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Abstract

Calcite twinning analysis in the Cantabria^Asturias Arc (CAA) of northern Spain provides a basis for evaluating
conditions of Variscan stress and constrains the arc's structural evolution. Twinning typically occurs during earliest
layer-parallel shortening, offering the ability to define early conditions of regional stress. Results from the Somiedo^
Correcilla region are of two kinds: early maximum compressive stress oriented layer-parallel and at high angles to
bedding strike (D1c1) and later twin producing compression oriented sub-parallel to strike (D2c1). When all D1
compressions are rotated into a uniform east^west reference orientation, a quite linear, north^south trending fold^
thrust belt results showing a slight deflection of the southern zone to the south^southeast. North^south-directed D2c1

compression was recorded prior to bending of the belt. Calcite twinning data elucidate earliest structural conditions that
could not be obtained by other means, whereas the kinematics of arc tightening during D2 is constrained by
paleomagnetism. A large and perhaps protracted D2c1 is suggested by our results, as manifested by approximately 50%
arc tightening prior to acquisition of paleomagnetic remagnetizations throughout the CAA. Early east^west
compression (D1c1) likely resulted from the Ebro^Aquitaine massif docking to Laurussia whereas the north-directed
collision of Africa (D2c1) produced clockwise bending in the northern zone, radial folding in the hinge, and rotation of
thrusts in the southern zone. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The highly curved Cantabria^Asturias Arc
(CAA) of northern Spain forms the core of the
greater Ibero^Armorican Arc as it traces western
Variscan zonations through France (Brittany)
into northern Spain (Fig. 1). The Somiedo struc-

tural unit, also known as the fold nappe belt [1],
marks the ¢rst occurrence of unmetamorphosed
Paleozoic sedimentary units east of the basement
cored Narcea Antiform [2]. Deformation contin-
ued eastward (toward the foreland) producing the
Sobia unit, the Central Coal Basin (C.C.B.) [3],
Ponga Unit [4], and the more easterly Picos de
Europa (P.D.E.) and Pisuerga^Carrion province
(P.C.P). These individual structural units vary in
character commensurate with variations in lithol-
ogy and changing deformation conditions. Based
on deformation style and structural orientation,
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we have divided the sampled Somiedo into three
zones: a northern zone (NZ), hinge zone (HZ),
and southern zone (SZ).

The kinematics of arc formation, particularly
arcuate foreland fold^thrust belts, has gained con-
siderable interest since the advent of the plate
tectonics [5^11]. Unraveling arc development re-
quires contributions from as many analytical ap-
proaches as possible. However, despite extensive
work in the CAA (structural, stratigraphic, pale-
omagnetic, seismic, and paleotemperature analy-
ses), critical questions persist concerning the ear-
liest conditions of foreland deformation, which
correspond on a larger scale to the overall char-
acter and coeval tectonism in the convergence
zone between Laurussia and Gondwana, which
produced the Ibero^Armorican Arc.

Tectonostratigraphic evidence indicates that in-
itial deformation was foreland propagating, be-
ginning with the rear-most Somiedo structural
unit in Westphalian B times and a¡ecting the
eastern-most structural units in the upper Stepha-
nian ([12], and references therein). Spatially, a
west to east geometric gradation can be seen

with arcuate structural trends, averaging to a
north^south trend, that gives way to ultimately
east^west trending structures in the P.D.E. unit.
This change in arc character has been interpreted
with two end-member models: (1) an originally
linear fold^thrust belt that was later bent into
its present geometry (e.g. [13]), and (2) a fold^
thrust belt that evolved into today's structure
under a continuously changing stress ¢eld (e.g.
[12]). Other interpretations have suggested an ini-
tial arc that is partially curved and later tightened
[14^16] based on unfolding the radial fold set (re-
sponsible for an aerial reduction of 35^40%), dis-
placement directions, and agreement with earlier,
somewhat erroneous paleomagnetic conclusions.
Paleomagnetic studies have generally concluded
that (at least) half of the present curvature is sec-
ondary [17^21], rendering this an `orocline' as de-
¢ned by Carey [22]. Parës et al. [20] reevaluated
published Paleozoic paleomagnetic data by apply-
ing inclination-only tilt tests and concluded that
all remagnetizations are syn-tilting to post-tilting
in age, thereby changing the earlier paleomagnetic
conclusions to some degree. Results from Devon-

Fig. 1. Structural sketch of the Cantabrian Arc showing the traces of principal thrusts and the traces of axial fold planes that re-
sulted from longitudinal F1 (closed) and radial F2 (open) fold sets. The Somiedo structural unit has been divided into three
zones (NZ, HZ, and SZ), based on variation in structural style and orientation.
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ian limestones speci¢cally, reveal that magnetiza-
tions were recorded during and after early tilting
and were a¡ected by late vertical-axis rotations
[20,23]. Thus the more recent paleomagnetic ¢nd-
ings indicate that the horseshoe-shaped CAA re-
sulted from late tightening of a partially curved
(V50%) fold^thrust belt, leaving the amount of
structural rotations prior to these remagnetiza-
tions unknown.

Calcite twinning analysis can o¡er an e¡ective
method for quantifying rotations in curved oro-
genic belts (e.g. [7,8]) complementary to paleo-
magnetic analysis. Previous ¢eld applications of
calcite twinning analyses in fold^thrust belts in-
clude the Alps [7,8,24,25], the Idaho^Wyoming
salient [26] and the Appalachians [27^30]. Exper-
imentally deformed limestones show that individ-
ual twins record the orientation of the local state
of stress as well as the orientation and magnitude
of the induced intragranular strain. It is consid-
ered that stress recorded over the whole aggregate
of a sample is representative of the regional stress
state. Calcite twinning requires a low critical re-
solved shear stress (V10 MPa) [31,32] and is a
strain hardening process where further twinning is
resisted as beds tilt during folding [29,30,33,34].
Therefore, it typically preserves early horizontal
compression prior to folding as layer-parallel
shortening [27,35]. In these instances, a regional
paleostress direction can be statistically deter-
mined for a sample from the array of paleostress
directions of an aggregate of twinned calcite
grains.

The primary objective of this paper is to deter-
mine the original geometry of the CAA that best
satis¢es paleostress data from deformed lime-
stones, in addition to other constraints (paleo-
magnetic and regional structural data). The
microstructural analysis presented here independ-
ently evaluates the kinematics of whole arc
formation and provides information on the
state of regional stress during Variscan deforma-
tion.

2. Geologic background and sampling

The CAA forms the eastern margin of the west-

ern Variscan orogen and is characterized by fore-
land-directed concavity. Two fold sets have been
identi¢ed: (1) early longitudinal folds (tangential
to the arc) overprinted by (2) a cross-cutting ra-
dial fold set, forming regional (Type I) interfer-
ence structures [36]. Tracing the longitudinal
structure of the Somiedo unit from north to
south, ¢rst-order folds give way to an increasing
number of thrusts (Fig. 1). The SZ is not only
unique in structural style, but also shows a
marked change in orientation to an overall east^
west trend (with respect to the HZ; Fig. 1).

Paleozoic deposition through Carboniferous
times resulted in a stable shelf sequence, generally
thicker in the west (present-day coordinates) and
tapering to the east. Although minor detachment
zones occur in several structurally weak units
throughout the lower Paleozoic sequence, the pri-
mary basal detachment soles below the Cambrian
Läncara Formation [1]. Two well-exposed Devon-
ian limestone units, the Santa Lucia and Portilla
formations, were sampled to determine paleo-
stress/strain as recorded by the mechanical twin-
ning of calcite. These units represent conditions of
a reef-rimmed carbonate platform allowing for
the deposition of bioclastic grainstones and pack-
stones with limey mudstones present [37].

Paleotemperature estimates based on conodont
alteration index (CAI) values indicate maximum
temperatures of 150^250³C in the Somiedo unit
[38,39]. Values associated speci¢cally to the units
sampled in this paper, the Santa Lucia and Por-
tilla formations, revealed temperatures in the
range of 120^155³C and 70^95³C respectively
[38]. This agrees with the observed twinning char-
acter of our samples (Fig. 2), which suggests tem-
peratures of 9 200³C [40^42].

A concern in deciphering regional paleostress
conditions is to avoid e¡ects that may be associ-
ated with localized deformation. Thus, we
avoided sampling near major faults, areas of
high shear and fold hinges, following the recom-
mendations of Friedman and Stearns [43]. In par-
ticular we sampled the thickest available coarse-
grained beds using a portable gasoline-powered
coring drill. Rock cores were oriented using a
Brunton compass mounted on an aluminum
core orienting device.
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3. Calcite twinning analysis

3.1. Data collection

Optical measurements de¢ne the crystallo-
graphic orientation of the twinned calcite grain
(Fig. 3) as well as the twin set(s) measured. Twin-
ning occurs most readily on e-twin planes in any
of three orientations (twin sets) per given calcite
crystal. All samples that were analyzed contained
calcite grains that were not preferentially orien-
tated crystallographically, thus ensuring that the
results are not a consequence of an intrinsic fabric
in the sample. Measured samples range from bio-
clastic grainstone to packstone containing crin-
oids, corals, bryozoa, and bioturbation observed
in an otherwise crystalline calcite matrix. Calcite
grains were observed with one, two or all three
twin sets present, but most commonly contain two
sets. For each grain, only twin sets that are
straight and continuous within grains were mea-
sured to obtain the most accurate results. When
necessary, this resulted in measurement of only
one (acceptable) twin set per given calcite grain.

3.2. Analytical techniques

The use of twinned calcite as a paleostress/
strain indicator in both experimentally and natu-
rally deformed limestones has been shown to yield
robust data [7,8,29,34,43^45]. Several methods are
available to quantify paleostress and paleostrain
with calcite twinning analysis [41,46]. To obtain
compression and tension axes for each sample, we
use the dynamic analysis of Turner [47]. For each
twinned calcite grain, compression and tension
axes (C and T, Fig. 3a) are situated 71.5 and
18.5³ to the c-axis respectively, and at 45³ to the
e-twin plane (Fig. 3a,b). Calcite crystals have
three potential e-twin planes (Fig. 3c), where twin-
ning glide will occur preferentially along one
plane depending on the orientation of the remote
stress. Initial data were cleaned (removing all re-
sidual values (RV), see below) as suggested by
Groshong et al. [48], such that populations of 25
or more twin sets remain. These are statistically
signi¢cant to characterize the true twinning strain
for a whole sample [48]. We have chosen the same
number of twin sets as a minimum number for

Fig. 2. A representative photomicrograph showing twinned calcite grains characterized by multiple (usually two) twin sets and
thin twins indicating low temperature conditions.
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computing principal stress axes as well. The re-
sulting compression and tension axes for a sample
are calculated as point means assuming a Fish-
erian distribution. The data are listed in Table 1.

We have applied Groshong's [49] technique to
determine distributions of strain within each sam-
ple using the calcite strain gauge program of
Evans and Groshong [50]. Shear strain is deter-
mined for individually measured twin sets, from
which a complete strain tensor for the whole sam-
ple is statistically calculated and assigned by a
least squares solution (multiple linear regression)
(see [49] for a full description). If limestone is
homogeneously deformed, twin sets should yield
a single (positive) shear strain, which is termed the
`expected value' (equivalent to PEV in [49]). How-
ever, when a signi¢cant number of twinned grains
is unfavorably oriented, the sample may have ex-
perienced multiple homogeneous or inhomogene-
ous strain. This results in some proportion of twin
sets with opposing shear sense, referred to here as
`residual values' (RV). Thus, each grain records

an expected value (EV) (shear strain) if favorably
oriented, or an RV if not [49,50]. Assigning EVs
and RVs depend on a twin set's orientation rela-
tive to the statistically determined direction of
shear assigned for the bulk of the aggregate [49].

Experimental work of Friedman and Stearns
[43] and Teufel [34] have shown that two discrete
deformations may be identi¢ed using the dynamic
analysis technique of Turner [47] and the strain
gauge technique of Groshong [49]. Friedman and
Stearns [43] concluded that superposed states of
stress are distinguishable if compression axes of
the dominant twin sets (EVs) are plotted sepa-
rately from subordinate twin sets (RVs). Experi-
ments by Teufel [34] indicate that larger errors are
observed both in strain magnitude and orienta-
tion for samples recording two deformations.
Also, a second deformation is most accurately
determined when oriented at a high angle to the
¢rst ; however obliquely superposed deformations
can be clearly determined as well.

In presenting our data, a number of quality
considerations have been included in Table 1.
The ¢rst indicator of reliability is a low percent-
age of RV from the calcite strain gauge analysis,
which re£ects a largely homogeneous positive
shear strain recorded by the sample. When a sam-
ple contains a high percentage of RVs, it is split
into two distinct populations of twin sets (one
composed entirely of EVs and the other of
RVs), and each are analyzed as separate deforma-
tions. If the separation yields low percentages
(6 15% is used as a threshold following [34]) of
newly calculated RVs, then both deformations are
likely to be robust. Additionally, because the ex-
pected shear strain for the aggregate is calculated
by a multiple linear regression of the data, the
standard error is an additional measure of data
quality [34]. Lastly, because whole-sample princi-
pal stress axes are calculated using a Fisherian
statistical point mean of individual twin set stress
axes, an K95 value is included (Table 1).

4. Results

Of the 33 sites measured from along the Somie-
do unit, 26 record D1c1 paleostress orientations.

Fig. 3. (a) A calcite grain with a single e-twin and the com-
pressive and tensile stress (C and T) oriented most favorably
to produce twinning (oriented 45³ to the e-twin plane). The
geometric relation of e-twins to c-axis is ¢xed. (b) The same
situation as in a but now illustrated with an equal area pro-
jection (lower hemisphere) to show the orientations of stress
as related to the crystallography. (c) All three possible e-twin
planes and their poles are represented.
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Of these 26 samples, 13 record a second twin-pro-
ducing deformation D2c1 (Table 1; Fig. 4). Two
additional samples (P13A, S79A) record only di-
rections that agree best with D2c1 based on the
orientation of the recorded stress relative to struc-
tural trend. The remaining ¢ve samples are not
interpretable for one of two reasons. (1) Compres-
sions are oriented at steep angles to bedding
(v 25³), indicating twins that probably re£ect lo-
cal perturbations or are syn- to post-folding (e.g.
sites S12, S43R, Fig. 4). (2) Multiple deformations
may be present but are not distinguishable in a
sample, perhaps due to local rotation and tilting
of folds during arc tightening (in that case com-
pressions are intermediately oriented between
strike normal and strike parallel, e.g. sites P11,
S20, S68, Fig. 4).

Samples recording two deformations typically
indicate D1c1 and D2c1 to be oriented at high
angles to each other. It has previously been estab-
lished that longitudinal structures (tangential to
the arc) belong to an early deformation that has
been overprinted by a later, radial fold-producing
event [1]. This forms the basis by which we inter-
pret D1c1 and D2c1 in samples recording two
twinning events. Maximum compressive stress is
considered D1c1 when oriented (nearly) layer-
parallel and at a high angle to strike of folded
beds (does not fall under uninterpretable category
1 above). This occurrence illustrates the character-
istic behavior of twinned calcite to record layer
parallel paleostresses and strains that are passively
rotated with subsequent folding within the same
overall stress ¢eld (compression directed at a high
angle to the hinge line). This allows for distinction
of D1c1 compression oriented at a high angle to
strike and D2c1 sub-parallel to strike (does not
fall under uninterpretable category 2 above). One
exception, sample S43, illustrates that D1c1

(S43R) is uninterpretable (category 1, above)
whereas D2c1 (S43E) is robust (Fig. 4)

Whether a sample records one or two deforma-
tion events appears to be related to its location in
the region (Fig. 5). Samples that record two
events are nearly ubiquitous in the HZ whereas
a single deformation dominates samples of the
SZ. In the NZ, ¢ve of seven samples record
D1c1 directions and four preserve D2c1 compres-T
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sion as determined by the relationship between
stress orientations and strike. The results are
shown in map view in Fig. 5.

5. Discussion

5.1. D1 folding and thrusting

All three structural zones of the Somiedo unit
are unbent to an earliest geometry by rearranging
D1 stresses to an arbitrarily uniform (present-day)
east^west reference orientation. What results is an

essentially linear, generally north^south trending
fold^thrust belt (Fig. 6). However, the SZ features
a mild foreland-progressive counter-clockwise ro-
tation in successively younger thrust sheets, which
culminates in a more southeasterly trend in the
frontal portion. This structural de£ection results
perhaps from a greater foreland translation via
thrusting relative to the HZ and NZ. Averaging
the resultant structural trends from the youngest
sampled thrust sheets, we derive an orientation of
27³ east of south as a best-¢t D1 structural trend
for all SZ samples.

Furthermore, the reconstruction in Fig. 6 is il-

Fig. 4. Equal-area lower-hemisphere plots of all sample results. Contoured compressive stress axes are shown as well as the prin-
cipal strain axes calculated with the strain gauge of Groshong [49]. All data are represented in present-day ¢eld coordinates with
bedding included. Tabulated D1c1 and D2c1 compressions illustrate the predominance of D2 associated with EVs and D1 associ-
ated with RVs. Stress data are contoured with the ¢xed-circle counting method of Kamb, whereas maximum compressive stress
directions are calculated as point means assuming a Fisherian distribution.
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lustrated by a series of three equal-area lower-
hemisphere projections of D1 maximum compres-
sive stress axes (Fig. 7). Stress directions in
present-day structures (Fig. 7a) are ¢rst untilted
to paleohorizontal (Fig. 7b), and then rotated
about a vertical-axis to the original geometry pre-
sented in Fig. 6 (Fig. 7c). Even with the scatter
due to assigning all SZ sites an average D1 trend
of S 27 E (open symbols, Fig. 7c), the resulting
alignment illustrates that uniform as well as
nearly bedding-parallel compressions are valid as-

sumptions. In a very generalized fashion, Fig. 7
illustrates an overall fold and strike test for the
entire study area.

5.2. Arc rotations

When considering whether a curved orogenic
belt is either a primary feature (no rotation), or
an `orocline' as put forth by Carey [22], plotting
structural trend versus pre-bending paleomagnetic
declination poses a powerful evaluation of rota-

Fig. 5. Map of the CAA adapted from 1:200 000 scale geological maps [53]. Black arrows indicate the orientation of (tilt-cor-
rected) subhorizontal D1c1 and white bars represent later (in situ) D2c1 ; because D2c1 is generally strike parallel, in situ and
tilt-corrected orientations are approximately the same. The three structural zones are delineated and labeled as NZ, HZ, and SZ.
See Fig. 4 for a more detailed stress to strike relation as local structures may deviate from the generalized trends (e.g. S214).
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tion [9,20,51]. We use an analogous relationship
in Fig. 8, where the axes represent the deviation
from a reference strike (abscissa) and deviation
from a reference D1 maximum compressive stress
(ordinate). This plot can then be interpreted in
terms of relative rotations, with the assumption
that all stress was uniform within a single event.
The likelihood of this assumption is later eval-
uated by comparing the plots of both deformation
episodes (D1 and D2). Reference values (S0 and

Fig. 6. Arc geometry during D1c1 constrained by untighten-
ing the arc to a reference east^west stress ¢eld. North^south
trending thrusts in the SZ have swept eastward in a foreland
progressive sequence as shown by arrows. Thin, short hori-
zontal lines (doubly tipped with inward arrows) represent
compressive stress and are related with the structural trend
(thicker intersecting lines) for all 26 D1 compressions.

Fig. 7. Equal area lower hemisphere projections representing
D1c1 orientations of all samples considered to unbend the
CAA. Samples from the NZ and HZ are indicated with solid
circles and SZ samples are denoted with open circles. Orien-
tations from in situ data (a) are untilted to paleohorizontal
(b). Finally, the data are rotated to a reference north trend-
ing structure for NZ and HZ samples, and an average struc-
tural trend of S27E for all SZ samples (c). The scatter in the
SZ data illustrates the variation in stress directions in succes-
sive thrust sheets that is comparable to the NZ and HZ scat-
ter combined.
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c0 in Fig. 8a,b) are chosen merely to produce a
best-¢t line that passes through the origin when
considering all samples. Plotted points represent
the deviation from these reference values (S03S,
c03c), and data are presented with maximum
compressive stress axes untilted to paleohorizon-

tal (Table 1). Fig. 8a plots D1 paleostress orien-
tations of individual sample sites from around the
arc. Ideally, if a curved orogen is a primary fea-
ture and a uniform stress ¢eld produced the orig-
inal curvature, one would expect uniform stress
orientations irrespective of the structural trend.
This end-member condition would produce a
line along the abscissa with zero slope (no devia-
tion in c1 orientations). The other end-member is
an initially linear belt, where during bending the
recorded stress directions are rotated passively
with the curved geometry; in this case the ex-
pected slope of the best-¢t line is 1. Fig. 8a shows
that the results for the CAA correspond nearly
perfectly to the latter end-member model ; i.e.,
curvature from an originally straight belt. Note
that this plot does not assess whether an origi-
nally linear structure undergoes continuous or ep-
isodic rotation, but merely indicates total rota-
tion.

5.3. D2 folding and thrusting

In Fig. 8b the deviation from a reference D2
maximum compressive stress is plotted. A slope of
V1 is again observed which indicates that D1 arc
geometry was nearly linear and that D2 was re-
corded prior to arc bending. The agreement be-
tween the rotations required for both D1 (Fig. 8a)
and D2 (Fig. 8b) provides conclusive evidence of
tightening with nearly all of the curvature being
secondary and supports the assumption of uni-
form compression for each event.

Fig. 8. (a) D1 compression deviations from the mean refer-
ence stress (c0 = 244³) of all 26 samples tilt corrected to bed-
ding horizontal plotted against strike deviations from the
reference strike (S0 = 155³). (b) Likewise, D2 compression de-
viations from the mean reference stress (c0 = 176³) of 13
samples plotted against strike deviations from a reference
strike (S0 = 171³). In both cases, a linear regression is drawn
with associated correlation coe¤cients R2 and slope m (indi-
cating the CAA was oroclinally bent from a nearly straight
original con¢guration, m =V1). (c) Paleomagnetic data [20]
for the CAA showing deviations in (mean) declination and
strike for each of the three zones (NZ, HZ, and SZ), illus-
trating rotation for approximately half of the CAA curva-
ture.
6
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5.4. Evolution of the CAA

In samples recording two deformations, partic-
ularly those of the NZ and HZ, D2c1 is com-
monly oriented sub-perpendicular to D1c1 (Figs.
4 and 5). In the D1 fold geometry this results in
D2c1 compressive stresses averaging to an essen-
tially north^south orientation. Thus, analogous to
D1 (Fig. 8a), D2c1 twinning occurs prior to the
later (D2) phase of macroscopic deformation of
the belt (Fig. 8b). Overall, this suggests that D2
produced clockwise bending in the NZ, radial
folding in the HZ, and tightening of thrusts in
the SZ. It is also observed that the SZ shows
the least amount of evidence of D2 as the samples
record only D1 maximum compressive stress di-
rections in all but two samples.

Fig. 8c is a compilation of paleomagnetic data
for the CAA plotting the averages for each struc-
tural zone [20]. The calculated slope is V0.5, in-
dicating that the overall arc curvature was about
50% at the time the pervasive syn-tectonic remag-
netization was acquired. In comparison with the
paleomagnetic results, the calcite twinning data
therefore demonstrate that V50% of the curva-
ture was attained prior to the remagnetization,
but following D2 calcite twinning.

Fig. 9 presents our interpretation of the evolu-
tion of the CAA in sequential block diagrams,
beginning with £at lying shelf units recording
pre-folding twinning due to a uniform (present-
day) east^west compression (D1c1 ; Fig. 9a). Dur-

ing D1, longitudinal structural trends form in a
nearly linear belt (Fig. 9b). D2c1 re£ects a change
in stress ¢eld from east^west to north^south act-
ing upon the previously formed D1 structures
(Fig. 9c). Lastly, present-day structural geometry
re£ects large scale folding (D2, manifested in ra-
dial folds and regional curvature) in response to
north^south compression (Fig. 9d). A tectonic ex-
planation for these events would be an east^west
collision between the Ebro^Aquitaine massif and
the Laurussian margin (D1), followed by a great-
er, perhaps protracted north-directed collision of
Gondwana with Laurussia [52].
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Fig. 9. Block diagrams summarizing the evolution of arc tightening beginning with east^west horizontal compression acting on a
stable margin in (a) and resulting in an arc geometry (b) after D1 folding and thrusting (as in Fig. 6). A later north^south hori-
zontal compression (D2) is shown in (c) and leads to clockwise bending in the NZ, radial folding in the HZ, and tightening of
thrusts in the SZ of present-day arc geometry (d).
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