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Abstract

Brachiopods have been extensively used in paleoclimatic and paleoecological reconstructions, but their utility would greatly increase if paleosea-
sonality information could be obtained from their shells. Determining seasonal seawater temperature variations from fossil brachiopods requires
knowledge of specimen ontogenetic ages, which is difficult to determine compared to other organisms secreting a shell by accretion. In this study,
the combination of the spiral deviation methodology and chemical proxies is tested for determining specimen ontogenetic ages and paleoseasonality
using two species of fossil brachiopods, Laqueus rubellus and Terebratula terebratula, of Pleistocene and Late Miocene age, respectively. Spiral
deviations were obtained for Laqueus and Terebratula using an R program developed for modern taxa, and well-preserved shells were analyzed
using oxygen isotopes and Mg/Ca ratios as chemical proxies for past seawater temperature. Results reveal that locations of spiral deviations on
shells of L. rubellus displayed a strong direct relationship with Mg concentrations, and resulting Mg/Ca-derived paleotemperatures were sea-
sonal. Conversely, specimens of T. terebratula did not show a consistently strong relationship between Mg concentrations and spiral deviations,
although resulting paleotemperatures agreed with those from previous studies. Overall, the results from this study indicate that the spiral deviation
methodology combined with chemical proxies presents great potential for utility in past seasonal seawater temperature reconstructions in pristinely
preserved, biconvex fossil brachiopods.
© 2016 Elsevier B.V. and Nanjing Institute of Geology and Palacontology, CAS. All rights reserved.
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1. Introduction

Brachiopods are excellent recorders of paleoecological and
paleoclimatic information because they have a long geologic
history, represent one location and water depth, are geographi-
cally widespread, have modern representatives, and have lived
in a variety of marine habitats throughout the Phanerozoic (e.g.,
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Brand et al., 2011, 2012; Ivany, 2012; Pérez-Huerta et al., 2014;
Garbelli et al., in press). Brachiopods have been particularly
useful in reconstructing past climatic conditions, in particular
seawater temperature and ocean chemistry, because they precip-
itate calcite shells in oxygen isotopic equilibrium with ambient
seawater, and these shells are very resistant to diagenesis (e.g.,
Carpenter and Lohmann, 1995; Geldern et al., 2006; Suan et al.,
2008; Yamamoto et al., 2010; Brand et al., 2013). Additionally,
Mg/Ca ratios have demonstrated great potential as a past seawa-
ter temperature proxy in the adult portions of modern brachiopod
shells (Lee et al., 2004; Pérez-Huerta et al., 2008, 2014; Butler
et al., 2015). Thus, brachiopods have been used extensively to
reconstruct past seawater temperature changes at low resolution
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in temporal scales of thousands to millions of years over the geo-
logic record (e.g., Veizer et al., 1986; Suan et al., 2008; Giles,
2012; Mii et al., 2012). Currently, fossil brachiopods are not
considered ideal bioarchives for obtaining past seasonal seawa-
ter temperature variability because this determination requires
knowledge of specimen ontogenetic ages, which are difficult
to estimate in comparison to other organisms secreting carbon-
ate shells (e.g., bivalve mollusks; Klein et al., 1996; Dettman
et al., 1999; Surge et al., 2001; Ivany et al., 2004; Surge and
Lohmann, 2008; among others). Thus, an accurate methodol-
ogy that improves ontogenetic age determination would greatly
expand the utility of brachiopods in paleoclimate research.

In modern taxa, ontogenetic ages and growth rates have been
analyzed based on in situ shell measurements and population
studies of living brachiopods, although these studies are sparse
(e.g., Thayer, 1977; Curry, 1982). Growth rates have also been
studied using approaches combining shell chemistry and growth
lines (Barbin and Gaspard, 1995; Yamamoto et al., 2010), but
both of these methods have associated problems that limit their
effectiveness in fossils (see Pérez-Huerta et al., 2014 and ref-
erences therein). Additionally, Roark et al. (2016) and Powell
etal. (2009) attempted to investigate seasonality by analyzing the
growth lines and shell chemistry of fossil brachiopods, but none
of these studies analyzed shell morphometry. More recently,
shell spiral deviations (SSD) have been used to determine onto-
genetic ages of modern brachiopods, where deviations of the
shell outline from a perfect logarithmic spiral represent changes
in growth (Aldridge and Gaspard, 2011; Pérez-Huerta et al.,
2014; Clark et al., 2015). The combination of SSD, other mor-
phological approaches to shell growth, and chemical proxies for
seawater temperature have been shown to be potentially more
effective in determining ontogenetic ages as well as seasonality
in modern brachiopod species (Pérez-Huerta et al., 2014; Butler
etal., 2015). Approaches that combine shell chemistry and mor-
phometry to investigate seasonality, however, have not yet been
tested on fossil specimens. In this study, two fossil brachiopod
species are analyzed by combining their spiral deviations (SSD)
and chemical proxies for temperature (8'30 and Mg/Ca ratios) to
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determine whether shell spiral deviations are potentially useful
in specimen ontogenetic age determinations and past seasonal
seawater temperature reconstructions.

2. Materials and methodology
2.1. Sample information

The brachiopods analyzed in this work include specimens
of the species Laqueus rubellus (Family Laqueidae) and Ter-
ebratula terebratula (Family Terebratulidae) (Fig. 1). These
specimens were used to develop the R code for obtaining speci-
men ontogenetic ages of fossil brachiopod shells in Clark et al.
(2015). Thus, sample collecting sites and geological context for
both species is provided in Clark et al. (2015) and reiterated
here to facilitate the understanding of the present contribution.
Additionally, a description of ideal brachiopod specimens for
spiral deviation analysis is included in Clark et al. (2015). Shell
parameters (length, width, and thickness) and spiral deviations
(Table 1) are determined for three complete specimens of each
species, with larger specimens selectively chosen to maximize
the shell growth record (see Pérez-Huerta et al., 2014; Clark
etal., 2015). Both species possess biconvex shells without orna-
mentations, such as spines.

2.1.1. Laqueus rubellus (Sowerby, 1846)

Shells of Laqueus were collected from the Jizodo Formation
(0.39Ma) and the Yabu Formation (0.31 Ma) of the Shimosa
Group in central Japan. The depositional environment of speci-
men collection is representative of a shallow embayment, known
as the paleo-Tokyo Bay. More specifically, the Jizodo Forma-
tion contains facies associated to littoral and sub-littoral zones
(Endo, 1987). Fossil specimens of this species were selected as
a “control group” because equivalent modern individuals can be
collected from the Sagami Bay at water depths between 70 and
90 m, and have been use to determine shell spiral deviations and
seasonality (Pérez-Huerta et al., 2014).

Cross-section
(Dorsal on top)

Posterior
(Dorsal on top)

Fig. 1. Ventral, dorsal, posterior, and longitudinal-sectional views of the fossil brachiopods Laqueus rubellus and Terebratula terebratula. Scale bar=1 cm.

[Figure modified and adapted from fig. 1 in Clark et al. (2015), with permission from Palaeontologia Electronica (palaeo-electronica.org)].
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Size measurements (length, width, and thickness) and spiral deviations from all analyzed specimens of the species Laqueus rubellus and Terebratula terebratula.

Modified after Clark et al. (2015).

Specimen Length (mm) Width (mm) Thickness (mm) Dorsal minima Dorsal maxima Ventral minima Ventral maxima
L. rubellus 1 232 14.8 10.5 4 4 4 4
L. rubellus 2 29.3 19.0 17.0 2 3 3 3
L. rubellus 3 27.1 18.0 14.0 2 3 2 3
T. terebratula 1 473 34.0 24.5 5 6 3 4
T. terebratula 2 38.7 342 18.9 4 3 4 4
T. terebratula 3 40.4 32.0 21.9 4 4 3 4

2.1.2. Terebratula terebratula (Linnaeus, 1758)

Specimens were collected from the Tortonian (Upper
Miocene) deposits of the Guadix Basin, a Neogene intra-
mountain basin located in southern Spain, connected with
the Atlantic Ocean through the Guadalquivir Basin. They
correspond to accumulations in prodelta facies with an inferred
depth around 30 m (see more details in Reolid et al., 2012).

2.2. Sample preparation

Samples had to be cleaned first to ensure that there was min-
imal unconsolidated material adhered onto the outside of the
shells. Shells were then embedded in epoxy resin and cut with
a Buehler Isomet 1000 Precision Saw along the plane of sym-
metry, producing two identical halves. The shell surface of each
half was ground and polished with aluminum oxide (1.0 and
0.3 wm) until the surface was flat and free of scratches. These
polished shell surfaces were used for determining shell spiral
deviations and geochemical analyses. For more detail on sample
preparation techniques, see Clark et al. (2015).

2.3. Spiral deviations

Both valves of each specimen were digitized using
the image-digitization software, Vextrator 3.6.1 (available
at http://www.vextrasoft.com/download.htm). Resulting (x, y)
coordinates were imported into the computer program R
(Gentleman and Thaka, 1997), and previously developed R code
was used to create spiral deviation graphs using the methodology
discussed in detail in Clark et al. (2015) (Fig. 2).

2.4. Scanning electron microscopy (SEM)

One specimen within each species was analyzed to image
its shell microstructure using a JEOL-7000 SEM instrument at
the University of Alabama Central Analytical Facility (CAF) to
assess preservation. Samples of the shell anterior region were
etched with 2% hydrochloric acid for 20 s and coated with gold
for 90 s using a sputter coater. Imaging was acquired at 30 keV, a
current of 15 €2, and a working distance of approximately 10 mm.
Specimens were imaged at the anterior-most and posterior-most
regions of each valve at various magnifications.

2.5. Electron backscatter diffraction (EBSD)

Highly-polished surfaces of the anterior-most region of a
resin-embedded shell, which included both the dorsal and ven-
tral valves, was cut to an approximate size of (1 x 2 x 0.5)cm
in order to fit on the EBSD holder inside of the aforementioned
SEM instrument. Samples were coated with a 2.5 nm thick coat-
ing of carbon using a Gatan model 681 high-resolution ion beam
coater. The following SEM settings were used for EBSD analy-
sis: voltage of 30 keV, current of 15 €2, and a working distance of
approximately 10 mm. The following EBSD settings were used
during analysis: binning of 4 x 4, low gain, frame averaging of
1, and step size of approximately 1. Calcite was chosen as an
identifying phase in all specimens. EBSD maps were created
for dorsal and ventral valves of every specimen using AZtec 2.0
software, and then analyzed with EDAX OIM 5.3 processing
software. EBSD data is represented by diffraction and crystal-
lographic maps and pole figures are in reference to the {0001}
plane of calcite (see Pérez-Huerta et al., 2014).

2.6. Magnesium analysis and Mg/Ca thermometry

In preparation for trace element analysis, sample cross-
sections were marked with locations of spiral deviations. In
order to do this, a biological outline with locations of devia-
tions marked as red points was created using the R package (see
Section 2.3). This graph was overlain on a high resolution image
of the shell cross section on Adobe Illustrator, and this image
was used as a reference when marking locations of spiral devi-
ations on the shell cross section. Locations of spiral deviations
were marked with a fine tipped needle on the resin immediately
adjacent to the shell in cross sections. These marks were num-
bered on the resin in order to indicate which deviation it was
and whether it was positive or negative (e.g., positive deviation
closest to the umbo).

Samples were analyzed for Mg concentrations, using the iso-
tope 2>Mg, on a laser ablation — inductively coupled plasma
— mass spectrometer (LA-ICP-MS) at Union College in Sche-
nectady, NY. In this analysis, a CETAC LSX-213 frequency
quintupled Nd:YAG laser (A=213nm) coupled to a Perkin
Elmer Elan 6100 DRC ICP-MS was used according to methods
stated in Gillikin and Dehairs (2013).

Daily performance tests were run every day prior to analysis
using NIST 612 as areference to ensure that ThO/Th values were
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Fig. 2. Example of shell (Laqueus rubellus) digitization and spiral fitting. (A)
The brachiopod shell was digitized by clicking the outline in an anterior-ward
direction, starting at the umbo. (B) The digitized outline was saved as (x, y)
coordinates, which were used to plot a biological outline in R. (C) R code was
used to fit a perfect logarithmic spiral to the shell outline. (D) The deviations
from a perfect spiral were represented in a spiral deviation graph, with green
points representing spiral maxima and red points representing spiral minima.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

[Figure modified and adapted from fig. 3 in Clark et al. (2015), with permission
from Palaeontologia Electronica (palaco-electronica.org)].

less than 1% and Indium counts were above 25,000 counts/s.
These values from the standard indicated that the instrument
was running optimally and would produce reliable results. Stan-
dards were run at the start of each day and in between samples to
allow for recalibration of samples as well as observation of daily
instrumental drift. National Institute of Standards and Technol-
ogy (NIST) 612 and NIST 610 were used as standard reference
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Oxygen isotope sampling

Trace element sampling

Fig. 3. Sampling methodology for oxygen isotope analysis using a micromill,
and for trace (Mg) elements using a LA-ICP-MS.

material and the United States Geological Survey MACS-3
pressed carbonate standard (values from the USGS) was used
as a reference sample. Brachiopod samples were analyzed using
point analysis, a spot size of 50 pm, a laser energy of 100%, shot
frequency of 10 Hz, shutter delay of 20s, and a burst count of
600. Helium was used as the carrier gas (600 mL/min), which
was mixed with argon after the ablation cell (840 mL/min).

Brachiopod specimens were analyzed at locations of devia-
tions within the anterior regions, which had been marked prior
to analysis (Fig. 3). Trace element sampling was done at loca-
tions in the innermost part of the shell within the secondary
layer, which contains stable Mg concentrations representative of
original seawater chemistry (Pérez-Huerta et al., 2008; Fig. 3).
Additionally, one specimen within each species was analyzed at
locations of spiral deviations in both the anterior and posterior
regions. Each deviation location was analyzed at three spots,
which were separated by approximately 50 pm (Fig. 3).

After analysis, elemental concentrations were calculated
using GeoPro (CETAC) software. In this software, samples were
corrected using the 20-s gas blank prior to each sample analy-
sis when the shutter was closed. Samples were calibrated with
NIST 612 and NIST 610 (values from Pearce et al., 1997), using
43Ca as the internal standard. Elemental measurements were
converted from signals in counts/second to concentrations in
ppm. A detection limit was calculated for Mg by multiplying
the standard deviation of NIST-612 blanks by 3. All analyses
were well above the 13.79 ppm Mg detection limit. Standard
deviations were calculated using MACS-3 elemental concentra-
tions that were run over the course of the analyses; the mean
relative standard deviation (%RSD) for 2 Mg was 4.32%.

The corrected Mg values as well as average Ca concen-
trations, which had been determined for each species using
a Perkin Elmer Optima 3000 Dual View inductively coupled
plasma-optical emission spectrometer (ICP-OES) at the Uni-
versity of Alabama (Ca=375,000ppm for L. rubellus and
Ca=368,000 ppm for T. terebratula), were used to calculate past
seawater temperatures using the equation from Pérez-Huerta
et al. (2008, 2014). Additionally, two Mg/Ca paleothermom-
etry equations developed by Butler et al. (2015), based on the
modern brachiopods Terebratulina retusa and Liothyrella neoze-
lanica, were used as a comparison. The three temperatures at
each deviation location were averaged and standard deviations
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were calculated. These temperatures were compared to temper-
atures from previous studies as well as the resulting oxygen
isotope paleotemperatures.

2.7. Oxygen isotope analysis and 8'80 thermometry

Samples were drilled with a New Wave micromill at the inner
secondary layers of the shells, only at locations thick enough for
sampling (Fig. 3). The inner secondary layer is precipitated in
oxygen isotopic equilibrium with ambient seawater (Parkinson
et al., 2005), and is therefore the most ideal sampling location.
Sampling was done within the anterior regions of the shells, but
the positions were not precisely homologous among samples.
The purpose of this analysis was to determine if the Mg/Ca
paleotemperatures were within the same range as the oxygen
isotope paleotemperatures. By doing so, we hope to demonstrate
the reliability of the calculated Mg/Ca paleotemperatures. The
shell powder was placed on weighing paper and weighed on a
Sartorius milligram scale until there was 50-100 w.g of powder.
The sample powder was then placed into 4 mL round-bottom
glass vials, which were sealed to proper tightness. Five samples
were taken from each valve of each fossil brachiopod specimen.

Fourteen vials in each analysis were allotted for the standard
NBS-19, which was powdered using a mortar and pestle and
measured into 50-100 pg aliquots. The sample vials were placed
in a Thermo Gas Bench II, which maintained a temperature of
50 °C. Each sample vial was flushed with helium gas for 10 min.
Each sample was then acidified with 100% orthophosphoric acid
using a syringe in order to liberate CO; from the samples. The
acidified samples were then analyzed in a Thermo Delta Plus
continuous flow — isotope ratio mass spectrometer (CF-IRMS)
at the University of Alabama Stable Isotope Laboratory for 8'30,
using NBS-19 as a standard. Precision was better than 0.09%o
for oxygen.

Temperatures were calculated using resulting 3'80 values
from the shells based on the equation of Epstein et al. (1953)
modified by Anderson and Arthur (1983), which has also been
used in previous studies on brachiopods by Curry and Fallick
(2002) and Parkinson et al. (2005), with 8'80y, in reference to
VSMOW.

fec) = 16.0 — 4.14(3'%0, — 3'%0,,) + 0.13(3'%0, — 5130,

where 8'30, represents shell 880 values and 8'30,, repre-
sents water 8180 values. In this study, 5130,, was assumed to
be 0 (%0 VSMOW) based on values used in previous studies
involving samples from similar time periods (Williams et al.,
2005; Findlater et al., 2014). The paleothermometry equation
of Brand et al. (2013) was not used so that resulting tempera-
tures were solely a reflection of oxygen isotopic composition,
not magnesium composition.

3. Results
3.1. Spiral deviations

Spiral deviations generated from specimens of L. rubel-
lus and T. terebratula were wide and large in magnitude

Table 2

Average 8'30 (%o VSMOW) values and temperatures (°C) from the dorsal and
ventral valves of Laqueus rubellus and Terebratula terebratula. T are tempera-
tures resulting from the oxygen isotope thermometry equation of Epstein et al.
(1953) modified by Anderson and Arthur (1983). 3180, values are assumed to
be 0 (%0 VSMOW) in Laqueus rubellus and Terebratula terebratula.

Specimen 6 18 ODorsal 8 18 OVentral TDorsal TVentral

L. rubellus 1 0.7 +£0.2 0.7 £ 0.3 12.8 £ 0.8 129 £ 1.1
L. rubellus 2 0.8 +0.2 12+02 125 £ 0.9 11.1 £ 0.7
L. rubellus 3 09 £ 04 1.3 +£0.2 123 £ 1.5 10.5 £ 0.8
T. terebratulal ~ —0.1 £ 0.6 0.1 +£04 163 £ 2.5 157 £ 0.2
T terebratula2  —0.5 £ 0.6 —0.7 £0.5 182 £ 2.8 19.1 £23
T. terebratula3  —0.8 £09 —0.7 +3.2 19.7 £ 4.0 194 £33

(Figs. S1 and S2). Shells of L. rubellus produced between three
and four spiral maxima and minima per valve (Fig. S1) and
between three and six spiral maxima and minima per valve for
shells of T. terebratula (Fig. S2).

3.2. Shell preservation

In order to validate that the shell chemical data reflects
primary signals, shells of both species were analyzed for preser-
vation using SEM and EBSD analyses. SEM images of L.
rubellus confirm that these shells are in pristine condition in
terms of microstructure (Fig. 4). Well-preserved primary and
secondary layers are recognized, with the latter consisting of
both transversally and longitudinally cut fibers perforated by
hollow punctae for both valves. EBSD analysis of the dorsal
and ventral valves of L. rubellus specimens confirms excep-
tionally well-preserved shell material (Fig. 5). Secondary layer
fibers contain calcite crystals with c-axes oriented perpendic-
ular to the outer shell surface as in modern species (Cusack
et al., 2008; Schmabhl et al., 2012), and there is no evidence of
recrystallization or secondary mineral phases.

SEM analysis of T. terebratula reveals the absence of a
primary layer but the presence of a well-preserved fibrous sec-
ondary layer consisting of mostly transversally cut fibers (Fig. 6).
Punctae are present across the whole shell thickness but seem
to be filled with secondary calcite. EBSD analysis confirms
the presence of a relatively well-preserved secondary layer,
as observed in L. rubellus, and with punctae completely filled
with small crystals of secondary calcite with multiple crystallo-
graphic orientations (Fig. 7).

3.3. Geochemical proxies and seawater temperature

3.3.1. §'%0 values

Average 8'30 values in specimens of L. rubellus ranged
between 0.7 and 1.3%0 (VPDB), and values from the dorsal and
ventral valves were within range of each other (Table 2). Result-
ing average paleotemperature estimates from both dorsal and
ventral valves ranged between 10.5 °C and 12.9 °C (Table 2).

Average 8'30 values in specimens of T. terebratula ranged
between —0.8 and 0.1%0 (VPDB), and values from the dorsal
and ventral valves were within range of each other. Calculated
temperatures ranged between 15.7 °C and 19.7 °C (Table 2).
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Laqueus rubellus
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Fig. 4. SEM images of the dorsal and ventral valves of Laqueus rubellus 1. Note: Arrow in (B) points to the contact between transversely and longitudinally cut
calcite fibers.

Laqueus rubellus
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0110

Fig. 5. EBSD data of the dorsal and ventral valves of Laqueus rubellus 1. (A and D) Diffraction maps; (B and E) crystallographic maps, with colors corresponding
to the calcite crystallographic planes as represented in the color-key in G; (C and F) pole figures of crystallographic planes projected on the {0001} plane of calcite.
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Terebratula terebratula

N

Fig. 6. SEM images of the dorsal and ventral valves of Terebratula terebratula 2. Note: Arrows points to punctae, which are in-filled with secondary calcite.

3.3.2. Mg/Ca

Average Mg/Ca values in specimens of L. rubellus ranged
between 5.17 and 8.61 mmol/mol, and values from the dorsal
and ventral valves were within range of each other (Table 3).
Resulting temperatures ranged between 8.07 °C and 12.86°C
using the Mg/Ca thermometry equation by Pérez-Huerta et al.
(2008), between 14.39 °C and 19.80 °C using the equation by

Butler et al. (2015) based on the modern brachiopod 7. retusa,
and between 6.02 °C and 9.02 °C using the equation by Butler
et al. (2015) based on the modern brachiopod L. neozelanica
(Table 3).

Average Mg/Ca values in specimens of 7. terebratula ranged
between 8.43 and 10.74 mmol/mol, and values from the dorsal
and ventral valves were within range of each other (Table 3). For

Terebratula terebratula

Dorsal

Ventral

0110

1100

1210

Fig.7. EBSD data of the dorsal and ventral valves of Terebratula terebratula 1. (A and D) Diffraction maps; (B and E) crystallographic maps, with colors corresponding
to the calcite crystallographic planes as represented in the color-key in G; (C and F) pole figures of crystallographic planes projected on the {0001} plane of calcite.
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Table 3

Average Mg/Ca ratios (mmol/mol) and temperatures (°C) from the anterior regions of the dorsal and ventral valves of Laqueus rubellus and Terebratula terebratula.
T! are temperatures resulting from the Mg/Ca paleothermometry equation by Pérez-Huerta et al. (2008) based on modern brachiopods, T are temperatures resulting
from the equation by Butler et al. (2015) based on the modern brachiopod Terebratulina retusa, and T> are temperatures resulting from the equation by Butler et al.

(2015) based on the modern brachiopod Liothyrella neozelanica.

Sp ecimen Mg/ Caporsal Mg/CaV@""al Tll)orsal Tllemral TzDorsal T%/emra.l T13)orsal T%/entral

L. rubellus 1 8.61 + 3.05 7.77 £ 4.18 12.86 + 4.12 11.72 £ 5.70 19.64 £ 3.21 17.58 £ 5.45 9.00 £ 2.01 791 £ 3.03
L. rubellus 2 8.49 +£2.92 7.86 + 3.25 12.67 £ 3.99 11.74 £ 452 19.66 + 2.71 18.14 £ 4.71 8.97 £ 1.78 8.14 £ 2.81
L. rubellus 3 541 £ 1.59 5.17 &+ 2.50 8.48 +2.17 8.07 &£ 3.32 16.14 £ 2.35 14.39 £ 5.49 6.75 £ 1.41 6.02 £ 2.83
T. terebratula 1 8.43 £ 3.21 9.83 + 1.46 11.58 + 3.88 1470 £ 1.10 19.52 + 2.99 21.40 £ 0.87 8.89 £ 2.00 10.10 £ 0.61
T. terebratula 2 10.74 £+ 2.64 10.06 £+ 1.93 16.15 + 3.49 1441 £ 1.85 21.89 £+ 1.83 21.12 £ 0.93 10.46 £+ 1.27 9.91 £ 0.65
T. terebratula 3" 10.71 £ 2.84 9.33 £ 2.24 14.69 + 4.45 14.18 £ 2.89 20.92 + 2.48 20.86 £ 1.65 9.80 + 1.69 9.74 £ 1.14

* Indicates that the posterior and anterior regions of the shell were analyzed for Mg/Ca ratios and temperatures.

temperature calculations, we used the same approach as for L.
rubellus, and resulting temperatures ranged between 11.58 °C
and 16.15°C, 19.52°C and 21.89 °C, and 8.89 °C and 10.46 °C
(Table 3).

3.3.3. Mg/Ca ratios and spiral deviations
Mg/Ca ratios were compared to the locations of spiral devi-
ations in L. rubellus and T. terebratula using the approach
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Fig. 8. Example of Mg concentrations at locations of spiral deviations on a shell
of Laqueus rubellus.

described in Pérez-Huerta et al. (2014) (Figs. 8 and 9;
Figs. S1 and S2). High Mg/Ca ratios were recorded at major
spiral maxima and low Mg/Ca ratios were recorded at major
spiral minima in the following deviation points of valves of L.
rubellus: 1 dorsal, 2 dorsal, 2 ventral, 3 dorsal, 4 dorsal, 4 ven-
tral, and 5 ventral (Table 4; Fig. 8; Fig. S1). Although the ventral
valve of specimen 1 displayed a relationship between deviations
and Mg/Ca ratios in the posterior region of the shell, it was not
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of Terebratula terebratula.
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Table 4

Mg/Ca ratios (mmol/mol) and temperatures (°C) from the dorsal and ventral valves of Laqueus rubellus at locations of major spiral maxima and minima. T! are
temperatures resulting from the Mg/Ca paleothermometry equation by Pérez-Huerta et al. (2008) based on modern brachiopods, T2 are temperatures resulting from
the equation by Butler et al. (2015) based on the modern brachiopod Terebratulina retusa, and T are temperatures resulting from the equation by Butler et al. (2015)

based on the modern brachiopod Liothyrella neozelanica.

Specimen Deviation Mg/Ca (mmol/mol) T! T? T

1 Dorsal 1 min 3.85 £ 0.40 6.35 £ 0.55 1272 £ 1.21 4.84 £+ 0.60
1 Dorsal 1 max 7.32 £0.17 11.48 £ 0.72 19.21 £ 0.55 8.61 £ 0.37
1 Dorsal 2 min 6.40 £+ 0.18 9.34 £ 0.86 17.23 £ 0.96 7.36 £ 0.58
1 Dorsal 2 max 12.43 £ 0.35 19.03 £ 1.73 23.36 £ 0.68 11.48 £+ 0.49
1 Dorsal 3 min 6.15 £ 0.35 9.49 £+ 0.48 18.94 £ 2.65 8.48 £ 1.76
1 Dorsal 3 max 13.33 £ 2.66 16.75 £ 5.06 22.07 £ 2.53 10.59 £+ 1.76
1 Dorsal 4 min 8.87 £ 1.25 13.19 £ 1.71 20.37 £ 1.14 9.39 £ 0.77
2 Dorsal 1 max 12.32 £ 0.14 17.90 £ 0.19 22.92 £ 0.08 11.16 £ 0.06
2 Dorsal 2 min 478 £ 0.20 7.61 £ 0.28 15.07 £ 0.42 6.08 £ 0.24
2 Dorsal 2 max 13.19 £ 1.74 19.09 £ 2.37 23.38 £ 0.95 11.49 £+ 0.69
2 Dorsal 3 min 6.46 £+ 0.28 9.90 £ 0.38 17.85 £ 0.37 7.73 £ 0.23
3 Dorsal 1 max 529 £ 1.12 8.32 £ 1.52 16.97 £ 1.07 7.20 £ 0.65
3 Dorsal 1 min 3.65 £ 0.64 6.07 £ 0.88 13.23 £ 0.61 5.09 £ 0.31
3 Dorsal 2 max 8.28 £ 0.19 12.38 £ 0.25 19.90 £ 0.18 9.07 £ 0.12
1 Ventral 1 min 4.33 £ 0.00 7.00 £ 0.00 14.09 £ 0.00 5.53 £ 0.00
1 Ventral 1 max 12.10 £+ 0.00 17.60 £ 0.00 22.78 £ 0.00 11.07 £+ 0.00
1 Ventral 2 min 3.88 £ 0.55 6.39 £ 0.75 12.73 £ 1.69 4.86 + 0.83
1 Ventral 2 max 10.66 £ 0.50 15.63 £ 0.69 21.84 £ 0.35 10.40 £ 0.25
1 Ventral 3 min 9.75 £ 0.19 14.39 £+ 0.25 21.17 £ 0.15 9.93 £ 0.10
1 Ventral 3 max 7.92 £ 0.07 12.13 £ 0.42 19.72 £ 0.30 8.95 £ 0.20
1 Ventral 4 min 6.46 £ 0.18 9.90 £+ 0.24 20.16 £ 4.00 9.32 £2.76
1 Ventral 4 max 15.50 £ 2.83 22.23 £ 3.86 22.38 £3.78 10.84 £ 2.62
2 Ventral 1 min 3.36 £ 0.02 5.67 £ 0.03 11.11 £ 0.08 4.07 £ 0.03
2 Ventral 1 max 10.40 £ 2.25 15.27 £ 3.06 21.51 £ 1.68 10.18 £ 1.17
2 Ventral 2 min 435 £ 0.53 6.62 £ 0.08 13.36 £ 0.16 5.15 £ 0.08
2 Ventral 2 max 10.50 £ 0.77 1542 £ 1.04 21.72 £ 0.54 10.31 £ 0.38
3 Ventral 1 min 3.67 £0.13 6.10 £ 0.17 12.21 £ 041 4.58 +£0.20
3 Ventral 2 max 742 £ 047 11.21 £ 0.64 19.00 £ 0.51 8.48 £0.33

observed as strongly in the anterior region. Using the equation
by Pérez-Huerta et al. (2008), the average temperature variation
between major maxima and minima in specimens of L. rubel-
lus was 6.40°C in 1 dorsal, 7.48 °C in 1 ventral, 9.74°C in 2
dorsal, 9.20°C in 2 ventral, 3.47 °C in 3 dorsal, 6.30°C in 4
dorsal, 6.79 °C in 4 ventral, and 7.62 °C in 5 ventral. These vari-
ations were similar between valves of the same shell, although
the variations were not consistent between shells. The tempera-
ture variations between major spiral maxima and minima ranged
between 6.30°C and 9.74 °C, except for 3 dorsal which had a
lower variation of 3.47°C. Spiral deviations that were inter-
preted to be the same in both valves did not consistently record
the same temperature value, although this could be due to a slight
offset in sampling locations (Table 4).

There was not a consistently strong relationship between
Mg/Ca ratios and major spiral deviations in specimens of T. fer-
ebratula (Table 5; Fig. 9; Fig. S2). However, high Mg/Ca ratios
were recorded at major spiral maxima and low Mg/Ca ratios
were recorded at major spiral minima in the dorsal valve of
specimen 1 and the ventral valve of specimen 3 (Table 5; Fig. 9;
Fig. S2). Using the equation by Pérez-Huerta et al. (2008), the
average temperature variation between major maxima and min-
ima in the dorsal valve of specimen 1 was 7.46°C and 3.91°C
in the ventral valve of specimen 3.

4. Discussion

4.1. Comparison of calculated temperatures based on
Mg/Ca ratios and 8'80 values

Average Mg/Ca based temperatures calculated from the dor-
sal and ventral valves of L. rubellus specimens strongly agreed
with oxygen isotope derived temperatures recorded in the same
shell when using the Mg/Ca thermometry equation of Pérez-
Huerta et al. (2008) and the oxygen isotope paleothermometry
equation of Anderson and Arthur (1983) (Tables 2 and 3). When
using the equations based on 7. retusa and L. neozelanica (Butler
et al., 2015), resulting temperatures were significantly higher
and lower than the oxygen isotope temperatures, respectively
(Tables 2 and 3). This discrepancy shows that species-specific
Mg/Ca paleothermometry equations do not produce reliable
results when used on other species of brachiopods, possi-
bly due to kinetic effects caused by different growth rates
between species. However, it is important to note that there are
other explanations for this discrepancy, including problems with
assumptions regarding 8!80y, and habitat.

Average Mg/Ca based temperatures calculated from the dor-
sal and ventral valves of T. terebratula specimens, using the
equation of Pérez-Huerta et al. (2008), were within range of the
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Table 5

Mg/Ca ratios (mmol/mol) and temperatures (°C) from the dorsal and ventral valves of Terebratula terebratula at locations of major spiral maxima and minima. T'
are temperatures resulting from the Mg/Ca paleothermometry equation by Pérez-Huerta et al. (2008) based on modern brachiopods, T? are temperatures resulting
from the equation by Butler et al. (2015) based on the modern brachiopod Terebratulina retusa, and T° are temperatures resulting from the equation by Butler et al.

(2015) based on the modern brachiopod Liothyrella neozelanica.

Specimen Deviation Mg/Ca (mmol/mol) T! T? g

1 Dorsal 1 min 6.74 £ 0.09 10.29 £+ 0.12 18.22 £ 0.11 7.97 £ 0.07
1 Dorsal 1 max 13.05 £ 4.32 18.89 £ 5.89 23.02 £ 2.43 11.26 £ 1.73
1 Dorsal 2 min 521 £0.24 8.19 £0.33 1591 £ 0.44 6.56 £ 0.26
1 Dorsal 2 max 741 £ 0.41 11.20 £ 0.55 19.00 £ 0.45 8.47 £ 0.29
1 Dorsal 3 min 5.58 £ 0.03 8.70 £ 0.04 16.56 £ 0.05 6.94 £ 0.03
1 Dorsal 3 max 13.47 £ 0.88 19.76 £ 1.71 23.66 £ 0.66 11.69 £ 0.48
2 Dorsal 1 max 11.40 £ 0.85 16.64 £+ 1.16 22.80 £+ 0.90 11.08 £+ 0.64
2 Dorsal 1 min 14.03 £ 0.42 20.22 £ 0.57 23.85 £ 0.22 11.83 £ 0.16
2 Dorsal 2 max 11.45 £ 1.75 16.71 £+ 2.39 2231 £ 1.16 10.73 £+ 0.82
2 Dorsal 2 min 7.93 £ 0.64 11.91 £ 0.87 19.53 £ 0.63 8.83 £ 0.42
3 Dorsal 1 max 6.06 £+ 0.00 9.35 £+ 0.00 17.29 £+ 0.00 7.39 £+ 0.00
3 Dorsal 1 min 7.01 £ 0.00 10.66 £ 0.00 18.55 4 0.00 8.18 £ 0.00
3 Dorsal 2 max 10.96 £+ 0.21 16.04 £+ 0.29 22.05 £ 0.14 10.55 £+ 0.10
3 Dorsal 2 min 10.76 £ 0.21 15.76 £ 0.29 2191 £ 0.15 10.45 £ 0.10
3 Dorsal 3 max 10.42 £ 0.13 1531 £ 0.18 21.68 £+ 0.09 10.28 £+ 0.07
3 Dorsal 3 min 15.98 £ 0.96 22.89 £ 1.31 2477 £ 0.42 12.50 £ 0.31
3 Dorsal 4 max 8.59 £ 0.05 12.81 £+ 0.07 20.19 £ 0.05 9.26 £+ 0.03
1 Ventral 1 max 8.91 + 1.06 13.24 £ 1.44 20.44 £ 093 9.44 £ 0.63
1 Ventral 2 min 11.06 £+ 2.34 16.18 £+ 3.19 22.80 £+ 1.07 11.08 £ 0.76
1 Ventral 2 max 9.61 £ 0.66 14.20 £ 0.90 21.05 £ 0.52 9.85 + 0.36
1 Ventral 3 min 10.10 £ 2.11 14.87 £+ 2.88 21.30 £ 1.62 10.04 £ 1.12
2 Ventral 1 max 11.30 £ 0.66 16.51 £ 091 2227 £ 0.44 10.70 £ 0.31
2 Ventral 1 min 8.75 £ 0.58 13.03 £+ 0.80 20.33 £ 0.52 9.36 £ 0.35
2 Ventral 2 max 8.41 + 0.92 12.56 £ 1.25 20.47 £ 0.36 9.45 £ 0.24
2 Ventral 2 min 8.47 £+ 8.47 12.65 £+ 0.05 20.08 £ 0.03 9.19 £+ 0.02
3 Ventral 1 max 11.77 £ 0.00 17.15 £ 0.00 22.58 £ 0.00 10.92 £ 0.00
3 Ventral 1 min 7.53 £ 0.00 11.36 £+ 0.00 19.14 £ 0.00 8.56 £ 0.00
3 Ventral 2 max 9.10 £ 0.18 13.51 £ 0.61 20.64 £ 0.38 9.57 £ 0.26
3 Ventral 2 min 7.86 £ 0.25 11.81 £ 0.34 19.48 £+ 0.26 8.79 £ 0.17
3 Ventral 3 max 9.87 £ 0.39 14.56 £ 0.54 20.71 £ 0.98 9.62 £ 0.67
3 Ventral 3 min 7.40 £+ 0.43 11.18 £+ 0.59 18.98 £+ 0.48 8.46 £ 0.31
3 Ventral 4 max 12.54 £ 1.22 18.19 £ 1.66 23.58 £ 1.09 11.64 £ 0.79
3 Ventral 4 min 7.43 £ 0.17 11.52 £ 0.37 19.63 £+ 0.68 8.89 £+ 0.46
3 Ventral 5 max 13.94 £ 0.50 20.10 £ 0.68 23.80 £ 0.26 11.80 £ 0.18

oxygen isotope based temperatures (Tables 2 and 3). The Mg/Ca
equation of Butler et al. (2015) based on T. retusa produced
higher paleotemperatures than the equation of Pérez-Huerta et al.
(2008), although these temperatures were also within range
of the oxygen isotope based temperatures (Tables 2 and 3).
However, the Mg/Ca paleothermometry equation of Butler
et al. (2015) based on L. neozelanica produced significantly
lower temperatures than those calculated using oxygen isotopes
(Tables 2 and 3).

4.2. Comparison of calculated seawater temperatures with
previous studies

The average Mg/Ca and oxygen isotope paleotemperatures
recorded in specimens of L. rubellus ranged from 8.07 °C to
12.86 °C (using the equation after Pérez-Huerta et al. (2008))
and 10.5°C to 12.9°C (8'30). These temperature ranges were
both lower than those recorded in modern Sagami Bay, Japan,
where these fossils originate. Temperatures were compared
with modern seawater temperatures because of the lack of

paleoclimate data in this location from Pleistocene aged speci-
mens. Seawater temperatures recorded between the years 1976
and 1980 at Sagami Bay at a depth of 75 m range from 13.12°C
to 21.34 °C (Pérez-Huerta et al., 2014). Mg/Ca and oxygen iso-
tope paleotemperatures recorded in L. rubellus specimens were
slightly cooler than modern seawater temperatures from the
same location, but this was expected because of Pleistocene
glaciation-inter-glaciation cycles (McClymont et al., 2013).
During periods of glaciation, 8'80y, is greater due to decreased
evaporation and more saline seawater. Therefore, the actual
Pleistocene paleotemperatures may be slightly greater than those
calculated from oxygen isotopes using a 3'80, of 0%0 VSMOW.

The average Mg/Ca and oxygen isotope paleotemperatures
recorded in specimens of T. terebratula ranged from 11.58 °C
to 16.15 °C (using the equation after Pérez-Huerta et al. (2008))
and 15.7°C to 19.7°C (3'%0). These values were very similar
to paleotemperatures reported from western Mediterranean sea
surface during the Late Miocene, which was 16 °C to 19.5°C
in the same latitude according to Bosellini and Perrin (2008).
During the Messinian the temperature ranges from 13 °C to
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17 °C in the Sorbas Basin (south Spain) according to Sanchez-
Almazo et al. (2001). However, these authors indicate a cooling
of Mediterranean waters at the Tortonian—Messinian boundary
as detected by 8'30 record of planktic and benthic foraminifera.
The temperatures obtained from Terebratula terebratula of
Guadix Basin fit fine with these previous proposals in spite of
Guadix Basin was an intra-mountain basin really connected with
Atlantic by the narrow straits and the Guadalquivir Basin (see
Reolid et al., 2012).

4.3. Are spiral deviations the result of seasonal growth
episodes?

Mg/Ca paleotemperatures resulting from specimens of L.
rubellus produced seasonal variations at locations of spiral
maxima and minima that agreed with seasonal seawater tem-
perature data from a similar modern-day location, although the
averages were slightly lower (Tables 3 and 4). These valve-
average seasonal temperature variations, which ranged between
3.47°C and 9.74 °C, were similar to seasonal seawater temper-
ature variations recorded in modern Sagami Bay, which ranged
from 3.40°C to 8.22°C between the years 1976 and 1980
(Pérez-Huerta et al., 2014). These seasonal variations were also
consistent between dorsal and ventral valves within the same
specimen (Table 4). However, temperatures recorded at spi-
ral deviations on one valve did not necessarily match those of
corresponding deviations on the opposite valve (Table 4). This
discrepancy is likely caused by slight error in sampling locations
of spiral deviations on the shell during the trace element analysis.
Overall, based on the geochemical analyses, spiral deviations
in specimens of L. rubellus are interpreted to be the result of
seasonal growth episodes.

Within T. terebratula, a direct relationship between Mg con-
centrations and spiral deviations was apparent in the dorsal valve
of specimen 1 and the ventral valve of specimen 3, although this
relationship was not consistent in all specimens (Table 5). Using
the equation by Pérez-Huerta et al. (2008), the dorsal valve of
specimen 1 resulted in an average seasonal variation of 7.46 °C
and the ventral valve of specimen 3 resulted in an average sea-
sonal variation of 3.91 °C. The temperature variation recorded
in the dorsal valve of specimen 1 was similar to modern day
(8-9°C) and Late Miocene (7.2 °C) seawater temperature vari-
ations reported in previous studies of the Mediterranean Sea
(Brasseur et al., 1996; Poulos et al., 1997; Mertz-Kraus et al.,
2009). Therefore, spiral deviations in the dorsal valve of spec-
imen 1, and possibly those in the ventral valve of specimen 3,
were interpreted as the result of seasonal growth episodes.

The absence of a relationship between spiral deviations and
Mg concentrations in other specimens of T. terebratula could
be attributed to major diagenetic alteration that has not been
detected, although all paleotemperatures made biological sense
for brachiopod survival and agreed with those from previous
studies (Tables 3 and 5). The recrystallized punctae do not rep-
resent major diagenetic alteration because the vast majority of
the shell is well preserved, but if the sampled material contained
secondary calcite, this could alter the resulting Mg/Ca ratio
and paleotemperature. Another potential explanation is that the

shape of shells within this species is not ideal for spiral deviation
analysis with the currently developed spiral deviation R code. In
the dorsal valves of T. terebratula specimens, there is a flattening
in shell shape in the anterior region. Although a second perfect
spiral was fit to the biological outline to account for this change
in shell shape, there was a large spiral deviation at this location in
all specimens, which did not correspond to changes in Mg con-
centrations. Additionally, the lack of relationship between Mg
concentrations and spiral deviations could be caused by other
factors that influence growth, such as spawning, environmental
disturbances, or lack of food. These factors could potentially
increase or decrease shell growth enough to produce spiral devi-
ations not representative of seasonal growth episodes. Overall,
spiral deviations in the dorsal valve of specimen 1 and the ventral
valve of specimen 3 were potentially caused by seasonal growth
episodes, but spiral deviations in the remaining specimens did
not display a strong relationship between seasonality and spiral
deviations.

4.4. Criteria for “true” spiral deviations and ontogenetic
age determinations

The only species that demonstrated a consistently strong rela-
tionship between Mg concentrations and spiral deviations was L.
rubellus. Criteria were defined for what constituted “true” spiral
deviations that were due to seasonal growth episodes based on
the results from the trace element analysis. Based on Mg con-
centration data from this study, a spiral deviation was deemed
seasonal if it was above 0.05 mm in magnitude. Spiral deviations
that did not exceed this value did not demonstrate a measureable
change in Mg concentration. This criterion is similar to the value
(0.025 mm) that was concluded in the study of spiral deviations
in modern specimens of L. rubellus (Pérez-Huerta et al., 2014).
Resulting ontogenetic ages were as follows: 4 years in specimen
1, 3 years in specimen 2, and 4 years in specimen 3. These onto-
genetic ages were very similar to those predicted using growth
rate studies of modern L. rubellus specimens (Yamamoto et al.,
2010).

Within the species T. terebratula, only the dorsal valve of
specimen 1 and the ventral valve of specimen 3 displayed a rela-
tionship between spiral deviations and Mg concentrations that
was interpreted to be due to seasonal growth episodes (Table 5).
Based on the trace element analysis, spiral deviations were con-
sidered seasonal in these valves if adjacent maxima and minima
were both above (.1 mm in magnitude. The dorsal valve of T.
terebratula 1 resulted in an ontogenetic age of 4.5 years and the
ventral valve of T terebratula 3 resulted in an ontogenetic age
of 4 years, which made biological sense based on their relative
sizes and is plausible because the abundance of specimens over
the age of five is less than one percent in other species of modern
terebratulide brachiopods (e.g., Curry, 1982).

5. Conclusions
Two species of fossil brachiopods, including Laqueus and

Terebratula, were analyzed to determine if the spiral devia-
tion methodology combined with geochemical proxies is a valid
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method of determining seasonal seawater temperature variations
and ontogenetic ages in fossil specimens. Morphometric analy-
ses revealed that spiral deviation patterns were wide and large in
magnitude and produced ontogenetic ages that were plausible
based on their relative sizes and previous growth rate studies.
After determining that shells for both species were relatively
well-preserved, a trace element analysis was done at locations
of spiral deviations on the shells using LA-ICP-MS. The geo-
chemical analyses revealed that spiral deviations were strongly
related to Mg concentrations in specimens of L. rubellus, and
resulting Mg/Ca paleotemperatures were seasonal. There was
a direct relationship between spiral deviations and Mg con-
centrations in some specimens of 7. terebratula, although the
relationship was not consistent in all specimens. Paleotemper-
atures recorded in specimens of 7. terebratula were within the
predicted range. Overall, the results from this study indicate that
the spiral deviation methodology combined with chemical prox-
ies is a valid method of determining ontogenetic ages and past
seasonal seawater temperatures in pristine fossil specimens of
L. rubellus and presents great potential for use in other species
of fossil brachiopods.
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