monitor via a color video
camera. Dual ®ber optic lights are positioned for optimal visualization of growth banding during digitization
and sampling via either transmitted or re¯ected light.

2.2. Digital characterization
Calculation of sample paths from which carbonate
will be milled, requires that an array of x±y±z space
coordinates be de®ned. Growth banding is digitized by
computer-control led manipulation of the stage. Each
x±y±z coordinate in the array is selected by positioning

the specimen such that the micromilling bit is just
touching the surface with its edge along one side of the
growth feature (Fig. 2A). This is visually determined
using optimal magni®cation of the CCD camera.
Generally z-axis variability is limited to less than 30
mm, although the range of the z-axis permits microsampling of specimens with much greater topography.
Each actuator position is read and recorded by the
computer relative to a de®ned origin. The specimen's
relative position is determined as displacement of the
three actuators from a de®ned origin permitting digital
characterization of the structure. This information is
used to calculate intermediate micromilling paths.

2.3. Cubic spline interpolation
Organisms often secrete material in complex patterns
that can not be easily described with a simple mathematical function. A solution to this problem is to linearly mill between closely spaced points along growth
banding after interpolating a curved path between digitized points. We employ a cubic spline interpolation
which is a robust algorithm for interpolating between
sets of points which ensure that the second derivatives
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Fig. 2. Sample path generation using example otolith. (A) Two-dimensional representation of manually selected three-dimensional
coordinates along growth features ®tted by cubic spline. (B) Blow-up of adjacent cubic splines illustrating calculation of intermediate sample path as fraction of total distance between consecutive elements on adjacent cubic splines (determined by total number
of intermediate paths).

of the interpolated function are continuous and the
®rst derivatives are smooth (Press et al., 1992). Given
a set of x±y coordinates and the ®rst derivative for the
®rst and last two points, y positions are interpolated
for any given x value. This can be repeated to calculate
z values. A cubic spline interpolation program is built
into the micromilling program. The cubic spline program requires a set of x±y±z coordinates and the ®rst
and last derivatives (chosen using a numerical slide
control while viewing a graphical representation of the
cubic spline), and returns a series of interpolated
points. This generates sample paths, which are a more
precise approximation of actual growth structures than
if the sample path consisted of only manually selected
coordinates with linear tracking between points (Fig.
2A). Interpolation using a cubic spline usually requires
that the x value in the set of points increase in value;
however, this program bypasses that requirement by
calculating a series of cubic splines along the digital
path and restructuring the cubic splines into a single
sample path. Therefore, each path is de®ned as a three
dimensional array of `n' elements. The user selects the
number of elements in the cubic spline, and must be
equivalent for adjacent cubic splines in order to calculate intermediate sampling paths (Fig. 2B). As the
number of elements for each cubic spline increases,
more complex sample paths are generated which may
more accurately track growth structure.

2.4. Calculation of intermediate sample paths
Once growth banding is digitally characterized, in-

termediate paths between digitized arrays are calculated to mill higher-resolution time-speci®c carbonate.
Intermediate paths are calculated by de®ning a line
between consecutive elements of adjacent cubic splines.
Intermediate path coordinates are then generated as a
fraction of the total number of intermediate paths
along each de®ned line (Fig. 2B). As the total number
of intermediate paths is increased, individual sample
path width (as well as sample mass) decreases. The
user selects the total number of intermediate paths,
usually as a function of the mass of carbonate generated.

2.5. Micromilling and recovery of carbonate
The micromill uses a diamond dental drill bit to mill
discrete carbonate sample aliquots from the otolith.
Since the dental drill bit is much larger than the
required width of the sample path, removal of discrete
samples requires that the sample paths (for example 15
mm) are milled perpendicular to growth axes using the
edge of the drill (Fig. 3). The width of the carbonate
milled depends on the total number of intermediate
paths calculated. The volume of sampled carbonate
depends on the length, width, and depth of the sample
path, and mass is calculated from the volume using the
density of the sampled mineral. Current mass spectrometer technology requires a minimum of 20 mg of
carbonate when using automated carbonate preparation systems for analysis. The length function is
predetermined by the morphology of the specimen;
however, manipulation of both depth and width func-
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Fig. 3. Illustration showing how carbonate is extracted from sample paths with widths much less than dental drill width. Note how
®rst sample is coarsely drilled without extracting high-resolution time-speci®c carbonate. High-resolution samples are later extracted
by milling carbonate from specimen using dental drill bit. Note micron-scale widths of subsequent sample paths.

tions is possible. The depth function is selected by
increasing or decreasing the drill depth (z-axis). The
width function is determined by the number of intermediate paths between any two digitized paths (the
greater the number of intermediate sampling paths, the
higher the resolution and the lower the sample size and
mass). Carbonate samples are manually collected with
a small scalpel while viewing the specimen on the large
screen monitor. Each sample is stored in a stainless
steel vessel, which is placed in numbered brass convoys
prior to analysis.

2.6. The program
The micromilling apparatus is controlled via a computer program written in the G programming language
using National Instruments LabVIEW2 program
development application. This computer control coordinates a Newport2 motion controller with high-resolution stepper motors to sample carbonate specimens
using an IEEE-488 interface. The computer program
consists of two control panels, which contain all
necessary functions in an easy to learn and use organization. The computer program was developed to oer
a user-friendly interface, which can be mastered
quickly by laboratory technicians and students alike.
The main panel features the controls necessary for
linear actuator manipulation and initiating sampling
(Fig. 4). Controls permit the user to move and set the
velocity for each axis individually. Sample path controls permit the user to select the total number of intermediate paths between adjacent cubic splines and
the sample path that will program the motion controller. Other controls enable the user to change the
milling depth, program the motion controller and execute each sample path. Indicators allow the user to
preview sample paths, and calculate path width (which

ultimately determines sample mass) between adjacent
cubic splines for each path. Abort and drop controls
permit the user to quickly stop the sampling process in
mid path if desired.
The digitizing panel provides controls used to digitize growth features and smooth the digital paths calculated. This control panel permits the user to move
the stage and select individual points along the growth
feature by viewing on a large screen monitor. Once
points are selected each one can be modi®ed, eliminated, or additional coordinates may be inserted to
provide the best possible ®t to actual growth structure.
Cubic splines are generated for selected points and
saved in a storage ®le, and substitution of one cubic
spline for another is possible. A control to select a center point allows the user to gather carbonate for the
®rst year of growth by calculating paths radiating
from the nucleus of growth.

3. Sample processing and example data

Once samples have been milled, they are roasted in
for 1 h at 2008C to remove volatiles that may
interfere with d18O or d13C values. We present samples
analyzed using the Finnigan MAT 252 stable isotope
ratio mass spectrometer directly coupled to a Kiel III
automated carbonate preparation device at Syracuse
University. Carbon dioxide was generated by reaction
of carbonate with 3 drops of anhydrous phosphoric
acid in individual reaction vessels at 708C. Individual
samples are run using a micro-inlet which reduces
sample `memory' and permits analysis of 20 mg of
carbonate.
As an example data set we sampled a 3300 year-old
freshwater drum (Aplodinotus grunniens ) sagittal otolith recovered from the Eastman Rockshelter archaeo-

vacuo
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Fig. 4. Front panel control board for micromilling program. Controls enable user to perform simple axis control, and program
motion controller for microsampling. Indicators show graphic representation of potential sample paths, path widths, and mass of
generated carbonate.

logical site, Tennessee (dated via 14C and associated
cultural pottery). This otolith was sampled for ontogenetic variation in d18O and d13C values (Fig. 5A).
Based on ecological and isotopic evidence (Edsall,
1967; Patterson, 1998) it is assumed that A. grunniens
otoliths do not grow below 108C, permitting calculation of the d18O value of water at the beginning of
the growing season using the paleotemperature
equation derived by Patterson et al. (1993). This
enables temperature to be calculated for the rest of the
growing season from d18O values (Fig. 5B). d13C
values co-vary seasonally with d18O values, although
they display a long-term ontogenetic trend toward
higher values. These trends are apparent in all A. grunniens otoliths analyzed, indicating that d13C values
may be recording life history changes in trophic level,
metabolism, and/or reproduction for A. grunniens
(Wurster and Patterson, in preperation).
Two hundred seventy-four time-speci®c samples
were milled from the ®rst six years of the ®sh's life
(from the origin of the otolith over a distance of 7.0
mm to the edge of the aragonite portion). Opaque portions of the otolith were avoided, which may represent
diagenetic alteration. The number of growing days per
year at this site for A. grunniens is approximately 190
days indicating a time averaging of 4 days per sample.

Better-preserved otoliths would allow for higher resolution recovery of carbonate. It is envisioned that with
a modi®cation to the internal volume of the microinlet to the Finnigan MAT 252, subdaily resolution in
18
13
d O and d C values of A. grunniens otoliths can be
extracted permitting even more detailed analysis in
ontogeny and climate information. Additionally, reaction of carbonate by acidi®cation using individual
reaction vessels allows major/minor element determination on the same 20 mm sample. Acidi®ed residue
can be extracted, diluted and analyzed for a wide
range of elements using any of a large number of standard analytical procedures and equipment such as
ICP-AES or ICP-MS.

4. Conclusion

An abundance of information may be retrieved
through interpretation of secular variation of stable
isotope ratios and/or major/minor elemental composition from accretionary materials. The method for
micromilling described in this paper has several advantages over previous microsampling techniques. Firstly,
digitizing is executed directly from a real-time image
that allows the user to adjust the digital points if cor-
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points along a complex curve permit very high-resolution milling of material.
A distinct advantage of this system is the userfriendly software. The control panel is ¯exible with
many functions and options designed for a variety of
sample geometry types. Coarse sampling work may be
carried out manually, or with simple digital instructions (without using the cubic spline interpolation program). A subroutine calculates carbonate mass
generated for every given sample path enabling the
user to evaluate whether sucient material will be generated for a particular analytical procedure. Sample
paths are graphically displayed before sampling starts
permitting the user to evaluate whether points were
properly digitized. Furthermore, an abort control
allows the user to quickly stop sampling at any time
without damaging the specimen.
This technique permits carbonate samples to be
recovered with greater resolution than ever before. The
real-time imaging enables changes in lighting during
digitization to achieve the clearest view of growth
banding across the surface of the specimen.
High-resolution data will permit the testing of many
outstanding questions in paleoclimatology (such as
secular variation in seasonality), biology and evolution
(such as ®sh migration/behavior). Ultimately micromilling on this scale has the potential to open new
frontiers in archaeology, biology, and geology in which
detailed information can be recovered with a resolution
unimagined only a short time ago.

Acknowledgements
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